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THESIS ABSTRACT

ABSTRACT

Osmoregulation is an essential process to maintain water and ionic balance and when
euryhaline fish move between freshwater and seawater environments as part of their life
cycle this presents additional osmoregulatory challenges. Migrating fish can be exposed
in both environments to pollutants such as endocrine disrupting chemicals (EDCs) that
include natural hormones (e.g. 17p-estradiol; E2), synthetic hormones (e.g. 17a-
ethinylestradiol; EE2), and industrial chemicals (e.g. nonylphenol). The focus of this
thesis was to study the effects of different categories of EDCs on the osmoregulatory
functions of euryhaline fish such as three-spined sticklebacks (Gasterosteus aculeatus)
and rainbow trout (Oncorhynchus mykiss). Osmoregulatory variables (such as
osmolality, water and ionic content) were compared in plasma and tissues (white muscle
and carcass) of rainbow trout. This validated the use of specific tissue parameters as a
surrogate of plasma responses to various osmoregulatory challenges. Waterborne
exposure to 17a-ethinylestradiol revealed differential sensitivity of vitellogenesis in the
three-spined sticklebacks (no induction) and rainbow trout, but had a significant effect
on calcium homeostasis in both species. Intraperitoneal implants of 17p-estradiol
reduced CaCOs production and apparent water absorption in the intestine and increased
in tissue calcium stores of seawater-acclimated trout, but fish were able to compensate
and showed no overall osmoregulatory disturbance. Waterborne exposure to
nonylphenol in freshwater trout was also investigated, but no effects on osmoregulation
were found up to 2 ng/l. Overall, estrogens can affect osmoregulation differentially in
euryhaline fish species, and sometimes at EDC levels lower than the threshold for

reproductive effects (i.e. vitellogenin induction).
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Chapter 1

1. OVERVIEW

The maintenance of consistent osmotic conditions is critical for normal cell functioning in
living organisms. For water-breathing animals, the strategy involved in osmotic
homeostasis depends on the salinity of the external environment (McCormick and
Bradshaw, 2006). A number of mechanisms are employed to regulate the intracellular and
extracellular compartments (plasma, lymph, and interstitial fluid) to redress disruption of
the appropriate osmotic conditions. The majority of fish live either in fresh water or in sea
water, but some fish species are able to maintain their body fluids in both these
environments. These fish species are termed euryhaline and some of these (particularly
estuarine species) can even survive rapid fluctuations in the osmolarity in their
surroundings on a daily (tidal) basis (McCormick, 2001; Marshall and Grosell, 2006). In
euryhaline fish, when they migrate from freshwater to seawater environments or vice versa
as a normal part of their life cycle, they may face additional exposures to different
waterborne chemicals, and some of these chemicals may affect their ability to osmoregulate

(Wendelaar Bonga and Lock 2008).

Osmoregulation refers to the regulation of ions and water in the intracellular and
extracellular compartments in fish. In teleost fish, many of the regulatory processes are
dependent on various hormones. Hormones involved include cortisol and the GH/IGF axis
(GH refers to growth hormones; IGF refers to insulin-like growth factor) that play a major
role in seawater acclimation and promote salt secretion (McCormick, 2001; Sangiao-
Alvarellos et al., 2006; Sakamoto and McCormick, 2006). Prolactin plays a role in

freshwater osmoregulation in promoting ion uptake (McCormick, 2001; Manzon, 2002).
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Chapter 1

Therefore, the interference with any of the hormone system controlling osmoregulation
may be an important factor in some euryhaline or marine species and worthy of future

study (Matthiessen, 2003).

The issue of endocrine disruption has received considerable research attention and became
a major environmental issue, principally focusing on the effect of estrogenic compounds on
fish reproduction (Korner et al., 2008), although wider effects have been studied
(Matthiessen, 2003; Schlenk, 2008; Hotchkiss et al., 2008). Even though many
investigations have been carried out into the effects of endocrine disruptors in fish, there
are very few that have examined the effect of endocrine disruptors on osmoregulation
(Bangsgaard et al., 2006), a process fundamental for fish health and survival. In Britain,
endocrine disruptor effects are now of a high priority in research and the present study has
focused on the potential effects of these chemicals on various aspects of osmoregulation

and ion regulation in euryhaline fish.

2. ENDOCRINE DISRUPTORS

Endocrine disrupting chemicals are natural or synthetic compounds that can exert an effect
on homeostasis in animals by interfering with their hormone systems. There is a growing
interest in the possible threat posed by these chemicals and a significant number of in vitro

and in vivo studies have been carried out to examine such effects.

In the environment, fish are exposed to multi-component mixtures of chemicals which enter

water bodies via different point sources. Many of these chemicals might be toxic and pose
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Chapter 1

harmful effects on marine life. Accordingly, various studies have considered either the
effect of a single chemical (Huang et al., 2010) or a mixture of chemicals (Madsen et al.,
1997; Teles et al., 2004; Correia et al., 2007) to estimate the risks and the potential impacts
of these chemicals and their toxicity towards wildlife. Considerable scientific evidence
from such studies have indicated that some of these chemicals could mimic the action of
steroid hormones and produce a similar biological response to that produced by the

endogenous hormones.

Endocrine disruptors have been shown to cause serious physiological effects in the different
developmental stages and various species of fish. Adverse physiological alterations
reported in several studies on estrogenic chemicals include increased vitellogenin
production (Arukwe et al., 2001; Teles et al., 2007; Zlabek et al., 2009), gonadal intersex
(Orn et al., 2003; Tyler and Jobling, 2008), and reduced gonad growth rate and size. They
have also been shown to affect fish behaviour related to reproduction such as courtship and
aggression in the three-spined stickleback (Gasterosteus aculeatus) (Bell, 2001), male
fathead minnows (Pimephales promelas) (Majewski et al., 2002), and male sand gobies
(Pomatoschistus minutes) (Saaristo et al., 2010). They are also known to interfere with non-
reproductive physiological and behavioural processes, such as the inhibition of the smolting

of Atlantic salmon (Salmo salar) (Madsen et al., 1997).

The aquatic environment has been described as an ultimate sink for natural and man-made
chemicals (Sumpter, 1998). Many chemicals that humans introduce into the environment

have the capacity to interfere with and modulate the endocrine systems of wildlife and
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mimic or antagonise the natural (endogenous) hormones. These are termed as endocrine
disrupting chemicals (EDCs) (Kaminuma et al., 2000). The mechanism through which
EDCs affect an organism can be via acting as a hormone receptor agonist or antagonist,
through altering hormone metabolism or synthesis or excretion, or by modifying hormone
receptor levels (Sonnenschein and Soto, 1998).Whether ECDs are affecting human health
has not been established definitively, but there are many studies that indicate that this is the
case. There is concern about their effects on reproductive ability such as the sperm counts
and quality that have decreased globally (Carlsen et al., 1992; Giwercman et al., 1993,
2007; Joensen et al., 2009). For example, bisphenol A is an important environmental
contaminant and is a synthetic estrogen (Ramakrishnan and Wayne, 2008). It is widely used
in packaging food and drinks (Ramakrishnan and Wayne, 2008; Galloway et al., 2010) and
it has been reported that it may be associated with endocrine changes in men (Galloway et
al., 2010).There has been increasing attention in the last decades on the effect of EDCs in
the environment. EDCs are now often classified according to their biological effect, and
there are wide varieties of pollutants referred to as EDCs. There is a wide range of EDCs
derived from both natural and industrial sources. They include a diverse group of
agricultural chemicals, synthetic industrial and naturally occurring compounds such as
estrogens  pesticides, polycyclic aromatic hydrocarbons, phthalate plasticizers,
alkylphenols, synthetic steroids, and natural products, e.g. phytoestrogens (Santodonato,

1997; de Alda and Barcelo, 2001; Burkhardt-Holm, 2010).

Numerous man-made chemicals can mimic hormones such as organochlorine pesticides

and bisphenol A. Chemicals of industrial origin are not the only ones that can act as
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hormone mimics, but some natural chemicals can mimic natural estrogens or interfere with
the action of endogenous hormones (Cajthaml et al., 2009). They are thought to be largely
derived from those naturally excreted by women, and/or synthetic estrogen-like molecules
such as 17a-ethinylestradiol (EE2) from the contraceptive pill (Tyler et al., 1998, 1999).
Various industrial chemicals such as plasticizers, surfactants and pesticides, have
concentrations detected in environmental samples ranging from ng/l to pg/l (Nadzialek et

al., 2010).

Because of EDC’s action on endogenous hormones, they can interfere with normal
reproduction that is controlled by hormonal signals. The effects of EDCs on wildlife
species have been extensively investigated in vivo (Purdom et al., 1994) and in vitro (Le
Gac et al., 2001), where many natural fish populations are exposed to theses EDCs. These
studies provided us with evidence of the negative effect(s) of EDCs such as the
masculinization of female gastropod molluscs by tributylin-based antifoulant (TBT)
(Matthiessen and Gibbs, 1998), and the feminization of marine and freshwater fish by
estrogenic hormones and their mimics discharged in sewage and industrial effluents

(Matthiessen, 2003; Jobling and Tyler, 2003).

2.1 Estrogens as endocrine disruptors

2.1.1 17a-ethinylestradiol (EE2)

Both natural and synthetic estrogens commonly enter the freshwater by sewage treatment
works and the compounds responsible for estrogenic activity such as 17p-estradiol (E2) and

the synthetic E2 derivate 17a-ethinylestradiol (EE2) (Desbrow et al., 1998; Williams et al.,
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2003). The occurrence of EE2 in the aquatic environment is due to the insufficient removal
in the wastewater treatment plant (Clouzot et al., 2008). Steroid estrogens cause a wide
range of feminizing effects in fish, such as intersex and vitellogenin induction (Jobling et
al., 2006). Ethinylestradiol (EE2) is a synthetic estrogen used in combination with other
steroid hormones in oral contraceptives and it is an endocrine disruptor of great concern
(Caldwell et al., 2008; Clouzot et al., 2010). It is considered as the primary contaminant
that contributes to the estrogenic activity in surface waters in United Kingdom (Desbrow et
al., 1998), and one of the most potent and significant xenoestrogens that has been detected
in domestic sewage ranging from 0.2 to 7 ng/l, and up to 5 ng/l in surface waters (Desbrow

et al., 1998; Belfroid et al., 1999; Larsson et al., 1999; Ternes et al., 1999).

Although EE2 detected in the environment is present in nanograms per liter, these
concentrations are high enough to induce plasma vitellogenin when exposed under
laboratory conditions (Lange et al., 2001; Schultz et al., 2003; Al-Jandal et al., submitted,
Chapter 3). In addition, EE2 has more resistance to break down than natural estrogens (Solé
et al., 2000). Fish feminization is induced from EE2 concentrations as low as 0.1 ng/l in
male rainbow trout (Purdom et al., 1994). In a full life cycle of zebrafish (Brachydanio
rerio) exposure via water at 1.67 ng/l EE2 caused vitellogenin induction (Segner et al.,
2003). It has been reported that long term exposure of newly hatched roach (Rutilus rutilus)

to 4 ngeE2/I resulted in sex reversal of males population (Lange et al., 2009).

2.1.2 17g-estradiol (E2)

17B-estradiol is a natural steroidal estrogen (Schlenk, 2008), containing an aromatic A-ring
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as part of its tetracyclic molecular framework (Tapiero et al., 2002). The most important
source is domestic effluents where E2 derives principally from human and veterinary
medicines (Gagné et al., 2005), but also agriculture runoff (Céspedes et al., 2004). It is
considered as a potent environmental contaminant (Ying et al., 2002; Dorabawila and
Gupta, 2005) even at low exposure concentrations. Unfortunately, the presence of E2
received little attention until recently, although it is always present due to its secretion in
mammalian urine. Estradiol levels in the environment increased over the years due to the
increase in the global population in large cities and live stock-farming practices (de Alda

and Barcelo, 2001).

17p-estradiol plays an important role in the physiological process of fish reproduction, for
example, the estrogenic constituents of the sewage effluents such as E2 can cause testis-ova
in male roaches (Rutilus rutilus) living downstream of sewage treatment works (Jobling et
al., 1998). E2-associated endocrine disruption in the reproductive system of male medaka
(Oryzias latipes) exposed to environmentally relevant concentrations for 3 weeks induced
hepatic vitellogenin concentrations and testis-ova (Kang et al., 2002). In addition, several
studies showed a negative effect of E2 on fish osmoregulatory performance. A variety of
salmonid fish treated with E2 showed a reduced chloride cell density and Na®*, K*-ATPase
activity in the gills (Madsen and Korgaard, 1989; Coimbra et al., 1993; Madsen et al.,
1997). Furthermore, E2 treatment increases plasma vitellogenin and calcium level in teleost
fish (Perrson et al., 1994; Guerreiro et al., 2002; Al-Jandal et al., submitted — Chapter 5).
Vijayan et al. (2001) reported that E2 impairs the hypo-osmoregulatory capacity in the

tilapia (Oreochromis mossambicus) due to the decrease in the branchial Na*, K*-ATPase
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activity and decline in the metabolic activity of the liver and gills. It has been reported in
previous studies that pollutants such as nonylphenol can act as endocrine-disruptors by
binding to the estrogen receptor and mimic the action of 17B-estradiol (Colborn et al.,
1993). Estradiol has been known to have a marked impact on calcium balance and can
stimulate the calcium-binding protein production (vitellogenin) in fish, which is essential
for egg production (Mosconi et al., 1998). It can induce calcium resorption from scales and

bone of salmonid fish (Persson et al., 1994; Kacem et al., 2000).

2.1.3 4-nonylphenol (NP)

Nonylphenol is an organic compound and classified as xenobiotic. It is known to be a
environmental estrogen (Tabata et al., 2001), and has been demonstrated to be toxic to both
freshwater and marine species (McClease et al., 1981; Comber et al., 1993; Hwang et al.,
2008). It is a degradation or breakdown product of nonylphenol ethoxylate (Yadetie et al.,
1999) which is used in non-ionic surfactants (Yadetie et al., 1999; Harris et al., 2001). It is
more persistent, toxic and estrogenic (Maguire, 1999) and bio-accumulative once in the
aquatic environment (Ahel et al., 1993; Jobling et al., 1996). Nonylphenol polyethoxylates
are discharged in high quantities to sewage treatment plants and directly to the environment
where there is no sewage or industrial waste treatment (Maguire, 1999), then they
completely degraded into NP (Ahel et al., 1994). Alkylphenol polyethoxylates are not
estrogenic per se, however they are degraded during the sewage treatment (Sonnenschein
and Soto, 1998), and the free phenols are estrogenic (Soto et al., 1991). It has been found
that NP mimics 17p-estradiol in competing for the binding site of the receptor of the natural

estrogen (White et al., 1994).
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Nonylphenol is one of the most studied estrogen mimics, and as with other alkylphenols it
is known to produce estrogenic effects (Jobling and Sumpter, 1993; White et al., 1994).
Estrogenicity of NP has been reported in fish, amphibians, birds, and mammals
(Hutchinson et al. 2006; Vetillard and Bailhache, 2006). It can cause the synthesis of
vitellogenin (Jobling et al., 1996; Arukwe et al., 1997; Kinnberg et al., 2000) and eggshell
zona radiata protein in the juvenile salmon (Arukwe et al., 1997) and inhibit testicular
growth in rainbow trout (Jobling et al., 1996). Nonylphenol has been also linked to the
delays in downstream migration and smolts development of Atlantic salmon (Salmo salar)
(Madsen et al., 2004). It has been found that NP concentrations of 1 and 10 pg/l (sewage
treatment plant effluent concentrations lie between this range) were not able to induce
sexual differentiation in the wild rainbow trout, whereas the induction of vitellogenin and

zona radiate protein were more sensitive (Ackermann et al., 2002).

2.2 Endocrine control of reproduction

The central players of the normal functioning of the endocrine system are the hypothalamus
and the pituitary gland where the most fundamental physiological processes are regulated
which includes reproduction. Signals from the brain control the hypothalamic secretion of
gonadotropin-releasing hormones by sending signals that stimulate the pituitary gland to
release gonadotropins. Gonadotropins control the production and secretion of steroid

hormones from the gonads (Scholz and Kliver, 2009).

Endocrine disruptors have effects on a wide range of physiological parameters including

reproduction in fish (Orn et al., 2003; Bjerregaard et al., 2006). Endocrine disrupting
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chemicals can possibly perturb the hormones that regulate the reproductive function and
this may lead to decrease in egg production, fertility in female fish, and reduce the gonad
size or cause feminization of male fish (Arcand-Hoy and Benson, 1998). In general, the
field of endocrine disruptors has mainly focused on reproduction (McCormick et al., 2005).
Indeed, most of the EDCs studied to date act to interfere with the reproductive hormones,
particularly estrogens or androgens (Angus et al., 2005). Steroid hormones are a large class
of lipophilic molecules that act on different target sites to regulate many physiological

functions (Tabb and Blumberg, 2006).

Nonylphenol is described as an environmental pollutant with endocrine disrupting
characteristics and causes various dysfunctions in the male and female reproductive
systems by modifying the level of follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) in rats (Nagao et al., 2001). In female tilapia (Oreochromis niloticus),
nonylphenol induces changes in the gonad suggesting that it acts by mimicking sex
hormones (Rivero et al., 2008). Steroid hormones such as 17p-estradiol (E2) also affect
gonadal development as shown by several studies such as exposure of adult zebrafish
(Danio rerio) to E2 resulted in secondary sexual characteristic modification in males

and dose-dependent inhibition of egg production in females (Brion et al., 2004).

2.3 Vitellogenin induction as a biomarker for environmental estrogen exposure
One of the most widely used biomarkers of exposure to estrogens and their mimics in fish
is the induction of vitellogenin (Tyler et al., 1996; Kime et al., 1999). Vitellogenin is a yolk

precursor lipophosphoprotein in the oviparous vertebrates (Bergink and Wallace, 1974)

24



Chapter 1

which is produced by the female liver stimulated by estrogen and it is normally present in
very low concentrations in the plasma of immature and male organisms. Jobling and
Sumpter (1993) found that the metabolites of nonylphenol polyethoxylate are estrogenic in
male rainbow trout, where they considered the production of vitellogenin as an indication
of estrogenic activity. White et al. (1994) investigated the ability of selected alkylphenolic
compounds to stimulate vitellogenin gene expression in rainbow trout hepatocytes such as
4-octylphenol and 4-nonylphenol. Panter et al., (1998) studied the effects of 17p-estradiol
and estrone on the plasma vitellogenin level and gonadosomatic index of male fathead
minnows (Pimephales promelas). They represented the first report on the estrogenicity of
steroids to male fathead minnows, and they found an increase in plasma vitellogenin when
exposing to high levels of 17p-estradiol. The exposure to 1-10 ng/l of 17p-estradiol
provokes feminization in male fish (Routledge et al., 1998). The presence of intersex in
wild fish species indicates that endocrine disrupting chemicals are present in their

environment (Gercken and Sordyl, 2002).

2.4 Non-reproductive targets of endocrine disruptors

Hormones are not only involved in regulating reproductive processes, and some research on
endocrine disruptors is now focusing away from purely reproductive endpoints. An
increasing number of studies have started to focus on the effect of endocrine disrupting
chemicals on another physiological process such as osmoregulation. To understand the
basis of these interactions, | will now describe our current knowledge of osmoregulation in
fish, and the organs and mechanisms involved, before describing their endocrine control

and potential interference of this by EDCs.
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3. OSMOREGULATION

3.1 Osmoregulation and ion balance in fish

All living organisms either aquatic or terrestrial must maintain their water and ionic balance
and the ability to regulate the osmolarity of body fluids to maintain homeostasis is
fundamental to life. Marine fish maintain their hypotonic body fluids by drinking sea water,
and this can expose them to dissolved contaminants via an additional route (i.e. the gut)
compared to freshwater fishes. In the case of freshwater fishes, they are hyper-osmotic to
their surroundings, and thus considerable amounts of water will move into their bodies
down the osmotic gradient. Euryhaline fish rely on many internal mechanisms to coordinate
the physiological adjustments essential for responding to alterations in the surrounding

salinity.

In adult fish, hydromineral balance relies on specialized tissues and organs, namely the
gills, intestine and urinary system that are under neuroendocrine control (\Varsamos et al.,
2005). Maintaining the osmolarity of the extracellular fluids tends to buffer the fish cells
and tissues against the effects of extreme differences compared to the external freshwater or
seawater. Osmotic regulation involves the intake and output of both water and ions, and the
main extracellular electrolytes in all vertebrates are Na™ and CI', which is why these are the
most commonly measured ions when studying osmoregulation in both freshwater and

seawater fish.

3.2 Osmotic strategies

Fish either conform to environmental changes by letting their own internal conditions
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follow those of the external medium, or they may regulate their own body fluids to
maintain reasonable independence of the external environment. Thus fish can be classified
as “osmoregulators” or “osmoconformers” depending on whether they can or cannot
maintain the osmotic concentration of their extracellular fluid constant in the face of

changes in external osmotic concentrations.

3.2.1 Osmoconformers:

Elasmobranchs are osmoconformers with plasma osmolality equal to or slightly higher than
the surrounding marine environment (Yancey, 2005). They have evolved a strategy by
reabsorbing and retaining urea and other body fluid solutes in their tissues so that plasma
osmolarity remains slighter higher than that of the external seawater (Smith, 1931; Thorson,
1962; Mandrup-Poulsen, 1981). As a consequence they benefit from not having to spend
metabolic resources on osmoregulation (Marshall and Grosell, 2006) and they do not need
to drink seawater. However, they still face the problem of a diffusion of salts into their
bodies from the high salinity concentration in the external environment. This is
compensated for by salt excretion in the urine, by secretions of the rectal gland, and salt

excretion via the gills (Haywood, 1973).

3.2.2 Osmoregulators:

Osmoregulators can tightly regulate their internal plasma osmolarity independent of the
surrounding environment. Teleost fish are osmoregulators, and they are either hyper-
osmoregulators (osmoregulate in freshwater) or hypo-osmoregulators (osmoregulate in

seawater) (Marshall and Grosell, 2006). As a strategy to compensate for the water loss in
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the marine environment teleost fish drink the surrounding seawater, but they are still able to
achieve ionic and osmotic homeostasis by the function of the gills, gut, and urinary bladder.
In freshwater teleosts the kidney plays a role in producing dilute urine to counter the

diffusive water gain and the gills take up ions (Sakamoto and McCormick, 2006).

3.2.2.1 Problems for osmoregulators

Teleost fish existina wide range of salinity habitats thus they are faced with variety of

osmotic problems. Fish challenged with an altered ambient salinity require different

mechanisms to maintain homeostasis (Figure 1):

3.2.2.1.A Seawater fish and osmoregulation

The osmolality of seawater is approximately 1000 mOsm kg™ and the plasma osmotic
pressure of most marine teleosts is about 300-350 mOsm kg™ (Shehadeh and Gordon,
1969; McDonald and Milligan, 1992). Saltwater fish are thus hypo-osmotic to the
surrounding medium (Figure 1A). Therefore, they are facing the problem of diffusive salt
gain and osmotic water loss to the surrounding environment and this is exacerbated by the
large surface area of the gills (Genz et al., 2008). Seawater fish manage this problem using
various osmoregulatory mechanisms: (1) They excrete a small volume of isotonic urine by
the kidney; (2) They drink a large volume of seawater (Smith, 1930; Evans, 1993). The
drinking rate varies among species and with environmental salinity and the higher the
salinity the greater the rate of drinking (Revik et al., 2001; Bartels and Potter, 2004). They

process the seawater by reabsorbing monovalent ions and retaining water which takes place
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in the intestine, and the excess salt load generated by these gut processes is secreted across

the gills (Bartels and Potter, 2004).

3.2.2.1.B Freshwater fish and osmoregulation

In contrast with teleosts living in seawater, freshwater teleosts have body fluids that are
more concentrated than the surrounding medium (Figure 1B). The osmolality of the
freshwater is usually < 1 mOsm kg™ and the osmotic concentration of blood in freshwater
fish is 190-310 mOsm kg™ (McDonald and Milligan, 1992) hence the fish are subjected to
osmotic water gain and loss of ions by diffusion across gills and in the urine (Evans et al.,
2005). The problem of water gain is managed by (1) low drinking rate; (2) production of a
copious volume of hypotonic urine by the kidney with ion reabsorption along the excretory
system; and (3) the ion losses are compensated by active uptake of monovalent and divalent
ions by the gills, which is crucial for the ion homeostasis (McDonald and Wood, 1981,

Bartels and Potter, 2004).

3.3 Major osmoregulatory organs
Several osmoregulatory organs play important roles in ion and water balance of fish body
fluids; these include the gills, gastrointestinal tract, skin, kidney, and more specific organs,

such as the rectal gland in elasmobranchs (Evans et al., 2005; Marshall and Grosell, 2006).

3.3.1Gills

Gills are the most studied organ in fish osmoregulation and ion regulation, during fish

acclimation to different salinities, the direction of ion transport is reversed, where they give
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(A)

Seawater: 1000 mOsm kg™

(B)

Freshwater: < 1 mOsm kg

Dilute urine
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Figure 1: Osmoregulation in marine and freshwater teleost (A and B, respectively). A)
Marine teleosts face the problem of diffusive salt gain and osmotic water loss, therefore
they drink large volumes of seawater, produce small amount of urine and excrete ions
actively via the gills. B) Freshwater teleosts are subjected to osmotic water gain and
diffusive ions loss. Therefore, they produce large volumes of dilute urine and take up ions
actively via the gills.
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an excellent model to study ion regulation and transport (Hwang and Lee, 2007). The
majority of fish species use the gills as the primary site for respiratory gaseous exchange.
The gills are situated on either side of the fish pharynx, and composed of two main
epithelial surfaces; the lamellar and the filament epithelia (Perry, 1997). The gill epithelium
of teleosts contains several different cell types; the pavement cells, which are the most
abundant cell types and known to play role in the gas exchange. In freshwater teleost gills,
evidence suggests that some PVCs may play an active role in ion uptake and acid-base
transport by the gills (Evans et al., 2005). The mitochondria-rich cells (or MR cells) also
known as chloride cells or ionocytes. In general, the mitochondria-rich cells are ovoid-
shaped cells and as their name suggests, they have high densities of mitochondria in their
cytoplasm (Evans et al., 2005), ovoid nuclei and high levels of the transport protein
Na'/K*-ATPase (Laurent and Dunel, 1980). They play a role in ion transport, where in
freshwater fish two subtypes of MR cells were described; a and B cell (Evans et al., 2005).
The mucous cells, which produce large apical mucous secretory granules, irrespective of

whether the fish is living in fresh or seawater (Wilson and Laurent, 2002).

The gills are not only the major site for gas exchange, but also for ion transport, acid-base
regulation and nitrogenous waste excretion (Marshall and Grosell, 2006). To facilitate the
process of gaseous exchange the gills have a high surface area with a thin epithelial layer
separating the blood of the fish and aquatic environment. Various different epithelial cell
types assume respiratory, osmoregulatory and excretory roles. The gill has a remarkable
capacity for integrating these various functions and adjusting them to the needs of the

organism. Thus, the gills are the major site for the passive loss or gain of ions and water
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that occur in freshwater and seawater environments. It has become clear that the branchial
epithelium is also the primary site of active transport processes and the primary site of body

fluid pH regulation and nitrogenous waste secretion (Evans et al., 2005).

3.3.2 Intestine

The intestine also plays an important role in osmo- and iono-regulation, and is an important

osmoregulatory organ particularly in saltwater fish, taking up water to compensate for
osmotic water loss to the hyperosmotic environment (Marshall and Grosell, 2006). When
saltwater is taken in during drinking in marine fish the initial desalination process starts in
the oesophagus (Grosell, 2006). Seawater contains significant quantities of divalent ions,
such as magnesium (Mg?") and sulphate (SO,%), but only small amounts of these are
absorbed from the seawater during its passage through the intestine and become a useful

biomarker for net water movement (Hickman, 1968).

Ingested seawater passes through the gastrointestinal tract where ions are differentially
absorbed across the intestinal epithelium to facilitate water absorption (Taylor and Grosell,
2006). The intestine actively absorbs Na* and CI” by two apical co-transporters Na*:CI
(NC) and Na":K":2CI" (NKCC), that facilitate water absorption. The mechanism of Na* and
CI" absorption is fueled by the basolateral Na*, K" ATPase (Musch et a., 1982; Grosell,
2006). The NaCl absorption can also occur via parallel antiport systems of Na*/H" and CI’
/HCO3;" exchangers as described for the seawater-adapted tilapia (Oreochromis
mossambicu) (Howard and Ahearn, 1988). More recently, it has been shown that a large

portion of total CI" absorption results from the apical CI'/HCO3 exchange (Wilson et al.,
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1996; Grosell et al., 2001, Grosell et al., 2005). The latter makes a significant contribution
to the luminal alkalinisation in the intestine, and the high pH provides favourable
conditions for Ca** and Mg** precipitation. If these divalent ions do not precipitate, they
can significantly oppose water absorption (Wilson et al., 2002). The precipitation of
divalent cations in the intestine of marine fish and not freshwater fish is due to the
osmoregulatory strategy of fish living in hyperosmotic environment, and the need to ingest

calcium-rich sea water (Figure 2).

3.3.3 Kidney and urinary bladder

Fish kidneys are long structures running dorsally in the body cavity above the gas bladder
and beneath the vertebral column. Kidneys are mesonephric containing renal tubules
(nephrons) and may have glomeruli in freshwater and euryhaline species. In contrast in
marine fish the kidney possess greatly reduced glomeruli and some species can completely
lack glomerular nephrons (Marshall and Grosell, 2006), an oddity that has resulted from the

need to reduce water loss (Masini et al., 2001).

The kidney has an important function in osmoregulation in both freshwater and seawater
fish, although its role is completely different under the two different environmental
conditions. In freshwater, the fish face the problem of water gain and ion loss, therefore, the
kidney excretes this excess water as dilute urine. While in seawater, where the fish face the
problem of water loss and ion load, the primary function of the kidney is the excretion of a
small volume of urine together with primarily divalent ions (Miyazaki et al., 2002;

Nishimura and Fan, 2003).
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Figure 2: Schematic cellular model of the ions transport processes in the intestinal
epithelium of the marine teleost intestine. Fluid absorption is driven by active NaCl
absorption by two apical cotransporters (Na*,Cl" and Na*,K*,2CL") fuelled by basolateral
Na'-K"-ATPase (~). Remaining CI" uptake occurs via CI/HCOs; anion exchange (AE).
Endogenous metabolic CO, provides cellular HCO3 catalysed by carbonic anhydrase
(C.A.), and the resulting H" is extruded via the basolateral membrane. Basolateral import of
HCO; also contributes to luminal HCOs; via Na': HCOj; cotransporter (NBC).
(Information incorporated from Grosell, 2006 and Wilson, 2011).
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In most fish, the two kidneys unite and open into the urinary bladder. The urinary bladder
in freshwater acts as the final location for ion uptake to generate hypotonic urine, and
minimise salt loss. While in seawater fish, the urinary bladder contributes to the absorption
of monovalent ions and water, which will help in concentrating the divalent ions and

reducing water loss (Marshall and Gorsell, 2006).

3.3.4 Skin and opercular membrane

The contribution of the skin to fish osmoregulation is minor in comparison to the other
organs described above. Mucous cells in the skin can secrete mucus that is thought be
involved in osmoregulation by reducing the permeability of the skin to ions and water
(Manzon, 2002). Marine teleost gobies Gillichthys mirabilis have mitochondria-rich cells in
their skin similar to the chloride-secreting cells in the fish gills of marine fish and it has
been demonstrated that these cells are responsible for anion transport across Gillichthys
skin (Marshall and Nishioka, 1980). The skin has also been implicated as a site of Ca**"
uptake in the freshwater rainbow trout (Onchoryhnchus mykiss) (Perry and Wood, 1985).
The killifish opercular epithelium has proved to be an excellent general model for CI°
secreting epithelia, it contains typical mitochondria-rich CI” secreting cells. These fish have
a high capacity to adapt to changes in salinity and to acclimate from low to high salinity

This involves a rapid phase during which the secretion of CI via chloride cells located both

in the opercular epithelia and in the gill is increased rapidly (Hoffmann et al., 2002).

3.4 Euryhaline fish osmoregulation

Euryhaline fish are unusual amongst teleosts in having the ability to osmoregulate

35



Chapter 1

efficiently in waters of highly variable salinity. They are able to alter their pattern of
osmoregulation rapidly if sudden fluctuations in salinity occur. Euryhaline fish require
additional energy for the synthesis of new salt transporting proteins as the fish moves from
salt to freshwater and vice versa (Kidder et al., 2006). Gills are probably the organs that
consume most of the energy during osmoregulation, kidneys play a minor role in
comparison to the gills, however, several changes occur in this organ that need energy in
the form of ATP. The energy requirement of the gills and kidney are maintained by
oxidation of glucose and lactate, where the liver is the main site for glucose turnover,
therefore the liver (non-osmoregulatory organ) metabolism is enhanced to make glucose
available to fuel other metabolic and osmoregulatory processes especially in gills and

kidney (Sangiao-Alvarellos et al., 2003).

The gills are a vital osmoregulatory organ in euryhaline fish. In guppy (Lebistes
reticulates), the density of mitochondria-rich cells (MR) in the gills increases with
increasing environmental salinity indicating that they are the major sites of active exchange
of ions in the euryhaline fish (Erkemn and Kolankaya, 2009). However, the situation is
more complex than simply the density of these cells. This is because in freshwater fish
there are at least two populations of mitochondria-rich cells demonstrated in the gill
epithelia which appear to have separate functions in Na* and CI” uptake (Goss et al., 2001;
Perry et al., 2003). The mitochondria-rich cells in marine teleost gills are clearly very
different functionally, being involved in Na* and CI” secretion rather than uptake, and the
same cell type probably drives the transport of both these ions (Evans et al., 2008). Galvez

et al. (2002) studied the mitochondria-rich chloride cells in the freshwater trout gill. A
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novel magnetic bead separation technique was used in their lab to isolate different MR cell
subtypes. Results indicated that PNA (peanut lectin agglutinin) binds only to one sub type
of MR cells on the apical surface of the gill epithelium. Hence, they characterized two
populations of cells; the PNA-positive (PNA* MR cells) and the other subtype PNA-
negative (PNA" MR cells). The intestine is also a major osmoregulatory organ in the
euryhaline fish especially when they acclimated to seawater (3.3.2) for instance, the

European eel increase their drinking rate by > 10 fold (Martinez et al., 2005).

There are two types of euryhaline teleost fish; anadromous that migrate to freshwater to
spawn such as populations of Salmonidae, and catadromous fish that migrate from
freshwater to spawn, such as the European eel (Anguilla anguilla) and flounder (Platichthys
flesus) (Maes et al., 2007). The sheepshead minnow, Cyprinodon variegatus, is an excellent
regulator of plasma osmolality and they are exposed to large daily fluctuations in salinity
(Haney, 1999). The tilapia (Oreochromis mossambicus) is another species that is able to
maintain the body osmolality and NaCl concentrations in a narrow range independent from

the environmental salinity (Cataldi et al., 2005).

3.5 Endocrine control of osmoregulation

The ability to regulate plasma ions in the face of a changing external salinity is a necessity
for fish that move between freshwater and seawater, which a few species do as part of their
normal life cycle. The need to respond to rapid changes in the external environment is
crucial to osmoregulatory adaptation and is brought about by the neuroendocrine system.

Some hormones are involved in the development and differentiation of transport epithelia
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that control the ability of fish to migrate between freshwater and seawater (McCormick,
2001). During smolting in salmonid fish, the parr-smolt transformation, where the young
salmon prepare to migrate to the ocean, is effected by several hormones including cortisol
and growth hormone. Other hormones, in particular androgens and estrogens may
negatively influence the smolting process and impair the seawater tolerance (Madsen et al.,

1997; Bangsgaard et al., 2006).

Many studies have been conducted on the hormonal control of osmoregulation in
euryhaline teleosts. It has been generally accepted that prolactin (PRL) is the dominant
factor in regulating hydromineral balance in freshwater and that cortisol is the dominant
factor in seawater (McCormick, 2001). Hormones play a vital role in homeostatic and
acclimation demands of salt and water transport. In spite of the different transport needs
among vertebrates, the hormones involved are similar (McCormick and Bradshaw, 2006).
For example both growth hormone (GH) (Bj6rnsson, 1997; Sangiao-Alvarellos et al., 2006)
and prolactin (Sakamoto and McCormick, 2006) play a role in osmoregulation. Seale et al.
(2002) observed a significant increase in plasma growth hormone and a rapid decline in
plasma prolactin levels 6 h after transfer of tilapia (Oreochromis mossambicus) from
freshwater to 80 % seawater and a rapid increase in prolactin after transfer from seawater to
freshwater. In addition, the changes in prolactin levels were inversely correlated with
changes in plasma osmolality. Prolactin is generally accepted as a freshwater-adapting
hormone in most euryhaline fish, and its importance varies both between and within species
(Manzon, 2002). One of the earliest known functions of prolactin in teleost fish was ion

uptake (Sakamoto and McCormick, 2006) and decreased water influx.
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Cortisol is another steroid hormone that has been identified as a seawater-adapting hormone

in a large number of fish and it is specifically involved in ion uptake under fresh water
conditions (McCormick, 2001). In particular, cortisol stimulates chloride cell proliferation

and differentiation in the gills of fish (Foskett et al., 1983).

The GH/IGF-1 axis plays an important role in seawater adaptation in salmonid teleosts
(Sakamoto et al., 1993; Mancera and McCormick, 1998). Plasma IGF-I increases during the
parr-smolt transformation and seawater-acclimation in salmonids (Lindahl et al., 1985), and
IGF-I mRNA expression increased in rainbow trout (Oncorhynchus mykiss) gills after
seawater exposure (Sakamoto and Hirano, 1991). Poppinga et al. (2007) reported that
rainbow trout injected intraperitoneally with somatostatin-14 (a potent inhibitor of growth

hormone) reduced seawater adaptability by inhibiting the GH-IGF-1 axis.

3.6 Endocrine disruption of osmoregulation

Endocrine disrupting compounds can interfere with the endocrine system at various levels
and exert their effects by several modes of action. In addition, there is increasing evidence
for the effect of endocrine disruption on osmoregulation in freshwater and seawater fish
from the literature (McCormick et al., 2005; Carrera et al., 2007; Lerner et al., 2007).
However, there is little or no attention given to the comparative sensitivities of different

species of fish osmoregulation to endocrine disruptors.

Most of what is known about the effects of endocrine disrupting chemicals has been

focused on reproduction as a major axis, although other areas of endocrine system might be
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a target of endocrine disruptors. The vast majority of these studies to date have investigated
the interference with reproductive endocrinology, particularly estrogens, androgens, and
their critical role in fish maturation and reproduction. Estrogens such as 17p-estradiol (E2),
estrone (E1) and estriol (E3) are a group of steroid hormones that can act as endocrine
disruptors (Costa et al., 2010). They are predominantly female hormones, which in
mammals are important for maintaining the reproductive tissues, breasts, skin and brain
health. The steroids of concern for the aquatic environment due to their endocrine
disruption potential are primarily estrogens and artificial estrogens used in contraceptives,
which include E2, E1, E3, 17a-ethynylestradiol (EE2) and mestranol (MeEE2) (Ying et al.,

2002).

Hormones are not only involved in regulating reproductive processes, and some research on
endocrine disruptors is now focusing away from purely reproductive endpoints. An
increasing number of studies have started to focus on the effect of endocrine disrupting
chemical on another physiological process such as osmoregulation. The impact of these
chemicals on osmoregulatory abilities have been addressed in several species and provide
evidence of the negative interaction with the physiological and biochemical impacts
(Madsen et al., 1997; Vijayan et al., 2001; Guzman et al., 2004; Carrera et al., 2007). For
example, waterborne exposure to xenoestrogens in salmon (Salmo salar) reduces
behavioural and physiological components of smoltification such as lower migration
frequency (reduced migratory drive) (Bangsgaard et al., 2006). The treatment with 17p3-
estradiol showed an inhibitory action and impairs the hypoosmoregulatory capacity of

Killifish (Fundulus heteroclitus) (Mancera et al., 2004). Significant increase in total and
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ionic Ca** have been observed in the plasma of sea bream (Sparus aurata) induced by
peritoneal implants containing 10 pg/g E2 (Guerreiro et al., 2002). Furthermore, estrogen
receptors were found on the intestine and not in the gills of the sea bream (Socorro et al.,
2000) and functional estrogen receptors were identified in an intestinal epithelial cells of
female rat (Thomas et al., 1993), suggesting the involvement of E2 as an estrogen on Ca*

homeostasis via the intestine rather than the gills.

4. PROJECT AIM

Thousands of chemicals are reaching the environment due to human activities. It is still a
challenge for scientists to study and examine the effect(s) of these chemicals on the health
of aquatic organisms. Some of these chemicals can affect the endocrine system of aquatic
organisms and are classified as endocrine disruptors. The concerns about these chemicals
have focused for many years on the effect on reproduction, where adverse effects have been
shown. Very little is known about the effects of these chemicals on other physiological
processes. In the present study, the main aim and the novelty was to investigate the effects
of known environmental estrogens on osmoregulation as a relatively new axis for
exploration. To allow a focus on the different osmoregulatory challenges found under
freshwater and seawater conditions, the present study used euryhaline species that can
acclimate to both these salinities. The reproductive life cycle of many euryhaline fish
species is associated with a migration between freshwater and seawater, or vice versa. This
is a particularly interesting combination of physiological systems to study with respect to

the influence of endocrine disrupting chemicals, e.g. if osmoregulation is also disturbed
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they may not even survive the transition from one salinity extreme to the other which is

essential before they can begin the main reproductive spawning events.

To accomplish this study a range of endocrine disrupting chemicals was used in this study
to examine the influence(s) on the osmoregulatory ability in the euryhaline fish. The
studied chemicals proved to exist in the English rivers, and they were able to exert their
effect even in ng/l level, due to their persistence and high potency. The species used were
rainbow trout and three-spined stickleback as model euryhaline species. However, the
different body sizes of these two species creates some problems of direct comparisons,

particular in relation to tissues that can be sampled and measured.

The first experiment was therefore conducted as a directly compare and validate the use of
osmoregulatory parameters in both plasma and tissue digests of one species (rainbow trout)
acutely exposed to different salinities to assess the usefulness of these tissues in studying
ion regulation and maintenance of water balance. The second experiment used one of the
widely used synthetic estrogens 17a-ethinylestradiol (EE2) to examine the relative
responsiveness of rainbow trout and sticklebacks, using vitellogenin induction and the
osmoregulatory ability of these species both in freshwater and subsequently seawater.
Nonylphenol is an extremely relevant environmental xeno-estrogen and was included as a
third experimental chapter to study the effects of three different environmentally relevant
concentrations of nonylphenol on ion regulation in rainbow trout in both freshwater and

following rapid seawater transfer. The last experimental chapter focused on the effect of an
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endogenous estrogen (17p-estradiol), but for the first time carried out the exposure on fish
already acclimated to seawater, and specifically examined the intestinal calcification

process and the subsequent role this plays in ionic and osmotic homeostasis.
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A comparison of osmoregulatory responses in plasma, white muscle and carcass of

rainbow trout (Oncorhynchus mykiss) following acute salinity challenges

1. ABSTRACT

Euryhaline teleosts regulate their internal osmotic and ionic status across a wide range of
external salinities. Studies often rely on measurements on plasma when osmoregulatory
status is perturbed, whereas tissue measurements are used for small fish with limited blood
volume. However, a direct comparison is lacking for plasma and tissues, so the
relationships between plasma, white muscle and carcass were examined for a range of
osmoregulatory variables in rainbow trout (Oncorhynchus mykiss) following challenge with
an acute (24 hour) transfer from freshwater to a hyper-osmotic salinity of either 25 or 35.
Significant increases in plasma osmolality, [Na*], [CI], [Ca®*], [Mg?*] were observed when
salinity was increased, but not for [K*] which was tightly and independently regulated. The
water content of both tissues showed reciprocal changes to plasma osmolality. The carcass
ion content only showed a significant increase at the highest ambient salinity, except for
[CI'] which was significantly elevated at both salinities. In white muscle, ions showed
significant increases, except Cl” and Ca”* which were well regulated. Measurements from
both tissues can provide reliable surrogates for most of the plasma osmoregulatory
variables except CI” and Ca®* when using muscle tissue. In the case of internal regulation of
K" both tissues provide sensitive and quantitatively similar indicators of environmental

salinity disturbance, whereas plasma does not.
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2. INTRODUCTION

Fish are in a continuous and intimate contact with the surrounding medium, and most fish
live in water of a substantially different osmolality and ionic content from their plasma,
resulting in osmoregulatory challenges that must be compensated to allow homeostasis of
osmotic and ionic variables in their internal body fluids (Kidder et al., 2006; Evans, 2010).
Most teleosts are excellent osmoregulators, being able to tightly maintain a stable
osmolality and ionic content of their internal milieu, and some species are also euryhaline
being able to achieve this across a wide range of ambient salinity (Evans et al., 2005;
Marshall and Grosell, 2006; Evans, 2010). In freshwater fish, the salt content of the blood
is typically at least 100 times higher than the surrounding freshwater, whereas in marine
fish it is one-third of the ambient seawater (Sakamoto and McCormick, 2006). There are
essential strategies that teleost fish have evolved to balance the composition of the
extracellular fluid according to the prevailing challenge presented by the external
environment. Stressors such as increasing or decreasing the surrounding water salinity or
exposure to an ionoregulatory toxicant can induce hydromineral disturbances in fish that

therefore require regulatory mechanisms to be rapidly regulated up or down.

Freshwater fish are hyper-osmotic to the surrounding medium; therefore, they encounter the
problem of ion loss and osmotic water gain (Evans et al., 2005). To compensate for this
problem they produce a copious volume of extremely dilute urine (hypotonic) which
involves a substantial glomerular filtration rate (Evans et al., 2005; Marshall and Grosell,

2006). To minimise ionic losses via this large urinary volume, monovalent and divalent
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ions are reabsorbed by the renal epithelia (Bijvelds et al., 1996; Evans et al., 2005).
However, there are still unavoidable net ionic losses via both the urine and by diffusive
efflux across the gills, and these are balanced by the active uptake of monovalent and

divalent ions by the gills and via the gut from dietary sources.

Seawater fish are faced with the reverse situation to freshwater fish, i.e. an osmotic loss of
water and gain of inorganic ions (Evans, 2010). This water loss is balanced by continuously
drinking a large volume of sea water followed by the uptake of Na* and CI" ions, and the
precipitation of ingested Ca®* and Mg”" ion as their insoluble carbonates, by various
mechanisms in the gastrointestinal tract (Grosell, 2006), that collectively play a critical role
in osmoregulation by driving water absorption in the intestinal lumen (Marshall and
Grosell, 2006; Whittamore et al., 2010). The extra load of Na* and CI" from the intestine is
excreted via the gills and skin epithelia via a linked mechanism involving mitochondria-
rich cells (Marshall and Grosell, 2006). The lack of a loop of Henle and concentrating
mechanism in the kidney of teleosts prevents the production of urine which is hyperosmotic
to the plasma and it appears that the main function of the kidney in marine fish is the
excretion of excess divalent ions, particularly Mg®* and SO, (Evans et al., 2005; Marshall

and Grosell, 2006).

A small proportion of teleosts are euryhaline, and the physiological capacity to switch
between extremes of external salinity may be the reason that teleosts are found in almost all

aquatic habitats (McCormick, 2001). There are two main types of euryhaline fish, the
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anadromous fish (breeding in fresh water) such as Atlantic salmon (Salmo salar) (Nilsen et
al., 2008) and rainbow trout (Oncorhynchus mykiss) (Landergren, 1999), and the
catadromous fish (breeding in sea water) such as the European eel (Anguilla Anguilla) (van

Ginneken and Maes, 2005) and European flounder (Platichthys flesus).

Numerous studies have reported that fish challenged with an altered salinity environment,
or osmoregulatory toxicants (such as acid pH and metals), experience dramatic changes in
either plasma variables such as osmolality, [Na*], [CI'], carcass or muscle variables such as
water and ion content (Lotan, 1969; Wood et al., 1988; Wilson and Wood, 1992; Hansen et
al., 1993; Nussey et al., 1995; Fielder et al., 2007). Such data are often used to infer the
degree of adaptability of their osmoregulatory processes to such challenges and indicate the
physiological mechanisms that are utilised in restoring a stable internal milieu in terms of
ionic and water balance. However, few studies have simultaneously reported plasma and
tissue osmoregulatory variables (Bath and Eddy, 1979; Beaumont et al., 2000), and so
interpretation and comparison of these two different sources of data are not always

straightforward.

The major aim of the present study was to compare the use of plasma and tissue
osmoregulatory variables in quantifying the responses of a euryhaline fish species to
various environmental salinity challenges. This is particularly relevant to studies which
involve the direct comparison of fish of different sizes, as blood plasma volume is often

difficult to obtain or the volume can be limiting for analysis in small sized fish. However,
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the timescale and magnitude of changes in osmoregulatory variables within plasma and

tissues have not previously been directly compared within the same fish.

3. MATERIALS AND METHODS
3.1 Fish

Thirty rainbow trout (Oncorhynchus mykiss) (body mass = 44.5 + 1.8 g and length = 15.8 +
0.2 cm) were obtained from Hatchlands trout farm (Devon, UK). The fish were kept in
aerated, dechlorinated freshwater (Na* = 390; K* = 47; Ca*" = 598; Mg®" = 152; CI" = 400
UM; pH 7.5 and temperature 11.9 = 0.04 °C) at the University of Exeter, and were fed
daily on a commercial pelleted feed (BioMar, 3 mm, Aqualife, Denmark) at a rate of 1 %

body mass per day.

3.2 Experimental design and exposure

Three aquaria were prepared for acute exposure to different salinities under static
conditions, with aeration supplied to each tank. One tank was filled with the same
freshwater (FW) as used for the holding condition. Two different elevated water salinities
were then also prepared; i) a salinity of 25 (SW5s), and ii) a salinity of 35 (SW3s) (Table 1).
The latter represents full strength oceanic seawater, and both 25 and 35 salinity treatments
were made up using commercial sea salts (Tropic Marin®, Germany) added to deionised
water. Conductivity (control freshwater) or salinity (seawater salinities of 25 and 35) were
measured using a portable salinometer (YSI handheld probe and meter; Model 85, Yellow

Springs; Ohio, USA).
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Ten fish were transferred to each of the treatment tanks, and left undisturbed for 24 h
before terminal sampling. Water samples were taken from the exposure chambers to
measure the ambient ion concentrations by the ion chromatography (Dionex ICS-1000,

Sunnyvale, CA, USA) following appropriate dilution (Table 1).

Table 1: Water chemistry in the three different salinity exposures (na = not applied)

Parameters FW SWof25 SW of 35
Salinity 0.1 24.8 35.1
Temperature (°C) 11.9 12.0 11.8
pH 7.48 8.05 8.15
Osmolality (mOsm kg?)  na 704 1006
Conductivity (mS) 0.20 33.9 46.8
[Na‘] (mM) 0.402 433.8 486.1
[CIT (mM) 0.390 493.7 542.8
[K'] (mM) 0.062 8.5 14.9
[Ca*] (mM) 0.591 8.7 11.7
[Mg?*] (mM) 0.161 43.6 61.1

3.3 Fish sampling

Rainbow trout were anesthetized in a 100 mg/l solution of MS222 (Pharmaq Ltd, UK),
prepared in water collected from the relevant exposure tank that was additionally buffered
with 300 mg/l of NaHCO3 (Fisher Scientific, UK) followed by vigorous aeration to restore
normal dissolved CO, and pH levels. Blood samples (~1 ml) were collected by caudal
puncture via a 23G needle into heparinised syringes (Monoparin heparin sodium, 5000 1.U./
ml; CP Pharmaceuticals, Ltd., Wrexham, UK), and were transferred to microcentrifuge

tubes held onice and containing aprotinin (10 ul; Sigma-Aldrich) to reduce enzymatic
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degradation when measuring vitellogenin, and then centrifuged (13,000 rpm for 5 min at 4

°C; Heraeus by Biofuge Fresco, Kendro laboratory products, Germany) to obtain plasma. A
portion of the plasma was stored at —20 °C for later analysis of vitellogenin, and the
remainder was used for measuring the plasma cations (sodium, potassium, calcium and
magnesium). The plasma osmolality, chloride and total protein were measured by using

fresh plasma on the day of sampling.

A piece of white muscle (0.59 £ 0.03 g) was dissected from just below the dorsal fin and
above the lateral line, and transferred to a pre-weighed Teflon tube. The remaining carcass
without the head and the viscera (29.2 + 1.2 g) was transferred to a pre-weighed glass
vessel. The white muscle and the carcass samples were kept at 70 °C in an oven to dry for

determination of their water content (%) and subsequent tissue ion analysis.

3.4 Analytical techniques
3.4.1 Analysis of plasma
Osmolality was measured on 10 ul of fresh plasma using a vapour pressure osmometer
(Wescor Vapro 5520), and the chloride concentration was measured in 20 pl of fresh
plasma using a chloride analyzer (Corning M925, UK). The cations (Na*, K*, Ca®* and
Mg®") were measured by diluting the fresh plasma (x 201) for analysis by ion

chromatography.

Plasma protein was measured by the colourimetric Biuret protein assay that is based on the

Accepted for publication in Comparative Biochemistry and Physiology A: Molecular & Integrative
Physiology.
Noura J. Al-Jandal and Rod W. Wilson 51



Chapter 2

formation of a violet complex between the copper ions and the peptide bond linkage. The
assay method used was followed by Scown et al. (2009), and then samples read on a
microplate reader (Molecular Device SpectraMax 340pc) at 550 nm and the plasma protein
concentrations were determined against the protein standard curve (prepared using bovine

serum albumin, Sigma-Aldrich, UK).

Plasma vitellogenin was measured by the homologous vitellogenin ELISA protocols (Tyler
et al., 2002). Plasma was diluted at least 1:10 prior to analysis of vitellogenin
concentrations, and the detection limits of the rainbow trout vitellogenin ELISA for plasma

were approximately 30 ng/ml.

3.4.2 Carcass and white muscle water and ionic content

The oven-dried white muscle and the carcass samples were weighed daily until the dry
mass was constant (~ 6 days for white muscle, and ~10 days for carcass). Concentrated (69
%) nitric acid (15.6 N; AnalaR, BDH Laboratory Supplies, UK) was then added to the
samples at a ratio of 5:1 (ml HNO;3; to g of dry mass) and samples were left 48 h for

complete cold digestion before making the dilutions.

The white muscle acid digest was diluted 100-fold in ultra-pure water (18 MQ; Elga-
Elgastat, Maxima, UK) for [Na'], [Ca*"] and [Mg?*] measurement by atomic absorption
spectrophotometry (AAS; Thermo Elemental SOLAAR AAS). Another set of samples was

diluted 500-fold for measuring [K'] by AAS and [CI7 using a colourimetric assay (Zall et
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al., 1956) where the absorbance readings were recorded on a spectrophotometer (CECIL,
CE1010, 1000 Series, Cambridge, UK). All experiments were conducted with the approval
of the University of Exeter Ethics Committee and under a UK Home Office license (PPL

30/2217).

3.5 Statistical analysis

All parameters were analysed for differences between treatments using one-way ANOVA
by using Sigmastat 3.5 (Systat Software, Inc.). Post hoc tests used to analyse data when the
normality test failed and data were considered the nonparametric Kruskal-Wallis test was
performed with post hoc comparisons made using Tukey test to differ significantly when
the p-value was < 0.05. Throughout this paper, the data are presented as mean + standard
error of the mean. Relationships between the plasma variables and their equivalent data for
tissues (either white muscle or carcass) were analysed by linear regression, and the
goodness of fit (r) and p value for each relationship was calculated. For all statistical

analyses, p < 0.05 was considered significant.

4. RESULTS

4.1 Plasma, white muscle and carcass monovalent ions comparison

4.1.1 Plasma osmolality and tissue water content

All the freshwater-acclimated rainbow trout used for the salinity challenges in this study
survived the 24 h exposure to the different salinities. The increased salinities caused a

significant increase in the plasma osmolality of both SWys and SW3s groups in comparison
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to the FW group. In white muscle, the water content was significantly different in all three
salinity treatments, with a progressive decline in the SWys and SW3s groups in comparison
to the FW group, indicating proportionally more dehydration of this tissue with increasing
ambient salinity. A similar trend was observed for the carcass water content, being reduced

significantly in SW3s group in comparison to the FW group and the SWs (Figure 1A).

There were highly significant and inverse relationships between either white muscle or
carcass water content and the plasma osmolality (i.e., plasma osmolality increased while

tissue water contents decreased with higher environmental salinity) (Figure 1B).

4.1.2 Plasma, white muscle and carcass sodium [Na']

The plasma [Na'] increased significantly in both SW,5s and SWais in comparison to FW
group. The white muscle [Na*] presented a significant increase in SWys and SWas groups in
comparison to the FW group, and the two salinity groups are significantly different from
each other. The carcass [Na'] increased significantly in the highest salinity (SW3s) only in

comparison to the FW and SWos group (Figure 2A).

Plasma and white muscle [Na’] showed a strongly significant relationship where they
tended to increase together in response to elevated salinity. The plasma and carcass [Na']
demonstrated a highly significant positive relationship where both variables tend to

increase together (Figure 2B).
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Figure 1: Plasma osmolality and various tissue water contents of freshwater-acclimated
rainbow trout after 24 h exposure to different salinities (S=25 and S=35). (A) Mean + SEM
values for plasma osmolality, and water content of tissues across the three salinity
treatments. Different letters indicate significant difference (p < 0.05) between the different
salinity treatments. (B) The relationship between various tissues water contents and plasma
osmolality. The linear regression equation for white muscle water content v. plasma
osmolality (y = —0.0351x + 88.239), and for carcass water content v. plasma osmolality (y
=—0.0365x + 84.539).

Accepted for publication in Comparative Biochemistry and Physiology A: Molecular & Integrative
Physiology.
Noura J. Al-Jandal and Rod W. Wilson 95



Chapter 2

CJFw
FZA SW of 25
A [ swof3s
240 1~ r 90
B
C % - 80
220 A
- 70
~
E 200 1 . L 60 ‘_o”
h g
+‘ZG A r 50 :
Z, 180 4 B T =
© F40 Z
£ ©
S 160 | A L300 @
o 2
c =
- 20
140 - B
7
120 / 0
Plasma White Muscle Carcass
B
100
o
° o
80 A
o Carcass [Nat]
%’ (= 0.737; p < 0.001)
£ 60 -
2
—
2
= ©
40 A
B o
@ o White muscle [Na*]
= (r?=0.842; p < 0.001) .
° °
20 A ) [ ]
°
°
0 T T T T T ]
140 160 180 200 220 240 260

Plasma [Na'l (mM)

Figure 2: Plasma [Na'] and various tissue [Na']Jof freshwater-acclimated rainbow trout
after 24 h exposure to different salinities (S=25 and S=35). (A) Mean + SEM values for
plasma Na®, and tissues Na* across the three salinity treatments. Different letters indicate
significant difference (p < 0.05) between the different salinity treatments. (B) The
relationship between various tissues Na* and plasma Na*. The linear regression equation for
white muscle Na* v. plasma Na* (y = 0.15x —13.314), and for carcass Na* v. plasma Na* (y
= 0.512x —32.985).
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4.1.3 Plasma, white muscle and carcass chloride [CI]

Plasma [CI] increased significantly with increasing ambient salinity with all three
treatments being significantly different from each other. In contrast, no change was
detected in the white muscle [CI7] in any of the groups. The carcass [CI'] followed the trend
of plasma CI" in terms of increasing with raising the ambient salinity and all the groups

were significantly different (Figure 3A).

The plasma and white muscle [CI] showed a positive and significant relationship, but
noticeably weaker than the relationship for Na*. Plasma and carcass [CI’] showed a highly

significant relationship (Figure 3B).

4.1.4 Plasma, white muscle and carcass potassium [K']

Plasma [K"] did not differ between the three salinities. The white muscle K* showed a
significant increase in the SWss group in comparison to the FW group only. The carcass K*
increased significantly with elevating the surrounding salinity in the SW3s in comparison to
both the FW and SWys groups (Figure 4A). Accordingly, there was no significant
relationship between either the white muscle or carcass K* content and the plasma [K']

(Figure 4B).

4.2 Plasma, white muscle and carcass divalent ions comparison

4.2.1 Plasma, white muscle and carcass [Ca®']

The plasma [Ca?"] increased significantly with elevated ambient salinity in both the SWos
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Figure 3: Plasma [CI] and various tissue [CI] of freshwater-acclimated rainbow trout after
24 h exposure to different salinities (S=25 and S=35). (A) Mean £ SEM values for plasma
ClI', and tissues CI" across the three salinity treatments. Different letters indicate significant
difference (p < 0.05) between the different salinity treatments. (B) The relationship
between tissue ClI" and plasma CI'. The linear regression equation for white muscle CI v.
plasma CI" (y = 0.065x +22.126), and for carcass CI" v. plasma CI" (y = 0.460x —17.965).
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Figure 4: Plasma [K'] and various tissue [K"] of freshwater-acclimated rainbow trout after
24 h exposure to different salinities (S=25 and S=35). (A) Mean £ SEM values for plasma
K", and tissues K" across the three salinity treatments. Different letters indicate significant
difference (p < 0.05) between the different salinity treatments. (B) The relationship
between various tissues K™ and plasma K. The linear regression equation for white muscle
K" v. plasma K* (y = 0.670x +117.147), and for carcass K* v. plasma K" (y = 2.789x
+189.427).
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and SW3s groups in comparison to the FW group. White muscle [Ca®"] was extremely
tightly regulated and showed no significant difference between the FW group and either the
SWys or SW3s groups, although the two high salinity groups were significantly different to
each other. The carcass [Ca*] increased significantly in the highest salinity group SWss in

comparison to the FW and SWys groups (Figure 5A).

There was a no significant relationship between the plasma and white muscle [Ca*"], while
the carcass Ca”* presented a positive relationship with the plasma [Ca®"] (Figure 5B).

4.2.2 Plasma, white muscle, and carcass magnesium [Mg?*]

The plasma [Mgz+] increased significantly in the SW,5 and SW3s in comparison to FW
group. Both tissues (white muscle and carcass) followed the same trend in terms of
increasing significantly in the high salinity groups (Figure 6A). There were strong positive
relationships between the plasma [Mg®*] and both the white muscle and carcass Mg?*

contents (Figure 6B).

4.3 Plasma protein and vitellogenin

There was no significant effect (p = 0.063) of salinity on plasma protein in any of the
groups (FW = 3.49 £ 0.1; SW 5 = 3.52 + 0.1; SW3s= 3.87 £ 0.2 g/dl). No significant
differences (p = 0.312) in plasma vitellogenin were observed after exposing the fish to

different salinities (FW = 2.34 £ 1.1; SW 55 = 1.37 £ 0.3; SW35= 2.82 + 1.0 pg/ml).
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Figure 5: Plasma [Ca®*] and various tissue [Ca?*] of freshwater-acclimated rainbow trout
after 24 h exposure to different salinities (S=25 and S=35). (A) Mean + SEM values for
plasma Ca®*, and tissues Ca®* across the three salinity treatments. Different letters indicate
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relationship between various tissues Ca** and plasma Ca®". The linear regression equation
for white muscle Ca** v. plasma Ca®* (y = 0.145x +7.263), and for carcass Ca** v. plasma
Ca®* (y = 18.650x +74.594).
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significant difference (p < 0.05) between the different salinity treatments. (B) The
relationship between various tissues Mg®* and plasma Mg?*. The linear regression equation
for white muscle Mg v. plasma Mg®* (y = 0.804x +10.699), and for carcass Mg v.
plasma Mg®* (y = 1.951x +18.149).
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5. DISCUSSION

5.1 Plasma osmolality comparison with white muscle and carcass water content

The present study established the relationships between the plasma, white muscle and
carcass for a range of osmoregulatory variables. Several significant relationships were
detected between the plasma and the two tissue compartments which indicate that in many
cases the tissue data can be a suitable surrogate of the plasma osmoregulatory status in
response to environmental challenge when no plasma samples are available. However, for
some of these variables, certain compartments do not appear to be suitable for indicating
disturbances to internal ion or osmotic regulation. In general, as expected, there were
significant changes in the majority of the plasma, white muscle and carcass ions with
increasing the ambient salinity, and the observed changes in these internal compartments

were generally in parallel (or reciprocal in the case of water content).

After transfer to different salinities, an initial rapid phase of internal changes occurs in fish.
The pronounced increase in the plasma osmolality was evidence of hyperosmotic stress due
to the osmotic loss of water and the diffusive influx of ions during the acute exposure to

elevated salinities. There was ~ 9 and 40 % increase in the plasma osmolality in the salinity
of 25 and 35, respectively, in comparison to trout in freshwater. The elevated plasma
osmolalities appear to be accounted for by the parallel increases in the inorganic salts
(Leray et al., 1981) as the sum of all the measured plasma ions underwent very similar
increases. Several studies have reported plasma osmolality to increase after 24 h transfer

from freshwater to seawater in different euryhaline species such as coho salmon
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(Oncorhynchus kisutch) (Young et al., 1995) and Atlantic salmon (Salmo salar) (Rydevik

etal., 1990).

As predicted, the tissue water content decreased after 24 h exposure to increased ambient
salinity due to the osmotic loss of water from the fish. The degree of initial dehydration
during such acute challenges has been previously shown to depend on the extent of the
salinity change (Hwang et al., 1989) and this was true in the present study. Regression
analysis showed that the decreases in water content of both white muscle and carcass
during a dehydration stress quantitatively reflect the simultaneous increases in plasma
osmolality, and thus water content from either compartment can be successfully used as a

surrogate for, or to predict the plasma osmolality status.

Lotan (1973) indicated that the euryhaline teleost (Aphanius dispar) increased the water
content in muscle after transfer to freshwater from 300 % seawater because of the cells
swelling where no volume regulation occurred during the first 24 h. The swelling of the
muscle cells was due to uptake of water from the extracellular fluids of the fish body.
Hence, in our study the opposite happened, the significant decrease in the white muscle
water content detected can be explained by the shrinkage of muscle cells (Lundgreen et al.,
2008). Interestingly, it has been observed that the muscle tissue showed a higher water
content than the carcass in our study. The same finding was reported by Bath and Eddy
(1979) where they examined the exposure of rainbow trout to sudden changes in salinity.

The most obvious explanation is that the carcass measurement includes a large fraction
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which will be the skeletal material, and bone has a very low water content compared to

other tissue (Cameron, 1985) such as muscle.

5.2 Plasma, white muscle and carcass monovalent ions

Seawater contains considerably higher levels of all the monovalent ions, Na*, CI" and K,
than the plasma of teleost fish. The acute transfer from freshwater to seawater therefore
rapidly reverses the external-to-internal diffusion gradients for all these ions resulting in
greater uptake across the gills as well as via ingested seawater in the gut (Bath and Eddy,
1979). The increase in ambient salinity caused a general increase in plasma ions in
comparison to the freshwater fish except for the plasma K" which was tightly regulated in
all treatments. The plasma K" results presumably indicates that rainbow trout may have an
adequate and rapidly induced mechanism for maintaining the plasma K* balance, and the
rate of flux between both the external medium and the extracellular fluids, and between the
intracellular and extracellular fluids to regulate a very stable plasma concentration of K. In
contrast to the plasma K*, both the white muscle and carcass K* contents increased
significantly with ambient salinity. Accordingly, there was no significant relationship
between the K" content of either tissue and the plasma [K']. Although there is clearly an
extra load of K™ from the seawater entering the fish plasma (presumably via the gills and
from ingested seawater in the gut), we speculate that this extra load of K* is very rapidly
transferred from the plasma to the other body tissues. Therefore, the second conclusion

from this study is that the tissues can provide very good indicators of disturbance to internal
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K" regulation caused by external salinity challenge, whereas the plasma does not indicate

this because it is so rapidly regulated.

Elevations in both [Na'] and [CI'] were detected in the plasma of SWys and SWss fish in
comparison to the FW group as expected (see above). Parallel increases were observed in
both white muscle and carcass for Na*. However, white muscle would appear to be a
slightly better indicator of plasma Na*, as the mean value for the carcass Na* content of fish
transferred to a salinity of 25 was not statistically distinguishable from the freshwater
group. This was similar to the study of Prodocimo et al. (2007) on a freshwater rainbow
trout that showed proportional increases in plasma Na" at several elevated salinities, but

carcass Na* was only elevated in full strength seawater.

By contrast, to sodium, increases in tissue ClI” that paralleled those in plasma were only
observed in the carcass. Although there was a statistically significant relationship between
white muscle [CI] and plasma [CI] across all three treatments, the ability to predict one
from the other was extremely low (r? = 0.175), and there were no significant differences
between the mean values of the three groups. Thus, muscle [CI'] has no value as a surrogate
for plasma [CI'] during such an osmoregulatory challenge, whereas carcass [CI'] provides a
viable alternative. Therefore, the third conclusion is that white muscle [Na'] is the best
indicator of plasma [Na'], whereas carcass Cl is the only option as a surrogate for plasma

[CIT.
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5.3 Plasma, white muscle and carcass divalent ions

Both plasma Ca*" and Mg®* results showed increases that were proportional to the ambient
salinity. Fuentes et al, (1997) also reported that the plasma Ca®* and Mg®* increased in
rainbow trout in response to elevated external salinity, which was attributed to either
increased uptake of these ions via the gut (paralleling increased drinking rate following
acute salinity transfer in rainbow trout; Perrott et al., 1992) or accelerated brachial influxes.
A large increase in ca® uptake in rainbow trout after increasing the salinity (Prodocimo et
al., 2007) was explained by increased activity of branchial basolateral Na*/Ca?* exchanger

(Verbost et al., 1994).

There was no significant relationship between white muscle and plasma Ca?*, due to
impressively tight regulation of the total Ca®* content of the white muscle concentration
with changing the ambient salinity except between the two salinity groups across the range
of salinities used. White muscle Ca®* can clearly not be used as an indicator of salinity
disturbances to internal Ca®* regulation. By contrast, a significant relationship was obtained
between the carcass Ca?* data and the plasma [Ca®'], although the r? value was low (0.325),
which indicates a limited ability to predict plasma levels if only carcass measurements are

made. In addition, only the mean value of the SW3s group was significantly different from

the freshwater group. This no doubt reflects the vast amount of background Ca®* already
sequestered within the carcass (primarily in the bones) which forms a rather slowly
exchangeable pool (Cameron, 1985) with new Ca?* entering the body from the external sea

water over the previous 24 hour salinity challenge. Thus, although the carcass offers a
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potentially useful surrogate for disturbances to Ca®* regulation, it is not quite as sensitive as

plasma measurements.

Both the white muscle and carcass Mg?* data showed a strong and significant relationship
with the plasma [Mg**]. However, for both tissues only the mean value of the SWas group
was significantly different from the freshwater group, these tissue measurements were less
sensitive than plasma at detecting environmental disturbance to Mg?* balance. This is
probably related to the fact that while magnesium is found as only a minor contributor
(relative to calcium) to the solid component of bone and scales, Mg®" is present either
ionized, complexed or protein bound in the cells of all tissues at rather high levels, being
the second most abundant intracellular cation after K*. Thus, the intracellular compartment
serves as a very large reservoir of carcass Mg®* relative to the small percentage present in
the extracellular fluid (Bijvelds et al., 1998). Therefore, acute increases in Mg®* uptake via
the gills or gut will produce more noticeable changes in plasma than in any tissue

compartment.

In conclusion, measurements of Ca** and Mg?* in the carcass can provide a fairly useful
surrogate for the plasma levels of these divalent cations. The same is true for white muscle
Mg?*, whereas this tissue is cannot be used as an indicator of plasma Ca®*, due to the
exceptionally rapid regulation of intracellular levels of this ion during acute environmental

disturbance.
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5.4 Plasma protein and vitellogenin

Measuring the total plasma protein is a broad indicator of health, stress and well being
(Riche, 2007). More specific to osmotic disturbances, plasma protein has been used to
indicate rapid (hours/days) changes in plasma fluid volume because protein movements
into and out of the vascular system are much slower than fluid shifts (McDonald et al.,
1980). Therefore, fish undergoing dehydration due to an acute seawater challenge would be
expected to have elevated plasma [protein]. Although there was a trend for increasing
plasma [protein] with ambient salinity in the present study, this was not quite significant (p
= 0.063). Generally, stress is also known to reduce plasma vitellogenin levels in fish
(Carragher et al., 1989), and fish in this study being stressed by change in salinity, but no
significant change of the plasma vitellogenin induction observed in this study. In another
words, that shows the acute salinity challenge alone does not affect plasma vitellogenin,
and any other effect on plasma vitellogenin observed in this PhD study in the next coming

chapters must be due to the prior exposure to endocrine disruptor.

6. CONCLUSIONS

1. The water content of the white muscle and the carcass can successfully reflect
reciprocal changes in the plasma osmolality in response to acute challenge with increased
salinity. This validates the study of osmotic regulation using either of these tissues or
plasma, for example when comparing data based on different sizes within the same species,

and potentially species where sampling plasma is problematic.
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2. Sodium content from white muscle provides the best reflection of acute
disturbances to plasma Na* regulation, whereas only CI” data from the carcass and not the
white muscle can be used as an indicator of plasma CI” changes.

3. Plasma K" is exceptionally well regulated in response to high salinity challenge, and
the K levels from either white muscle tissue or the carcass provide the only useful
indication of disturbances to internal plasma regulation.

4. Calcium content from the carcass but not the white muscle provides a reasonably
sensitive surrogate for plasma Ca®*. Plasma Mg®* regulation can also be predicted from

either of these tissues.
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Differential osmoregulatory responses to 17a-ethinylestradiol between three-spined

sticklebacks (Gasterosteus aculeatus) and rainbow trout (Oncorhynchus mykiss)

1. ABSTRACT

The osmoregulatory effects of waterborne exposure to 17a-ethinylestradiol (EE2) were
investigated in three-spined stickleback (Gasterosteus aculeatus) and rainbow trout
(Onchorhynchus mykiss). Mixed sex groups of both species were exposed in freshwater to
nominal EE2 concentrations of 5 and 10 ng/l for 7 days and then held in clean freshwater
for 21 days before being subjected to a 24 h seawater challenge. After 7 days of exposure to
EE2, plasma vitellogenin was not affected in sticklebacks, but was significantly elevated by
3- and 4-orders of magnitude (at 5 and 10 ng/l of EE2, respectively) in both male and
female rainbow trout and remained elevated throughout the subsequent 21 days in clean
water. In rainbow trout, ion concentrations and osmolality were measured in plasma,
whereas in sticklebacks ion and water content were measured in carcass due to their smaller
size. Exposure to 5 ng/l EE2 in freshwater increased plasma osmolality in rainbow trout (in
both sexes), but had no effect on plasma Na' or CI". Subsequent seawater challenge
increased plasma osmolality by approximately 10% in control rainbow trout but there were
no additional influence of the prior EE2 treatments. Interestingly, male trout previously
exposed to 5 ng/l EE2 were better able to hypo-regulate plasma Na* compared to controls
during seawater challenge. In sticklebacks, regulation of carcass water content was
unaffected by the exposure to EE2. However, in contrast to rainbow trout plasma Na*, male
sticklebacks exposed to EE2 (10 ng/l) were less able to hypo-regulate carcass Na* content

in response to subsequent seawater challenge. For the divalent ions, plasma [Ca?*] and
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[Mg®*] were significantly elevated in both sexes of rainbow trout after 7 days EE2 exposure
in freshwater, and after their subsequent seawater challenge plasma [Ca*] was also
elevated above controls in females. In sticklebacks carcass Ca®* content (but not Mg*")
changed in opposite directions in males (increased) and in females (decreased) in response
to EE2 with the latter only being a delayed effect, 3 weeks after the freshwater exposure.
These data indicate a greater estrogenic sensitivity to EE2 in freshwater rainbow trout
compared with sticklebacks under identical conditions. They also show that exposure to
EE2 can affect the regulation of divalent ions even in the absence of vitellogenin induction
(for Ca*" in sticklebacks), and can also have delayed and less predictable effects on the
regulation of monovalent ions (Na*) when fish are subsequently presented with an

osmoregulatory challenge such as elevated salinity.

2. INTRODUCTION

There is growing evidence that many chemicals discharged into the environment can affect
endocrine functions in fish, and alter the normal processes of development and
reproduction (Tyler and Routledge, 1998; Weber et al., 2003). The pharmaceutical
estrogen, 17a-ethinylestradiol (EE2), used in oral contraceptives and in post-menopausal
treatments, enters surface waters via effluent discharges from wastewater treatment works
(WWTW) and has been implicated as one of the primary contaminants contributing to the
feminisation of fish in freshwaters (Jobling et al., 2006). Reported median concentrations of
EE2 in WWTW effluents range from 1-17 ng/l and from below the detection limit to 15

ng/l in surface waters (Zha et al., 2007). Despite the low environmental concentrations,
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EE2 is exquisitely potent and laboratory studies have demonstrated the induction of
vitellogenin (the precursor of yolk in females) in male fish of many species (Kime and
Nash, 1999) at waterborne concentrations as low as 0.1 ng/l (Purdom et al., 1994).
Vitellogenin is therefore used in fish as a sensitive biomarker of exposure to estrogens and
their mimics (Eidem et al., 2006). Altered dynamics of vitellogenin induction in females
can impact their reproductive capabilities (Ankley et al., 2001; Thorpe et al., 2007) and
very high levels of vitellogenin induction can cause adverse health effects such as kidney
failure (Hutchinson et al., 2006; Liney et al., 2006). 17a-ethinylestradiol has also been
shown to induce disruptions in the development of the gonadal duct, cause intersex and
even lead to complete sex reversal in roach (Rutilus rutilus) at concentrations of only 4 ng/l
(Lange et al., 2008; Lange et al., 2009). Long term exposure to EE2 at concentrations
between 4 and 6 ng/l has been shown to cause reproductive failure in both laboratory
maintained fish populations (zebrafish; Nash et al., 2004) and wild fish populations

(fathead minnows; Kidd et al., 2007).

Although endocrine disruption has received considerable attention, most of this research
has been directed at the effects on the reproductive axis, and to a lesser extent on
development (as reviewed in Tyler et al., 1998; Vos et al., 2000). Environmental estrogens
can affect other physiological processes in aquatic organisms. For example, exposure to
nonylphenol has been shown to alter olfaction in fish (Moore and Waring, 1996), EE2 and
fenitrothion (an anti-androgenic pesticide) have been shown to disrupt behaviours

associated with aggression and courtship in the three spined stickleback (Gasterosteus
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aculeatus) (Bell, 2001; Sebire et al., 2009, respectively), and EE2 can alter growth in tilapia

(Oreochromis nilotica) (Shved et al., 2007).

Osmoregulation is a key physiological process in fish and its effective control is especially
crucial for euryhaline species that move between fresh and brackish/salt waters as part of
their natural behaviour. Although osmotic and ionic regulation have the potential to be
impacted by endocrine disruptors comparatively few studies have investigated how
exposure to such chemicals influences osmoregulation compared to reproductive endpoints.
Vijayan et al. (2001) and Lerner et al. (2007) found osmoregulatory effects of 173-estradiol
(E2) in tilapia and in Atlantic salmon (Salmo salar), respectively, but the responses were
not identical. Freshwater tilapia showed elevated plasma [Na'] after injection with 17B-
estradiol, but also exhibited a reduced ability to regulate plasma osmolality after seawater
challenge (Vijayan et al., 2001). In Atlantic salmon, waterborne exposure to 17p3-estradiol
(2 pg/l) and nonylphenol (10 and 100 pg/l) caused reduced plasma [Na'] in freshwater, but
elevated [CI] in seawater. On the other hand, Moore et al. (2003) found no effects on
osmoregulation in Atlantic salmon smolts in freshwater exposed to 5-20 ug/l nonylphenol.
Some EDCs (such as EE2 and NP) can bioconcentrate many thousand fold (Larsson et al.,
1999; Gibson et al., 2005) and thus for migrating fish, delayed effects on osmoregulation
after an EDC exposure is entirely possible. The effect of EDCs were further investigated to
study the influence on ion ATPase activities in different fish species. Sexually immature
sea bream (Sparus auratus) injected intraperitoneally with coconut oil and 200 pgNP/g

body mass reduced kidney Na*, K* ATPase activity (Carrera et al., 2007). Prolonged
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treatment with 2 pg g E2 in the euryhaline killifish, Fundulus heteroclitus decreased gill

K*-pNPPase activity only following transfer from SW to 1 ppt SW (Mancera et al., 2004).

The aim of the present study was to assess how a short term exposure (7 days) to EE2 (at
environmentally relevant concentrations) in fresh water affected the subsequent
osmoregulatory capabilities in freshwater and following the challenge of an acute transfer
to seawater in two species, rainbow trout (Oncorhynchus mykiss) and three-spined
stickleback (Gasterosteus aculeatus), that both have strong euryhalinity (Perry et al., 2006;
Tudorache et al., 2007). The response and relative sensitivity of the fish to EE2 exposure
was quantified by measurements of vitellogenin induction and effects on osmoregulatory
capability assessed via measurements of ion levels and osmolality of plasma (in rainbow
trout), or ion and water content of the carcass (in sticklebacks). A separate study has
assessed the comparability of these compartments for assessing osmotic and ionic
regulatory parameters within the same species (Al-Jandal and Wilson, submitted, Chapter
2), allowing us to make direct comparisons between the effects on trout and sticklebacks in

the present study.

3. MATERIALS AND METHODS

3.1 Fish

One hundred immature rainbow trout (Oncorhynchus mykiss) and 300 three-spined
sticklebacks (Gasterosteus aculeatus) of mixed sex for both species, were obtained from

Houghton Springs fish farm (Dorset, UK). The sticklebacks and the rainbow trout were
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kept in separate aerated, holding tanks (155 litre capacity, receiving dechlorinated
freshwater; Na* = 390; K* = 47; Ca*" = 598; Mg** = 152; CI" = 400 pM; titratable alkalinity
(to pH 4.0) = 0.85 mM; pH 7.5; temperature 10.4 + 1.5 °C) at the University of Exeter and

were fed daily at rates of 1 % of total body mass for sticklebacks and 0.5 % of total body
mass for rainbow trout. Sticklebacks were fed on a mixture of brine shrimp, blood worms
and white mosquito larvae (Tropical Marine Centre, Bristol, UK), administered twice daily.
Rainbow trout were fed daily on a commercial pelleted feed (BioMar, 5 mm, Aqualife,
Denmark). Previous studies have shown that commercial fish food may contain estrogenic
substances that can elevate vitellogenin levels in the plasma (Pelissero et al., 1991;
Pelissero and Sumpter, 1992; Matsumoto et al., 2004), but the food used in the present
study has previously been shown to be free of significant estrogen content by Thorpe et al.
(2000). They reported that a feeding ration of 1 % of body weight/day did not result in any
changes in vitellogenin concentrations in the plasma of juvenile male or female rainbow
trout as used in the present study. Food was withheld 2 days prior to and during the 7 days
EE2 exposure period. To allow identification of individual trout, 3 months before the EE2
exposure fish were anaesthetised in MS222 (Pharmag Ltd, UK; 100 mg/l buffered with 300
mg/l of NaHCOj3; Fisher Scientific, UK) and implanted with PIT tags (Avid plc UK, size 8
mm) subdermally in the left upper flank taking care to avoid the lateral line and red muscle.
Assessments were made of the ion levels in a sub group of rainbow trout (plasma) and

sticklebacks (carcass) 10 days prior to the EE2 exposure.

For trout, body mass was recorded (109.2 + 2.1 g) and blood samples (300 ul) were
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collected by caudal puncture with a 20-gauge needle into chilled heparinised syringes
(Monoparin heparin sodium, 5000 1.U./ ml, CP Pharmaceuticals, Ltd., Wrexham, UK) and
the blood was transferred immediately into microcentrifuge tubes (held on ice) containing
aprotinin (~1 pl per 100 pl blood; Sigma-Aldrich) to reduce enzymatic degradation of
vitellogenin. Blood samples were centrifuged (13,000 rpm for 5 min at 4 °C; Heraeus by
Biofuge fresco, Kendro laboratory products, Germany) to obtain plasma. Half of the fresh
plasma was stored on ice for analysis of osmolality and chloride and to make a dilution for
cation analysis, and the remainder was frozen (—80 °C freezer) for later analysis of
vitellogenin. For sticklebacks, a sub-group of the population was anaesthetised and killed
by cerebral blow. Body mass was recorded (0.57 £ 0.07 g) and the fish blood samples were
collected by caudal severance into heparinised haematocrit tubes from the open ends of the

caudal artery/vein complex.

3.2 Experimental design and exposure

A flow-through system comprising of six aquaria (155 | each) was used for exposing both
fish species simultaneously to EE2. Freshwater was supplied from a header tank by gravity
to three mixing bottles (1200 ml/min each), which were dosed with EE2 to provide nominal
water concentrations of EE2 of either zero (i.e. control), 5 ng/l or 10 ng/l. The output from
each mixing bottle was split into two, each one delivering 600 mi/min of the required
concentration to one of two replicate aquarium tanks per treatment. The mixing bottles
received EE2 from a dosing stock bottle via a peristaltic pump (Watson Marlow 205U, UK;

using mediprene tubing - Yellow/Yellow, Elkay Laboratory Products, UK, Ltd).
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The dosing stock solution of EE2 (5 ug/l) was prepared in a 10 | darkened bottle (avoiding
exposure to light). To generate the dosing stock, a concentrated stock solution of EE2 was
prepared in acetone (20 mg/l) from which 2.5 ml were added to the dosing bottle. The
acetone was allowed to evaporate before adding 2 | of deionised water and stirring the
solution for 2 h. Eight litres of deionised water were then added to produce 10 | of the
dosing stock. This approach was adopted to avoid the use of solvent in the exposure tanks.

The dosing of the fish tank exposure system was initiated 10 days before adding the fish to
ensure equilibration of EE2 between the water phase and all dosing and exposure tank
surfaces. On the first days of the exposure, 12 rainbow trout and 24 sticklebacks were
placed in each tank. The sticklebacks were held in mesh cages (Boyu Industries Co., Ltd.,
China) within the tank to avoid conflict with the rainbow trout. A small test had been
previously carried out by adding the two species together in the same tank in the above
manner after 2 days starvation. Video analysis showed no aggressive or predatory
behaviour from the trout and no stress related behaviour was observed in the sticklebacks

within their mesh cages (e.g. tight shoaling or avoidance of the cage edges).

Fish were not fed during the 7 days exposure in fresh water. For ethical/welfare reasons a
few fish (rainbow trout) were removed from two of the tanks and terminated; 4 fish from
one of the control tanks and 2 fish were terminated from one of the highest concentration
(10 ng/l) tanks. At the end of the 7 days exposure, the rainbow trout were anaesthetised (as
above), blood sampled by caudal puncture and then returned to the same exposure tank.

Twelve of the 24 sticklebacks were also removed from each of the exposure tanks and
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sacrificed (as above) for collection of blood and tissue samples (gonads). The remaining 12
sticklebacks in each tank and the blood-sampled rainbow trout were then kept in EE2-free
freshwater for 21 days (i.e. a 3 weeks depuration period) to give the rainbow trout enough
time to recover from the blood sampling and both species to recover from EE2 exposure.
Following this 21 days depuration period, fish in all tanks were exposed to seawater
(salinity = 25 %o) for 24 hours in a semi-static system, and then a final sampling undertaken
(see below). The desired salinity was achieved in each tank by adding pre-determined
volumes of a hypersaline solution made up using commercial sea salts (Tropic Marin®,
Germany) giving the following conditions: Osmolality = 714.7 + 5.4 mOsm kg™; [Na'] =
248.3 + 11.6 mM; [CI] = 369.8 + 3.1 mM; [K'] = 7.9 + 0.04 mM; [Ca®**] = 7.0 +0.2 mM;
[Mg?] = 42.0 + 2.1 mM. Unfortunately, there was a technical error in two of the exposure
tanks (one of the control replicate tanks and one of the 10 ng/l replicate tanks) during
sampling of the rainbow trout after the SW challenge test. As a result, although all fish
survived, data from these two tanks are not available, and individual fish numbers are

therefore, reduced in these two treatments in seawater.

3.3 Sampling

3.3.1 Fish sampling

Sticklebacks were placed in anaesthetic (as above) before being terminated by a schedule 1
method of the UK Home Office regulations (brain destruction), weighed and blood
sampled. The blood was collected in heparinised micro haematocrit capillary tubes (~50 pl

capacity; Bilbate limited, UK), centrifuged using a micro haematocrit centrifuge (Gelman
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Hawksley Ltd) and the plasma collected (~3 pl) and stored at —80°C until analysis for
vitellogenin by ELISA (Katsiadaki et al., 2002; Hahlbeck et al., 2004). The rainbow trout
were blood sampled as detailed above and the blood was centrifuged and the plasma
separated into two tubes and one aliquot kept at —80°C until analysis for vitellogenin, and
the other aliquot kept on ice and used directly to measure the osmolality and ions (see
below). Gonads and kidneys were dissected from all fish for histology and sex

confirmation.

All experiments were conducted with the approval of the University of Exeter Ethics

Committee and under a UK Home Office license (PPL 30/2217).

3.4 Analytical techniques

3.4.1 Determination of EE2 concentration in exposure water

Water samples from the exposure tanks were stored at —20°C until analysis to confirm the
EE2 concentrations by gas chromatography/mass spectrometry (GCMS) by the
Environment Agency's National Laboratory Service in Nottingham, UK (Kelly, 2000).
Briefly, 50 ml of 100 % methanol (Fisher Scientific, UK) and 10 ml of glacial acetic acid
were added to 1 litre of the water sample followed by extraction on solid-phase cartridges
(SPE; C18, Sep-Pak and Waters, Waters Corporation, Milford, Massachusettes, USA).
Cartridges were pre-conditioned with 5 ml of 100 % methanol and followed by 5 %
methanol and in HPLC water (Fisher Scientific, UK). Samples extracted onto the cartridges

were dried with nitrogen gas for 10-15 min, wrapped in aluminium foil and kept in —20 °C
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until analysis. The GC-MS technique used had a detection limit of 0.1 ng EE2/l (Kelly,
2000). The osmolality and [CI'] of the seawater tank exposure were measured as described

for plasma ions (see below).

3.4.2 Vitellogenin analysis (ELISA protocol)

Plasma vitellogenin was measured for both rainbow trout and sticklebacks by homologous
vitellogenin ELISA protocols (Katsiadaki et al., 2002 and Tyler et al., 2002). Rainbow trout
plasma was diluted at least 1:10 prior to analysis of vitellogenin concentrations. Detection
limits of the rainbow trout and sticklebacks vitellogenin ELISA for plasma were

approximately 30 ng/ml and 20 ng/ml, respectively.

3.4.3 Plasma and carcass ion analysis

Stickleback carcasses (i.e. without the head and gut) were dried in an oven (70 °C)
overnight, and weighed daily until the dry mass was constant. The carcasses were digested
in 6 ml of concentrated 69 % nitric acid (15.6 N) (HNOs3) (AnalaR, BDH Laboratory
Supplies, UK) overnight. Following complete digestion, 100 ul of the acid digest solution
were diluted by addition of 10 ml of ultra-pure water (18 MQ; Elga-Elgastat, Maxima,
UK). For rainbow trout plasma, the osmolality was measured on 10 pl of fresh plasma
using a vapour pressure osmometer (Wescor Vapro 5520, USA). Chloride concentration
was measured in 20 pl of fresh trout plasma using a chloride analyzer (Corning M925,
UK), whereas in sticklebacks [CI] was measured in carcass digests using a colourimetric

chloride assay (CECIL, CE1010, 1000 Series, Cambridge, UK; Zall et al., 1956). Cation
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concentrations ([Na'], [Ca**] and [Mg®*]) were measured in rainbow trout plasma and
stickleback carcass digests using atomic absorption spectrophotometry (PYE Unicam SP9,
Philips, model no. SP9800; in flame emission mode for [Na'], and atomic absorption mode
for [Ca**] and [Mg*']). For calcium and magnesium measurements lanthanum chloride
(LaCl3) was added (0.1 % w/v final concentration) to all standards and samples to avoid
sulphate and phosphate interference (Pybus et al., 1970). For the rainbow trout plasma, two
dilutions were prepared; 100-fold to measure [Ca*] and [Mg®], and 1000-fold for

measuring [Na'].

3.5 Histology

To assess the status of sexual development, the dissected organs were fixed in Bouin’s
solution (Raymond A. Lamb, Eastbourne, UK) for 4 h and subsequently washed twice in 70
% industrial methylated spirit (IMS). The samples were then dehydrated in a graded series
of IMS up to 100 %, cleared in xylene and then embedded in paraffin wax (Sigma-Aldrich,
Poole, UK) using a Shandon tissue processor (Citadel 2000, Thermo Electron Corporation,
Runcorn, UK). The blocks were sectioned (5 pm), sections floated on a water bath and then
collected onto glass slides. Sections were stained using Harris's haematoxylin and eosin
(ThermoShandon) using an automated stainer (Shandon Varistain XY automated stainer,
Shandon Life Sciences Ltd., UK), treated with Histomount (National Diagnostic) and left
overnight to dry at room temperature before examination by light microscopy (Zeiss
Axioskop 40 microscope, Carl Zeiss, Oberkochen, Germany). Digital images were taken

using an Olympus DP70 charge-coupled device camera (Olympus Optical) coupled to
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analySIS 3.2 software (Soft Imaging System, Munster, Germany).

3.6 Statistical analysis

Vitellogenin and the ion concentration data were analysed using one-way ANOVA
followed by unpaired t-test analysis to compare the treatment groups using Sigmastat 3.5
(Systat Software, Inc.). Kruskal Wallis (non parametric ANOVA) was used to analyse data
when the normality test failed ([Na'] in male rainbow trout after EE2 exposure, [CIT in
males sticklebacks after EE2 exposure; [Mg®*] and [Na'] in males sticklebacks after
seawater challenge, vitellogenin in males sticklebacks after EE2 and after seawater
challenge, and vitellogenin in females after EE2 exposure. Data were considered to differ
significantly when the p value was < 0.05. Vitellogenin data were not normally distributed
and were log transformed to achieve variance homogeneity. Throughout this paper, the data
are presented as mean + standard error of the mean. Data after freshwater EE2 exposure

were tested separately from the data after SW challenge.

4. RESULTS
4.1 Determination of tank water concentrations of EE2
The mean concentrations of EE2 measured within the two exposure treatments were both

greater than 80 % of the nominal concentrations (Table 1).

4.2 Plasma vitellogenin

After 7 days exposure to EEZ2, plasma vitellogenin concentrations in male trout increased
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Table 1: Measured EE2 concentrations in the exposure tanks during the 7 days exposure in
freshwater, determined by GCMS technique (Kelly, 2000; see Materials and Methods for
full details). Values are means + SEM where n = 6.

Treatment Mean [EE2] Range % of nominal for
(ng/l) (ng/l) mean value

Control <0.1* 0.0-0.0 n/a

5ng/l EE2 4.34+0.07 4.13-4.49 86.7

10 ng/l EE2 8.12+0.21 7.53-8.64 81.2

*mean value is below the detection limit of 0.1 ng/I

significantly from 0.5 pg/ml in the controls to 265 pg/ml and 4410 pg/ml in the 5 and 10 ng
EE2/l exposure groups, respectively. Plasma vitellogenin concentrations in female trout
followed a similar pattern, and increased from 0.1 pg/ml in controls to 386 pg/ml and 1654
pg/ml in the low and high EE2 exposure groups, respectively. After 3 weeks in clean
freshwater and a further 24 h in clean sea water, the vitellogenin concentrations were still
elevated above controls for both sexes in the two EE2 exposure groups, with little sign of

clearance (Figure 1A).

In the sticklebacks, plasma vitellogenin concentrations were measured at 0.2 pg/ml in
control males, whereas in females they were almost 4-fold higher at 713 pg/ml; some of the
control females (n = 6) were approaching sexual maturity. After 7 days exposure to EE2 in
freshwater, there was no significant difference between any of the treatment groups for
either sex and this was also the case following 3 weeks in clean freshwater and the 24 h
seawater challenge (i.e. there was no delayed effect of the EE2 on vitellogenin induction;

Figure 1B).

Version of this chapter submitted to: Comparative Biochemistry and Physiology C: Toxicology &
Pharmacology

Noura J. Al-Jandal, Charles R. Tyler, Anke Lange, loanna Katsiadaki, Rod W. Wilson 85



Chapter 3

A
108
[ Male c
107 4 [ Female C
’
= — B I
£ 10°4 b
=] B B {_
< =t b
c BN
£ 10° 1 BN
[=2]
2
[J]
£ 10° -
£
a
3 100 A
o
a
A
102 .
10t 12| 10 11] 11 11] 12 4] 4 10f 9 41 6
Control ‘ 5 ng/l ‘ 10 ng/l Control ‘ 5 ng/l ‘ 10 ng/l
Immediately after 7 days 24 h SW challenge after
exposure to EE2 21 days depuration
B
107
[ Male
[ Female
105 - f
E
S 10° 4
£
c
5 T
D 104 4
o
g
B
©
E 103 -
(%}
<
o
102 -
10t 12| 8 9 [ 10 11 [ 12 16 [ 6 111 9 1 (12
Control 5 ng/l ‘ 10 ng/l Control 5 ng/l ‘ 10 ng/l
Immediately after 7 days 24 h SW challenge after
exposure to EE2 21 days depuration

Figure 1: Plasma vitellogenin concentration in male and female rainbow trout (A) and three-spined
sticklebacks (B) immediately after a 7 days exposure to EE2 in freshwater and after a 24 h exposure
to sea water following a 21 days depuration period in freshwater after the initial EE2 exposure.
Each column represents the mean £ SEM. Asymmetric error bars are due to logarithmic scale of
vitellogenin data. Different letters above bars (capital letters for males and small letters for females)
indicate significant differences compared to the control within a given time point (P < 0.05, Tukey's

multiple comparison). Numbers in the bars indicate n of replicates of samples analysed.
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4.3 Osmoregulatory variables

Prior to the EE2 exposures plasma or carcass ion levels in rainbow trout and sticklebacks
were within the normal range established in previous studies (Flik et al., 1997; Handy et al.,
2002; Tkatcheva et al., 2007). In rainbow trout plasma, osmolality and ion levels were Osm
= 304.9 + 0.8 mOsm kg, [CI'T = 131.7 + 0.4 mM, [Na'] = 147.9 + 1.7 mM, [K'] = 2.8 +
0.1 mM, [Ca®] = 2.3 + 0.1 mM, [Mg*] = 0.5 + 0.0 mM. In sticklebacks the carcass water
content was 72.0 + 1.4 %, and ion contents were [Cl'] = 39.5 + 6.2 pmol g%, [Na"] = 57.0 +
3.7 umol g, [K"] = 75.1 + 2.0 umol g™, [Ca?"] = 485 + 20 pmol g, [Mg*'] = 28.4 + 2.4

umol g™.

After 7 days exposure to 5 ng EE2/I in freshwater, the plasma osmolality in both male and
female rainbow trout was significantly elevated in comparison with the respective controls.
Following exposure to seawater, after the 21 days recovery period, the plasma osmolality
showed no differences between treatments in both sexes (Figure 2A), but was higher in all
of these groups compared with their respective values after 7 days exposure to EE2 in
freshwater. In the sticklebacks, after 7 days of EE2 exposure, the carcass water content was
similar in controls and both EE2 treatment groups (73-75 %), and did not differ
significantly from the pre-exposure values. After exposure to seawater (following the 21
days depuration period) the body water contents (71-72 %) were slightly depressed
compared with the freshwater values, but there were no statistically significant differences

between treatment groups (Figure 2B).
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Figure 2: (A) Plasma osmolality of the rainbow trout (mixed sex) and (B) the carcass water
content in sticklebacks immediately after a 7 days EE2 exposure and after a 24 h exposure
to sea water following a 21 days depuration period in freshwater after the initial EE2
exposure. Numbers in the bars indicate n of replicates.
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In rainbow trout, plasma [Na'] in both sexes showed no significant changes after EE2
exposure in fresh water, but after the 24 h seawater challenge, males in the 5 ng EE2/I
group had a significantly lower [Na'] compared with controls. The females showed a
similar, but non-significant, response pattern as in the males for plasma [Na'] (Figure 3A).
In the sticklebacks, carcass [Na'] did not differ between the treatment groups after exposure
to EE2 in fresh water. However, a significant difference was observed in sticklebacks after
seawater challenge with values being elevated above controls in the high EE2 group males,

and in the low EE2 group females (Figure 3B).

There was no effect of the EE2 treatments on plasma [CI'] of trout for either sex, either in
freshwater or after the 24 h seawater challenge (Figure 4A), although plasma [CI] was
raised by ~15 mM in all groups following seawater challenge relative to their freshwater
values. There was no effect of EE2 treatment on carcass [CI'] of sticklebacks for either sex
after 7 days exposure in freshwater. The data for carcass [CI] in sticklebacks after the
depuration period (seawater challenge) were not included because of samples loss due of a
technical error (Figure 4B).

17a-ethinylestradiol exposure caused concentration-dependent increases in plasma [Ca®’]
in both male and female rainbow trout in freshwater. Following the seawater challenge
(after the 21 days depuration period) there were no significant differences between the

treatment groups for [Ca®"] in males, but the [Ca?'] increased significantly compared to
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Figure 3: (A) [Na'] in the plasma of rainbow trout and (B) [Na'] in carcass digest in
sticklebacks immediately after a 7 days EE2 exposure and after a 24 h exposure to sea
water following a 21 days depuration period in freshwater after the initial EE2 exposure.
Numbers in the bars indicate n of replicates.
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Figure 4: (A) Plasma [CI] of rainbow trout immediately after a 7 days exposure to EE2
and after a subsequent 24 h exposure to sea water following a 21 days depuration period in
freshwater after the initial EE2 exposure, and (B) and sticklebacks carcass [CI] after 7 days
exposure to EE2 ([CI] data for the seawater challenge is missing due to a technical
problem). Numbers in the bars indicate n of replicates.
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controls in both treatments in female trout (Figure 5A). In sticklebacks, carcass [Ca*"] was
significantly higher in males in the high EE2 exposure group in fresh water compared with
controls, but no differences were observed for the females. Following the 24 h seawater
2+]

challenge, carcass [Ca“"] showed no significant differences between males, but decreased

significantly in females in the treatment groups in comparison to the control (Figure 5B).

In rainbow trout, EE2 exposure induced a small significant increase in plasma [Mg?*] in
both males and females. After the seawater challenge, there was an increase in plasma
[Mg®*] generally in both sexes compared to their freshwater values, but there were no
significant differences between treatments (Figure 6A). In sticklebacks, there were no
significant differences in the carcass [Mg?*] between the EE2 treatment groups, either after
the 7 days freshwater exposure or following the seawater challenge (Figure 6B), although

all values were ~25 % higher in seawater compared to their freshwater values.

4.4 Histological findings

In control rainbow trout ovaries consisted of primary oocytes at the perinuclear stage, while
the testes contained predominantly spermatogonia (i.e. both sexes were immature).
Exposure to EE2 at the adopted concentrations and short duration (7 days) revealed no
obvious changes in the gonads in trout. In sticklebacks, the gonads were more mature and
in females, ovaries contained oogonia, primary and secondary oocytes and vitellogenic
oocyte, and the testes contained spermatogonia A & B, spermatocytes, spermatids and

spermatozoa. There were no signs of overt sexual disuption (i.e. effects on germs cells) for
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Figure 5: (A) [Ca’*] in plasma of rainbow trout and (B) [Ca®‘] in carcass digest of
sticklebacks immediately after a 7 days EE2 exposure and after a 24 h exposure to sea
water following a 21 days depuration period in freshwater after the initial EE2 exposure.
Numbers in the bars indicate n of replicates.

Version of this chapter submitted to: Comparative Biochemistry and Physiology C: Toxicology &

Pharmacology

Noura J. Al-Jandal, Charles R. Tyler, Anke Lange, loanna Katsiadaki, Rod W. Wilson

93



Chapter 3

A
35
[ Male
[ Female
3.0 4
2.5 4
=
£
— 2.0 A
z EIEa
= T
© 4
£ 1.5 J.
0
<
o b
104 A a B p B
0.5 A1
0.0 12| 11 12 | 12 12 | 12 4| 4 12 | 12 4] 6
. T T
Control ‘ 5ngl/l ‘ 10 ng/l Control ‘ 5ngl/l ‘ 10 ng/l
Immediately after 7 days 24 h SW challenge after
exposure to EE2 21 days depuration
B
30
[ Male
[ Female
25 A
T { I
@ L _I_ _I_
E 20 A
=
\2‘ —E— _I_—I—
& = —
= 15 A
>
e)
o
Ke)
]
S 10
L
2
5 -
15| 8 11| 12 11| 13 16| 6 14| 12 9| 12
0
Control ‘ 5ngl/l ‘ 10 ng/l Control ‘ 5ngl/l ‘ 10 ng/l
Immediately after 7 days 24 h SW challenge after
exposure to EE2 21 days depuration

Figure 6: (A) [Mg*] in plasma of rainbow trout and (B) [Mg®*] in carcass digest of
sticklebacks immediately after a 7 days EE2 exposure and after a 24 h exposure to sea
water following a 21 days depuration period in freshwater after the initial EE2 exposure.
Numbers in the bars indicate n of replicates.
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the EE2 exposure, as expected for the short exposure duration employed. Histological
analysis of kidney samples similarly showed no signs of overt structural disruptions by the

EE2 exposure.

5. DISCUSSION

5.1 Overview

There is a concern globally about the effect of endocrine disruptors on fish and their
potential to affect a wide range of physiological functions (Goodhead and Tyler 2008). In
the present study, the immediate and latent effects of exposure to one of the most well
known endocrine disruptors, 17a-ethinylestradiol (EE2), were studied with respect to the
osmoregulatory capabilities of two euryhaline fish species. The EE2 freshwater exposure
regime adopted was short (7 days) followed by a 21 days period for recovery and
depuration, before a 24 h seawater exposure to investigate their subsequent capability in
response an osmoregulatory challenge (Madsen et al., 1997; Staurnes et al., 2001;

McCormick et al., 2005).

5.2 Comparative estrogenic responses in rainbow trout and stickleback

Rainbow trout were more sensitive to the waterborne estrogenic treatment compared with
the three-spined stickleback exposed simultaneously in the same tanks, as measured by
vitellogenin induction responses. This agrees with previous separate studies on these two
species where vitellogenin induction has been reported in rainbow trout exposed to

concentrations of EE2 as low as 0.1 ng/l (Purdom et al., 1994), whereas for sticklebacks,
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threshold concentrations are somewhat higher; e.g. 53.7 ng/l, in males (Andersson et al.,
2007) or between 10 and 20 ng/l in males (Katsiadaki and co-workers, personal
communication). Previous studies have further shown rainbow trout to be more sensitive to
other environmental estrogens when compared with other fish species too, including roach
(17pB-estradiol; Routledge et al., 1998) and zebrafish (4-tert-octyphenol; VVan den Belt et al.,
2003). In the latter study, the zebrafish and trout were held at different temperatures (25-29
°C and 12-17 °C, respectively), and therefore, temperature could have influenced the
differential responses seen in this case. However, Korner et al. (2008) showed that
increased temperature actually elevated the vitellogenin mRNA expression in juvenile
brown trout after exposure to EE2, and therefore the different sensitivities of rainbow trout

and zebrafish do not appear to be explained simply by temperature.

Exposing two species within the same tanks separated by a screen ensures identical
exposure conditions when comparing two species and so removes any doubt about
comparability of the precise exposure concentrations. However, this dual exposure regime
could potentially have induced complicating factors in one or both species. However, as
mentioned in the Methods section a prior test showed no aggressive or stress-related
behaviour and the osmoregulatory variables measured in fish from the exposure tanks were
within the normal range found for these species held in their mono-species stock tanks.
This would indicate minimal influence of the dual exposure conditions on their respective

responses to the EE2 exposure.
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In the present study, there were no obvious sex-related differences in the induction of
vitellogenin and the persistence of vitellogenin in the circulation in rainbow trout after EE2
exposure was similar to that reported in the Atlantic salmon after exposure to both 4-tert-
octylphenol and 17B-estradiol (Bangsgaard et al., 2006) supporting the contention that a

short term exposure to EE2 can have long lasting effects.

To our knowledge, there are no previous studies that have directly compared rainbow trout
and sticklebacks exposed under the same exposure conditions, and no studies have used
similar short term exposures (7 days) to examine longer lasting and delayed effects.
However, two previous studies have exposed juvenile rainbow trout for a longer period (2
weeks) to a range of EE2 levels (1-100 ng/l in Verslycke et al., 2002) where vitellogenesis
was induced after two weeks exposure to 4.5 ng/l EE2 as a component of treated sewage

effluent in Larsson et al. (1999).

5.3. Effect of EE2 on osmotic regulation

5.3.1 Osmolality and water body content

The effect of EE2 on osmotic regulation in freshwater also differed between the two study
species, as did their response to the later seawater challenge. lon concentrations and
osmolality were measured in rainbow trout plasma samples whereas carcass water and ion
contents were used in sticklebacks making direct comparison of these variables between
species more complicated. Nevertheless, the relative effects of EE2 on osmotic regulation

are still apparent. For Na* and CI°, we have assumed that changes in plasma concentrations
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will approximate changes in carcass levels of these ions, therefore allowing qualitative
comparison between the trout and stickleback. This assumption is partially based on a
number of studies examining the ionoregulatory effects of exposure to acidification and to
toxic metals where comparable responses in the blood and in carcass ions have been shown
(e.g. Wood et al., 1988; Wilson and Wood, 1992). In addition we have recently completed a
comparative study on the relationship between the carcass and plasma measurements within
the same rainbow trout after 24 hour exposures to different salinities to induce a range of
osmoregulatory challenges (Al-Jandal and Wilson, Chapter 2). This methodological study
showed a clear and strong relationship for carcass versus plasma comparisons for all the
osmoregulatory variables presented in the present study (i.e., water content/osmolality, Na®,
Cl, Ca® and Mg?). This justifies the comparison of trends for these particular
osmoregulatory parameters in carcass of sticklebacks and plasma of trout within the current
study. However, it is worth noting that the goodness of fit between plasma and carcass data
for Ca?* and Mg®* was not as high as for the monovalent ions. This is almost certainly
because the quantity of these divalent ions in plasma is small compared to the rest of the
body. The vast majority of calcium is contained within the skeletal compartment (Cameron,
1985), and Mg** which is much more abundant in the intracellular compartment of all cells
(Morgan and Potts, 1995; Bijvelds et al., 1998). So, small changes in the fluxes of these
divalent cations (e.g. across the gills or gut) are more likely to induce measureable changes
against the low background in the plasma, than against the high background in the carcass.
Clearly these factors need to be considered when comparing data from trout and

sticklebacks in the present study.
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The slight changes in plasma osmolality on exposure to EE2 were common to both sexes in
rainbow trout. There was about a 10 % increase in plasma osmolality in all treatment
groups in the 24 h seawater challenge (after 21 days recovery) relative to the values in
freshwater. This response was as expected for an acute seawater challenge for salmonids
(Hwang et al., 1989; Marshall et al., 1999; Al-Jandal et al., submitted, Chapter 2), i.e. as a
result of passive uptake of ions and loss of water due to the sudden reversal of osmotic and
ion gradients. However, there were no differences between the treatments groups with
respect to plasma osmolality of seawater-challenged rainbow trout, i.e. no delayed effect of

EE2 on seawater transfer tolerance was seen.

In the sticklebacks, the carcass water content was not affected by the EE2 treatment in
freshwater or after the seawater challenge (following 21 days depuration in freshwater).
Clearly the sticklebacks were able to maintain water balance effectively in both freshwater
and seawater environments, despite an exposure to EE2. Rainbow trout showed a rapid
water loss during the first 24 hours of acclimation to the salinity increase. This might
suggest that EE2 at the exposure concentrations adopted did not affect the balance between
passive water movements and the urine production (in freshwater) or drinking rate (in
seawater) in sticklebacks. It was also notable that carcass water content was regulated
extremely well in response to the acute seawater challenge in sticklebacks, with no
significant difference between treatments. In a separate study where we directly compared
tissue water content with plasma osmolality within the same fish in response to acute

salinity challenge, we found that carcass water content was validated as a surrogate of
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plasma osmolality (Al-Jandal and Wilson, submitted, Chapter 2). Thus sticklebacks appear
to have a more rapid induction of osmoregulatory homeostasis than trout following such an

acute salinity challenge, indicating a higher degree of day-to-day euryhalinity.

5.3.2 Effect on monovalent ions

Disruption of ion regulation usually leads to a decrease in plasma or carcass ions when in
freshwater, and an increase when in seawater, i.e. the normal regulation of these internal
ion levels is impaired and they follow the prevaling gradient between the internal and
external environment. In freshwater rainbow trout the plasma [Na'] and [CI] were not
affected after the 7 days exposure to EE2, indicating that EE2 either had no effect on the
relevant ionoregulatory processes, or that the active uptake and passive loss processes
responded equally in the hypo-osmotic freshwater environment (Wood, 1992). Rather than
impairing the tolerance to a high salinity challenge, prior exposure to EE2 appeared to
“improve” some aspects of ion regulation following an acute seawater challenge, at least in
terms of the plasma [Na'] the male fish previously exposed to 5 ng EE2/I in freshwater. At
this stage we do not know which aspect of seawater osmoregulation might be responsible
for this enhanced hypo-regulation of Na* (e.g. gill versus gut, or active versus passive
transport processes). However, this overall response differs from a study by Vijayan et al.
(2001) who found that intraperitoneal injection of a different estrogenic compound, 173-
estradiol, into freshwater-acclimated Mozambique tilapia (Oreochromis mossambicus)
reduced their ability to hypo-regulate plasma [Na'] after transfer to 50 % seawater relative

to sham-injected controls, which was explained by reduction in gill Na'K* ATPase
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activities by 17p-estradiol. In another study, aqueous exposure of freshwater juvenile
Atlantic salmon to 17B-estradiol and environmentally relevant concentrations of
nonylphenol disrupted their freshwater ion regulatory ability by decreasing plasma sodium
levels (Lerner et al., 2007), again differing from a lack of EE2 effect in freshwater in the

present study.

In the sticklebacks, EE2 exposure did not affect carcass Na' regulation in freshwater,
however, following the seawater challenge, male fish subsequently had increased [Na'] in
comparison with controls. This is similar to the effect noted in tilapia in 50 % seawater
after injection with 17p3-estradiol (Vijayan et al, 2001) which was explained by inhibition of
gill excretion of Na* via the Na'/K*-ATPase. However, we cannot rule out other effects of
EE2, such as on the passive permeability of the gill or skin, Na* handling by the gut, which

could also potentially explain higher plasma Na™ levels.

The obvious concern would be that estrogenic compounds in the environment may have a
negative influence on the movement of fish in the wild between different salinities (e.g.
Madsen et al., 1997). It would appear that for sodium regulation following EE2 exposure at
least, sticklebacks appear to follow the more obvious trend of impaired regulation in
seawater, whereas trout were either unaffected (at 10 ng/l) or have improved hypo-
regulation of sodium (at 5 ng/l) when acutely transferred to seawater. However, we should
bare in mind that sodium is just one of the important ions that must be internally regulated

and sampling was limited to just one timepoint, 24 h after seawater transfer. Nevertheless,
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at the very least such differential species responses to EE2 for sodium regulation suggests
that prediction of estrogenic effects on osmotic regulation may not be as predictable as

reproductive effects.

5.3.3 Effect on divalent ions

In rainbow trout, the ion most affected after exposure to EE2 in freshwater was [Ca*']. This
is perhaps not surprising as it is well established that increased plasma [Ca?'] is known to
parallel elevated vitellogenin concentrations in fish, and indeed plasma [Ca®"] has been
used as an indirect measure of vitellogenin (Gillespie and de Peyster, 2004; Lv et al., 2006).
In both sexes of rainbow trout, there were [EE2]-dependent increases in the plasma [Ca*']
after 7 days of exposure in freshwater. A number of studies have shown an increase in
[Ca?*] due to estrogenic exposure. Persson et al. (1994) found that freshwater juvenile
rainbow trout injected with 17p-estradiol experienced increased calcium uptake at the gill
as well as enhanced vitellogenesis and concluded that these were linked processes. An
increase in both plasma calcium and vitellogenin after 17p-estradiol treatment was also
observed by Carragher and Sumpter (1991). The increased calcium level in fish plasma is
not necessarily derived from external sources only, but could also be from the considerable
stores of calcium within scales and bones (Rotllant et al., 2005), and studies have shown

that plasma calcium can be supplied from the scales under specific physiological

challenges, such as treatment with 173-estradiol (Armour et al., 1997; Persson et al., 1997).

Following 3 weeks depuration, and then a 24 h seawater challenge, the difference in [Ca?*]
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between controls and EE2-exposed trout persisted in females but not in the males. It is
likely that with the removal of the estrogenic stimulus (EE2), although vitellogenin was
still present in the circulation, there would have been a reduced synthesis of new
vitellogenin, and potentially also a reduced drive to take up or mobilise further Ca*".
However, as the vitellogenin concentrations had not declined by this time, and were not
different between the two sexes, we cannot offer any clear explanation for this difference in
[Ca®*] between male and female trout. Nevertheless, the potential for a disconnection
between plasma [Ca®] and vitellogenin levels further supports the principle that estrogenic
control of Ca® regulation can be independent of vitellogenin levels. Thus plasma Ca*
cannot be reliably used as indirect measure of vitellogenin in contrast to previous

suggestions (Gillespie and de Peyster, 2004; Lv et al., 2006).

In sticklebacks, the body levels of Ca** increased after EE2 exposure (in freshwater) in
males only, and there were no significant treatment effects after seawater challenge. This
finding for elevated Ca*" in males was not associated with a parallel increase in plasma
vitellogenin (which did not occur in sticklebacks, in contrast with in trout). This further
supports the above proposal that Ca®* regulation was affected independently of any

influence of EE2 on vitellogenesis (i.e. different to the conclusion of Persson et al., 1994).

Interestingly, there was a significant decrease in the carcass [Ca®'] in the female
sticklebacks 3 weeks after the end of the EE2 exposure. We can speculate that this indicates

a delayed effect of EE2 on the redistribution of Ca** between somatic and gonadal tissues.
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The reason why this was only observed in the stickleback females could be related to the
greater maturity of their ovaries compared to trout in this study (see section 3.4
“Histological Findings” in the Results section). Perhaps EE2 directly stimulates Ca®
uptake into ovaries, independently of vitellogenin induction, but only in ovaries that are
already primed by the maturation process. This Ca®* uptake from the plasma would
ultimately draw from stores in somatic tissues that would manifest as a reduction in carcass

Ca?* levels.

Prolactin is known to function as a hypercalcemic hormone in freshwater teleost fish (Flik
et al., 1986). In euryhaline fish such as the three-spined sticklebacks, prolactin cells become
highly active in freshwater (Wendelaar Bonga and Greven, 1978) as it is usually a calcium-
poor external medium and prolactin levels increase as a response to maintain the normal
internal calcium levels (Flik et al., 1989). Estrogenic exposure could affect the synthesis of
prolactin, for example Poh et al. (1997) reported that the prolactin content in tilapia was
elevated by treatment with 17p3-estradiol. Pickford et al. (1970) also reported that prolactin
may elevate the plasma Na" in seawater conditions (as we found here for carcass [Na'] in
the male sticklebacks exposed to EE2), which was attributed to a decrease in gill Na*/K"-
ATPase activity. Interestingly, prolactin appears to have sex-specific roles in many

vertebrates, including paternal care in male sticklebacks (Schradin and Anzenberger, 1999).

It is therefore interesting to speculate that EE2 somehow interferes with the role of

prolactin in male sticklebacks, and their subsequent Ca** regulation in freshwater and Na*

Version of this chapter submitted to: Comparative Biochemistry and Physiology C: Toxicology &
Pharmacology

Noura J. Al-Jandal, Charles R. Tyler, Anke Lange, loanna Katsiadaki, Rod W. Wilson 104



Chapter 3

regulation in seawater, but not in female sticklebacks. However, we have no current

measurements of prolactin to support this hypothesis.

Plasma Mg®* was increased after EE2 exposure in both male and female rainbow trout in
freshwater. Similar to calcium, plasma Mg®" levels have been used as an indirect indicator
of the level of vitellogenin (Arukwe and Goksgyr, 2003; Lv et al., 2006). However, in
rainbow trout, although plasma Mg®* was elevated following seawater challenge relative to
levels in freshwater, the same trend between EE2 treatments and controls was not evident
after the seawater challenge, even though vitellogenin was still greatly elevated. Freshwater
fish depend primarily on dietary sources for magnesium, but have secondary mechanisms
for Mg?* uptake via the gills in freshwater (Bijvelds et al., 1998). Given that the rainbow
trout in this study were not fed during the exposure it seems likely that the higher level of
Mg?* in the EE2 treatments under freshwater conditions was due to enhanced gill uptake.
Alternatively, the magnesium pool of the bones and scales may be used as a reserve to
maintain normal magnesium levels in soft tissues when magnesium intake is low (Cowey
et al., 1977; Reigh et al., 1991; Bijvelds et al., 1996). In carp (Cyprinus carpio) with low
magnesium status, it has been shown that magnesium is mobilised from the bones and is
replaced by Na® (Vandervelden et al., 1992). Therefore, we cannot rule out a potential
effect of EE2 on Mg?" release from internal stores instead of (or in addition to) an effect on

gill uptake of Mg*".
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6. CONCLUSION

This study has demonstrated that rainbow trout had a greater sensitivity to the estrogenic
effects of EE2 exposure, with no vitellogenin induction at all in the sticklebacks, even at
the highest concentration used (10 ng/l). In contrast, EE2 had significant effects on
osmoregulatory function in both these euryhaline species, even in the absence of
vitellogenin induction (in sticklebacks), demonstrating a greater sensitivity of
osmoregulation to estrogenic stimulation compared with the commonly used reproductive
endpoint of vitellogenin induction. Furthermore, there were some intriguing differences
between the species with respect to specific osmoregulatory responses. Such differences
included an improved hypo-regulation of plasma sodium during seawater challenge in male
rainbow trout (in the 5 ng/l exposure group), in contrast with an impaired carcass sodium
regulation during seawater challenge in male sticklebacks. A further interesting finding was
the disconnection between internal Ca** levels and plasma vitellogenin (in freshwater male
sticklebacks immediatley after 7 days EE2 exposure, and in the trout following 3 weeks
depuration and seawater challenge), which suggests differences in the control (or
sensitivity) of these two processes by estrogenic chemicals. Overall, osmoregulatory
impacts of estrogenic exposure have been demonstrated in two euryhaline species, but such

effects may be less predictable than the better studied reproductive impacts.
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Effects of a sublethal waterborne exposure to 4-nonylphenol in freshwater and

seawater on ion regulation capabilities in rainbow trout (Oncorhynchus mykiss)

1. ABSTRACT

The osmoregulatory effects of waterborne exposure to nonylphenol (NP) were examined in
rainbow trout (Onchorhynchus mykiss). Immature female rainbow trout were exposed to
three environmentally relevant concentrations (0.5, 2 and 8 pug NP/l) for 7 days in
freshwater, directly followed by acute seawater challenge test (24 h). The measured
concentrations of nonylphenol in the exposure tanks were only one third of the nominal
concentrations. After 7 days exposure to nonylphenol, there was no vitellogenin induction
observed in any of the treatments, although significantly higher levels of plasma
vitellogenin were detected in the plasma samples of the fish exposed to the seawater test. in
comparison to the freshwater, and that could be due to the difference in the ELISAS assays
sensitivities. The effect on the osmoregulatory variables could not be established due to
technical error (aeration stopped) in one of the sampling days lead to significant differences
between the replicate tanks of each treatments. As an alternative, the effect of low oxygen
level occurred was investigated to study the potential effects on the ions levels. It was very
clear that the tanks affected by the low oxygen presented a significant lower effect of
plasma osmolality, Na* and CI°, K" in the fish exposed 7 days to nonylphenol in freshwater.
The increase in ventilation as a normal physiological response to the low oxygen caused
increase in the gill functional surface area, and promotes oxygen uptake and increases the

ions efflux rate.
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2. INTRODUCTION

In the last 20 years, much research has been focused on a group of chemicals present in the
aquatic environment that can be either natural or man-made (synthetic), which have the
ability to interfere with the organism’s normal endocrine function (Arcand-Hoy and
Benson, 1998; Tyler et al., 1998; Moore et al., 2003). These so-called endocrine disrupting
chemicals (EDCs) can disrupt the hormonal system in vertebrates by mimicking natural
hormones, inhibiting their production by affecting synthesis pathways, or alteration of their
excretion dynamics (Soares et al., 2008). Hormones affected have included those associated
with growth, development (e.g. thyroid hormones) and sexual development and function
(including androgens and estrogens). Most of the studies on EDCs have focused on
chemicals that affect estrogenic response pathways, and many of these EDCs elicit an

estrogenic effect by binding to and activating the estrogen receptor(s) (Jobling et al., 2003).

Endocrine disrupting chemicals include a broad class of chemicals such as the main
naturally occurring estrogens in all vertebrates, for example estradiol-17 (E2), estrone
(E1) and estriol (E3) (Tyler et al., 1998), and the synthetic ones include 17a-
ethinylestradiol (EE2) (Van den Belt et al., 2003), and the estrogen mimics nonylphenol
(NP) (Matthiessen et al., 2006). Phytoestrogens are plant compounds that exist widely in
numerous plants such as soybeans. Phytoestrogens such as genistein and equol can act

either as estrogen agonists or antagonists (Herman et al., 1995).

Synthetic and natural steroid estrogens are of particular concern in affecting wildlife health.

Due to their human origin, steroid estrogens are regularly measured in the domestic sewage
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effluents throughout United Kingdom, Japan, Australia, and the United States (Desbrow et
al., 1998; Johnson et al., 2000; Niven et al., 2001; Komori et al., 2004; Johnson et al., 2007;
Ying et al., 2009). Although the measured concentrations are usually low, in the ng/l range,
in lab experiments they have been shown to induce estrogenic activities in various animals
including vitellogenin induction and intersex in some fish species (Orn et al., 2003; Van
den Belt et al., 2003; Balch et al., 2004; Hahlbeck et al., 2004; Balch and Metcalfe, 2006;
Lange et al., 2009). It is worth noting that some xenoestrogens, such as 4-nonlyphenol,

have been detected at higher concentrations up to pg/l (Johnson et al., 2005).

The aquatic environment is the ultimate sink for most chemicals whether natural or man-
made. They may be disposed of via drains to sewage treatment works or in landfills sites,
industrial wastes, agriculture and food/drug processing. Either the chemicals or their
degradation products will eventually enter the aquatic environment (Sumpter, 1998; Barse
et al., 2007). There is strong evidence that steroid estrogens discharged by the human
population via sewage works are a major cause of endocrine disruption in fish in the UK

(Jobling et al., 1998).

In fish, the major routes of uptake of EDCs are the gills, the gut via food, and the skin
especially in small fish where there is a large surface area to volume ratio (Lien and
McKim, 1993). These chemicals reach the blood stream directly from gill uptake, reaching
the target organs without passing through the liver first, unlike the situation in mammals

(Sohoni et al., 2001).
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Possible reproductive disruption in wild fish was initially found through the observation of
the induction of vitellogenin in male fish, which has subsequently proven to be a useful
biomarker of exposure to chemicals with estrogenic activity (Orn et al., 2003; Vethaak et
al., 2005), and has been applied widely to screen and test for estrogens and for estrogenic
activity of effluent discharges (Knudsen et al., 1997; Rodgers-Gray et al., 2000; Liney et

al., 2006).

Nonylphenol is one of the most studied estrogen mimics that appears to effect development
in several organisms (Hemmer et al., 2002; Yadetie and Male, 2002). Nonylphenol belongs
to the alkylphenols and is one of the degradation products of alkylphenol polyethoxylates.
It is a xenobiotic used in the production of nonylphenol ethoxylates surfactants. Due to the
wide use of nonylphenol ethoxylates they can reach sewage treatment works in
considerable amounts where they incompletely degraded to nonylphenol (Soares et al.,
2008). The major source of nonylphenol into the aquatic environment is through the
discharge of effluents from sewage treatment works (Ahel et al., 1996; Langford et al.,

2005).

The chemical and physical properties of nonylphenol influence its degradation. It is a
hydrophobic compound with low solubility in water (Soares et al., 2008), and can become
associated with organic matter (adsorbed) in sediments (John et al., 2000). Furthermore, it
is a semi-volatile organic compound capable of water/air exchange (Soares et al., 2008).
Sunlight can decrease the concentration of nonylphenol in the surface layers of natural

waters by photolysis (Neamtu and Frimmel, 2006), whereas in sediment the half-life of
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nonylphenol is 60 years (Shang et al., 1999), and can be biodegraded by microorganisms
(Chang et al., 2004). In UK rivers, water samples collected during 1994 and 1995 showed
nonylphenol concentrations ranging from <0.2 to 30 pg/l depending on the proximity to

industrial discharges (Blackburn et al., 1999).

Nonylphenol is a chemical of a significant environmental concern due to its estrogenic
effects and is hazardous to aquatic life (Lech et al., 1996; Nimrod and Benson, 1996;
Schwaiger et al., 2002; Kurihara et al., 2007, Hwang et al., 2008). The evidence of
nonylphenol estrogenicity is mainly based on the induction of vitellogenin in male or
immature female fish (Sumpter and Jobling, 1995; Christiansen et al., 1998; Huang et al.,
2008). The mechanism by which nonylphenol exerts its estrogenic and endocrine disrupting
effect in vivo could be through a direct-acting mechanism, for instance binding to estrogen
receptor (Yadetie et al., 1999), or via indirect mechanisms like increased plasma 17f3-
estradiol (E2) in fathead minnows (Pimephales promelas) (Giesy et al., 2000). One of the
major effects of nonylphenol was to increase the plasma concentration of the endogenous
estrogen (E2). Vitellogenin induction has been suggested to be a sensitive E2-specific
biomarker and nonylphenol was found to mimic the natural hormone 17p-estradiol by
competing with the natural steroid estrogen for binding site of the receptor (Giesy et al.,

2000).

Nonylphenol has also been identified as an anti-androgen by using the yeast detection
system for the anti-androgenic and androgenic effects of chemicals. The results suggested

nonylphenol affects multiple steps of the activation and function of androgen receptors (Lee
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et al., 2003). Several studies reported the adverse effects of nonylphenol on the
development of male reproductive tract during perinatal exposure of male rats (Lee, 1998;

de Jager et al., 1999).

Most attention regarding the biological activity of nonylphenol has been focused on its
effects on reproductive processes. Less attention has been paid to the actions of
nonylphenol on other physiological processes such as osmoregulation. The majority of
previous studies have concentrated on the impact of endocrine disruptors on reproduction
by using vitellogenin induction as a biomarker for exposure to an estrogen. The primary
objective of the present study was to examine the effect of nonylphenol on the
osmoregulatory capabilities of rainbow trout. The novelty of this study is that it will assess
the effects of 3 different environmentally relevant concentrations (0.5, 2 and 8 pg/l) of
nonylphenol on ion regulation in fish under the same exposure conditions. Nonylphenol
was chosen because it is an extremely relevant environmental xeno-estrogen and widely
dispersed in water, sediment and many biota (Ahel et al., 1993, 1994). Rainbow trout was
used for this study as it is widely used in the study of endocrine disruption, due to its well
described endocrinology and osmoregulatory physiology, the availability of body sizes that
facilitate sufficient volumes of blood for such studies (Christiansen et al., 2000), and its a
ability to acclimate to seawater as a good euryhaline species that lends itself to studies of

the osmoregulatory impacts of toxicants.
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3. MATERIALS AND METHODS
3.1 Fish

Immature triploid female rainbow trout (Oncorhynchus mykiss) (300 fish) were obtained
from Hatchlands trout farm (Devon, UK). The rainbow trout were kept in aerated,
freshwater holding tanks (dechlorinated freshwater; [Na* ] = 432.5 + 18.7; [K'] = 63.9
3.0; [Ca®'] = 165.2 + 2.1; [Mg*"] = 154.6 + 4.6; CI" = 400 pmol I'; pH 7.5; temperature
10.4 + 1.5 °C) at Exeter University, and were fed daily on a commercial feed (pellets)
(BioMar, 5 mm, Aqualife, Denmark) at rates of 1 % body mass. Food was withheld two

days prior to the nonylphenol exposure.

From the stock fish, 24 trout were anesthetized in MS222 (Pharmaq Ltd, UK), (100 mg/Il
buffered with 300 mg/l of NaHCOg3; Fisher Scientific, UK) for the collection of a blood
sample for analysis of ion levels and vitellogenin prior to the exposure study. Blood
samples (100 ul) were collected by caudal puncture using 26G needles into heparinised
(Monoparin heparin sodium (mucous), 5000 1.U./ ml, CP Pharmaceuticals, Ltd., Wrexham,
UK) syringes held on ice and transferred into microcentrifuge tubes containing aprotinin
(10 ul) (Sigma-Aldrich) to reduce enzymatic degradation of vitellogenin, and then
centrifuged (13,000 rpm for 5 min at 4 °C; Heraeus by Biofuge fresco, Kendro laboratory
products, Germany) to obtain plasma. A portion of the plasma was stored on ice for
analysis of osmolality and chloride, and cations analysis. The remainder was frozen (—80
°C freezer) for later analysis of vitellogenin. Body mass and total length was also recorded

(35.6 £ 3.0 g; 15.7 £ 4.5 cm respectively).
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3.2 Experimental design and exposure

A flow through system comprising of 10 aquaria (99 | each) was used for exposing rainbow
trout to nonylphenol. Freshwater was supplied from a header tank by gravity to five mixing
bottles (1200 ml/min each), which were dosed with nonylphenol to provide water
concentrations of 0.5, 2, and 8 pg NP/I. Dilution water and solvent controls (ethanol at
0.0001 %) were included (ethanol was used as a solvent vehicle for the nonylphenol
exposures). The output from each mixing bottle was split into two, each one delivering 600
ml/min of the required concentration to one of two replicate aquarium tanks. The mixing
bottles received nonylphenol from the stock bottles via a peristaltic pump (Watson Marlow
205U, UK; using mediprene tubing - white/white, Elkay Laboratory Products, UK, Ltd)

(Figure 1).

The nonylphenol stock solution (800 mg in 100 ml ethanol) was prepared in a dark bottle
and kept at 4°C. From this stock, the dosing bottles were prepared fresh every 2 days. The
system required replenishing with 2 L of each stock daily, therefore, 4 L of each bottle was
prepared fresh to deliver the required concentration in the exposure tanks. All the dosing
bottles contained 0.1 % ethanol, and the nonylphenol concentrations were 0.5, 2 and 8
mg/l). The dosing of the system was initiated 4 days before the fish exposure to ensure
equilibration of nonylphenol between the water phase and all dosing and exposure surfaces.
After initial dosing for 4 days, 24 rainbow trout were placed into 5 tanks only (one replicate
tank for each treatment). After a further two days, the second set of replicate tanks received
24 fish for each tank and treated similar to the first set of tanks. The rationale for a

staggered experimental design was because it was only possible to analyse 60 fish/day,
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Figure 1: Showing the exposure plan in schematic drawing (above), and pictures taken
from the real exposure in the laboratory.
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where the terminal sampling was designed to be completed in 4 days. The exposure to
nonylphenol was carried out in freshwater for 7 days, and then 12 fish only from the 24 fish
in each tank were sampled from each exposure, including controls. The remaining 12 fish
in each nonylphenol exposure regime were then subjected to a seawater challenge. On day
7 of the exposure rainbow trout (n = 60; 12 from each tank) were anaesthetized (as above)

and blood sampled by caudal puncture.

The remaining 12 trout in each tank were then exposed to seawater after flushing the tanks
at a fast flow rate (3.8 I/min) for 2 h, to remove all the nonylphenol. The seawater challenge
test (salinity = 25 %o), was undertaken to study the effect of a 7 day exposure to
nonylphenol on the subsequent ability of the fish to osmoregulate in freshwater and after
seawater challenge. The seawater used for this challenge was made up using commercial
sea salts (Tropic Marin®, Germany) [Osmolality = 700 + 3 mOsm kg™; [Na'] = 273.6 +
10.8 mM; [CI] = 342.7 + 2.4 mM; [K*] = 7.5 + 0.3 mM; [Ca**] = 6.4 0.3 mM; [Mg**] =

28.6 + 1.1 mM].

3.3 Fish sampling

Rainbow trout were sampled after the seawater challenge as detailed above. Blood
collected was centrifuged and the plasma separated into two tubes, one of them kept at
—80°C until analysis for vitellogenin, and the other sample was kept on ice, and used

directly to measure osmolality and [CI].
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3.4 Analytical techniques
3.4.1 Determination of chemical concentrations in exposure water

Water samples from the exposure tanks were taken on day O and 7 of the exposure to
nonylphenol and kept in glass bottles collected previously from the Environment Agency's
National Laboratory Service, Starcross, UK. Water samples were kept in dark in box with
ice and taken to the analytical laboratory. The osmolality and [CI] of the tank exposure
water were measured by vapour pressure osmometer and chloride analyzer in the Exeter

laboratory.

3.4.2 Plasma ions analysis

Rainbow trout plasma vitellogenin was measured by homologous vitellogenin ELISA,
(Tyler et al., 2002). Detection limits of the rainbow trout was 40-80 ng/ml. Plasma
osmolality was measured using a Wescor Vapro 5520 vapour pressure osmometer with 10
ul of the fresh plasma. [CI] was measured in trout using a chloride meter (Corning M925,
Chloride analyzer, UK) with 20 pl of fresh plasma. Sodium, Ca*", K* and Mg®" were
measured by using atomic absorption spectrophotometery (AAS; PYE Unicam SP9,
Philips; with Na* and K* in FES mode, and Ca** and Mg”* in AAS mode). For calcium and
magnesium standards and samples, lanthanum chloride (LaCl;) was added to reduce
sulphate and phosphate interference (Pybus et al., 1970), two dilutions were prepared, X100
to measure [Ca*"], [Mg**] and [K*], whereas x1000 were prepared for measuring [Na*]. All
experiments were conducted with the approval of the University of Exeter Ethics

Committee and under a UK Home Office license (PPL 30/2217).
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3.5 Statistical analysis

All parameters were analysed for differences between treatments using one-way ANOVA
by using Sigmastat 3.5 (Systat Software, Inc.). Post hoc tests used to analyse data when the
normality test failed and significant differences between groups were determined using the
non-parametric Kruskal-Wallis One Way ANOVA on ranks followed by the Dunn’s
Method to determine differences between groups. Differences between groups were
considered to differ significantly when the p-value was < 0.05. Throughout this paper, the

data are presented as mean = standard error of the mean.

4. RESULTS
4.1 Determination of tank water concentrations of nonylphenol

The measured nonylphenol concentrations in the exposure tanks are shown in (Table 1).
The mean concentration of nonylphenol within the three exposure treatments were between

26 % and 36 % of the nominal concentrations.

4.2 Plasma vitellogenin

After 7 days exposure to nonylphenol in freshwater, no induction of vitellogenin was
detected in the plasma of the exposed fish. The concentrations measured in plasma of fish
from all the exposure tanks were < 200 ng/ml. However, after seawater challenge test, the
vitellogenin concentrations measured in fish from all the exposure tanks were > 300 ng/ml
(Figure 2). No vitellogenin induction was observed after exposure to the highest level of

nonylphenol (2 pg/l measured, nominal = 8 ug/l).
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Table 1: Measured nonylphenol concentrations in the exposure tanks during the 7 day
exposure in freshwater. Values are means + SEM.

Treatment Mean of [NP] (ug/l) | Range (ug/l) | % of nominal for mean value
Control <0.125 0.125-0.125 | n/a
Solvent control | <0.125 0.125-0.125 | n/a
0.5 ug NP/I 0.181+ 0.03 0.125-0.251 | 36.2
2 ug NP/I 0.611 + 0.05 0.529-0.730 | 30.6
8 ug NP/I 2.093+£0.19 1.64-254 |26.2
700 1 1 Freshwater
K% 1 Seawater
600 T
€
o 500 - J
5 *%* **
c T
‘= 400 T *ok L
Q l **
o T
o - T
@ 300 - T
=
©
§ 2001 N * .
- T *
s |3 T I T :
1004 | + T
0
Control Solvent control 0.5 ugNP/I 2 ugNP/I 8 ugNP/I
Treatments

Figure 2: Plasma vitellogenin concentration in rainbow trout after 7 days exposure to
nonylphenol and after a 24 h seawater challenge test. Each column represents the mean =
SEM
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4.3 Osmoregulatory variables

Due to an unfortunate error on the sampling day for one set of replicate tanks, where the
aeration stopped accidently. Therefore, fish sampling was delayed for 2 h to allow the
affected fish to recover from oxygen depletion stress. After sampling the fish, all the
parameters relevant to fish osmoregulation were measured. The data from the exposure in
freshwater showed significant differences in the mean values between the replicate tanks
within each treatment after applying ANOVA, especially in osmolality (almost 10-30
mOsm kg@ difference), chloride, sodium and potassium. The mean values were

significantly lower in the tanks where the aeration was interrupted (Table 2A).

Table 2A: Showing plasma osmolality and ions between the replicate tanks after 7 days
exposure to nonylphenol in freshwater. Number of fish in each tank (n = 12). Data missing
for control T1 due to technical error. The values are the means + SE of the replicate tanks.
Asterisks indicate significant difference between replicate tanks, and grey shaded rows are
tanks affected by lack of aeration.

Tanks  Osmolality [ch [Na'] [K*] [Ca®] [Mg®"]
Treatments o es (mOsm kg™) mM mM mM mM mM
T1 299.9+3.0 1224 +£1.1 none none none none
Control * E
T2 278.8 + 6.5 113.7 +3.0 128.8+ 3.5 1.8+0.2 2.0+0.1 0.6+0.1
Solvent T3 2952+ 2.6 122.0+0.9 147.0+1.7 3.7+03 2001 09+0.2
Control T4 2823%58 1161+18 1340+27 19+01 2101 0801
T5 303.6+2.6 125.6 £0.9 143910 31+01 19%+004 0.7+0.03
0.5 ugNP/I = 3 * * =
T6 280.6 + 4.2 1159+15 134.2+1.8 25+0.1 21+0.1 0.8+0.03
T7 300.0+3.1 126.6+1.2 1459 +1.7 3.3+01 2001 09+0.1
2 ugNP/I * = * *
T8 272.0+6.1 1139+1.6 132.9+2.3 35+0.3 22+0.2 1.1+£0.2
T9 295.8+ 3.6 121.8+1.1 1448 +1.3 3202 2.1+01 0.8+0.1
8 ugNP/I

T10 278.6 +6.2 113.1+2.6 133.7+3.6 3.3%0.2 24+03 12 +0.2
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After seawater challenge, the ANOVA for the intact replicate tanks were applied to
investigate if there are any differences between the replicate tanks after the error occurred
during the freshwater exposure. There were no significant differences between the replicate
tanks detected for all the treatments, except for the osmolality and [Mg®*] in the highest
exposure tanks (8 ug NP/I), the [CI] showed significant difference between the replicate

tanks of 2 and 8 pug NP/l exposure treatments (Table 2B).

Table 2B: Showing plasma osmolality and ions between the replicate tanks after acute
seawater challenge. The values are the means + SE of the replicate tanks. Asterisks indicate
significant difference between replicate tanks, and grey shaded rows are tanks affected by
lack of aeration.

Osmolality [CI [Na'] [K'] [Ca®] [Mg*]
Treatments Tanks (mOsm kg mM M mM mM mM
c | T1 365.7+51  156.6+29 190.9+29 35+02 3101 22%02
ontro
T2 375.6+47  1605+23 191.6+28 41+02 21+x01 1.7zx0.2
Solvent T3 355.6+6.6  151.1+27 1843+31 43+01 3101 20zx0.1
Control T4 354.0+84  1515+36 176.0+42 41+02 18%01 16=0.2
T5 367.0+81  1547+41 1895+68 40+03 3.0x03 25x0.6
0.5 ugNP/I
T6 359.3+88  157.1+42 1815+63 3.1+02 2001 14=x0.1
2 LaNP| T7 3635+93  150.0+40 184.6+40 35+02 3101 20zx0.2
Hg
T8 3858+80 1625+27 1786+64 38+04 16+02 1402
T9 358.2+47  148.1+23 1905+34 41+03 3101 22zx0.1
8 HgNP/I

TI0  3845+83 1601+25 1805+34 37402 20+01 15402

5. DISCUSSION

The influence of nonylphenol on osmoregulatory system has been previously studied in
salmonids. Most of the exposure regimes used by the previous studies were applied by
using nonylphenol injected into the fish (Madsen et al., 2004; McCormick et al., 2005;

Carrera et al., 2007). Some studies used the aqueous exposure route but with higher levels
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than those used in the present study (Arsenault et al., 2004; Lerner et al., 2007) which
aimed to examine the effect of environmentally relevant concentrations of nonylphenol in
freshwater and the ability of this xeno-estrogen to impair the salinity tolerance immediately

after direct exposure to an endocrine disruptor.

5.1 The concentration of nonylphenol in the exposure tanks

The measured concentrations of nonylphenol in the exposure tanks after 7 days, were
approximately one third of the nominal concentrations in all the exposure concentrations.
Similar studies have reported actual concentrations which were approximately 1/3 to 1/5 of
the nominal concentrations (Nimrod and Benson, 1998; Nichols et al., 2001; Schoenfuss et
al., 2008). The reduced concentrations could be due to several reasons such as degradation
of nonylphenol in the exposure tanks. Alternatively the lower measured concentrations may
have been related to an incomplete solubilisation of nonylphenol in the stock solution
(aqueous solubility limit of NP = 5.24 + 0.11 mg NP/l at 14 °C, Ahel and Giger, 1993)
although unfortunately we did not measure the stock solution concentration. Other potential
factors include volatilization of nonylphenol, adsorption to tubing or the glass tanks.
Adsorption to organic matter present in the tanks can also occur (Villeneuve et al., 2002),
and fish themselves may absorb some nonylphenol (Pickford et al., 2003). However, in our
study we have used a flow through system which makes these factors unlikely to happen.
Furthermore, the pump’s flow rate was not checked for accuracy during and after the study
to ensure the delivery of the proper concentration required for the study. Since the loss was

around 70 % in all the doses the pump’s flow rate may also be a factor.
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Other studies that have exposed fish to nonylphenol have found widely differing recoveries
of nonylphenol in the water. Pickford et al., (2003) exposed male fathead minnows
(Pimephales promelas) to nonylphenol through waterborne exposure for 2 weeks at
nominal concentrations of 1, 10 or 50 ug/l, and the measured concentrations in the dosed
tanks were between 72-129 % of nominals. One possible reason why the measured
concentrations of nonylphenol were more closely aligned with nominals in that study was
that their exposure tanks were dosed for 7 days with nonylphenol prior to addition of the
fish, whereas in our study we pre-dosed the system for only 4 days, that longer period of
exposure might have helped. This suggestion is further supported by another study, where
dosing of nonylphenol (nominal concentrations 1, 10 and 100 pg/l) were initiated 3 weeks
prior to adding fish, and the measured concentrations were between 70 % and 85 % of
nominals (Harris et al., 2001). However, although lower levels of nonylphenol were
obtained in the exposure tanks than anticipated, they are still close to the relevant

environmental concentrations which should not be considered as a total loss.

5.2 Plasma vitellogenin

The exposure to nonylphenol for 7 days revealed no vitellogenin induction in the plasma of
rainbow trout. The results showed no vitellogenin induction which could be due to the low
exposure level and short exposure period. Also, it turned out that the nominal exposure
levels did not reach to the exposure tanks. Several studies have exposed fish to nonylphenol
at concentrations between 1 and 50 pug NP/I and have reported either a non-significant
effect on plasma vitellogenin concentrations and/or great variability among fish in the same

treatment (Pickford et al., 2003; Van den Belt et al., 2003). Similar to our result in terms of
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vitellogenin induction, Atlantic salmon (Salmo salar L.) smolts were exposed in freshwater
to 5, 10, 15, and 20 pg NP/I for a 30-day period where no vitellogenin induction detected
(Moore et al., 2003). There was also no detectable vitellogenin in juvenile Atlantic salmon

treated with 10 pg NP/I for 21 days in freshwater (Lerner et al., 2007).

It is not known why there was an elevated level of vitellogenin in all fish after the seawater
challenge in the present study. One possible reason is a consequence of a stress response
after being subjected to the accidentally reduced oxygen level, but this is speculation only.
Indeed, generally, stress is known to reduce plasma vitellogenin levels in fish (Carragher et
al., 1989), rather than increase them, so this seems an unlikely explanation. However, the
increase observed after seawater challenge was actually rather small relative to the orders
of magnitude changes commonly observed in response to significant estrogenic stimulation.
It is therefore wise to interpret these data with caution, and it is quite likely that the small
difference may reflect different performance of the ELISA assays for samples analysed on

these different experimental days.

On the other hand, several studies have documented that hypoxia (low oxygen) acts as an
endocrine disruptor of fish reproduction by affecting hormones secreted by the
hypothalamus-pituitary-gonadal-liver system (Wu et al., 2003; Landry et al., 2007; Thomas
et al., 2007). But, there is no direct evidence that hypoxia can affect the vitellogenin level.
Male fathead minnows (Pimephales promelas) were exposed to a mixture of estrogenic
chemicals under hypoxic conditions (< 2 mg of O/I) and the results revealed no effect of

hypoxia on vitellogenin response (Brian et al., 2009).
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One possible reason might explain the difference in the plasma vitellogenin levels in
seawater from the freshwater is the difference sensitivity between different ELISASs carried
out. As the plasma samples used to measure the vitellogenin were divided for different

ELISAs in different days.

5.3 Osmoregulatory variables

The reduction in oxygen that occurred due to the accidental loss of aeration in the exposure
tanks would have added an additional stress to the exposed fish besides the exposure to
nonylphenol. The gills carry out multiple tasks such as gas exchange and ion transport
(Evans et al., 2005). In general, freshwater fish face the problem of gaining water and
losing ions, and the major ions in plasma, Na* and CI', have particularly high rates of loss
via branchial diffusion, even under normoxic conditions (Wood, 1992). Data showed a
significant decrease in these ions in the tanks affected by oxygen depletion in comparison
to their unaffected replicate tanks within each treatment (Table 2A). That can be explained
by the extra stress, as fish would normally increase their ventilation as a normal
physiological response to lower oxygen levels (Evans et al., 2005). Higher ventilation helps
to assist in the extraction of enough oxygen from the water to satisfy the normal oxygen
demand. However, a consequence of elevated ventilation could also be increased diffusive
ion loss across the gills (Gonzalez and McDonald, 1992, 1994) and may result in
decreasing the level in the plasma detected in the affected tanks. An increase in the gill
functional surface area, as during hyper-ventilation, promotes oxygen uptake and increases
the Na" efflux rate, whereas reduction in surface areas cause the opposite. This relationship

between oxygen uptake and diffusive ion fluxes is called the osmo-respiratory compromise.
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A study on freshwater adapted rainbow trout experimentally showed a relationship between
oxygen consumption and Na® loss, where Na® loss increased whenever oxygen
consumption increased (Gonzalez and McDonald, 1992). Another reason could be the
down regulation of the uptake channels and/or Na*-K*-ATPase activity to make energetic
savings during hypoxia (Wood et al., 2007). In freshwater fish hyperventilation (due to low
oxygen) is expected to cause reduced plasma ions (especially Na* and CI), whereas
hyperventilation in seawater fish will cause the opposite (increased plasma ions, especially
Na*, CI', and Mg?* that have the biggest gradients across the gills). The results support the
above ideas on low oxygen supply and decrease in the plasma osmolality, Na* and CI" level

in freshwater fish accordingly.

Due to the loss of aeration at a key stage of the experiment, the data obtained were not
complete in terms of a complete set from replicate tanks for each treatment. To study the
potential effects of nonylphenol on the osmoregulatory variables was the major aim of this
study and this was clearly hampered by this problem. Therefore, the investigation of the
potential physiological effects of low oxygen level on the osmoregulatory variables has

been the focus in the latter part of the discussion.
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The influence of 17p-estradiol on intestinal
calcium carbonate precipitation and
osmoregulation in seawater-acclimated
rainbow trout (Oncorhynchus mykiss)
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The influence of 17p-estradiol on intestinal calcium carbonate precipitation and

osmoregulation in seawater-acclimated rainbow trout (Oncorhynchus mykiss)

1. ABSTRACT

The intestine of marine teleosts produces carbonate precipitates from ingested calcium as
part of their osmoregulatory strategy in sea water. The potential for estrogens to control the
production of intestinal calcium carbonate and so influence osmoregulation was
investigated in seawater-acclimated rainbow trout following intraperitoneal implantation of
17B-estradiol (E2) at two doses (0.1 and 10 pg E2 g™). Levels of plasma vitellogenin
provided an indicator of estrogenic effect, increasing significantly by 3 and 4 orders of
magnitude at the low and high dose, respectively. Plasma osmolality and muscle water
content were unaffected, whereas E2-treated fish maintained lower plasma [Na'] and [CI].
Plasma [Ca?*] and [Mg?"] and muscle [Ca*"] increased with vitellogenin induction, whilst
the intestinal excretion of calcium carbonate was reduced. This suggests that elevated levels
of circulating E2 may enhance Ca®" uptake via the intestine by reducing CaCO; formation
that normally limits intestinal availability of Ca*. Increasing E2 also caused a significant
decline in intestinal fluid [SO4*], suggesting a reduction of water absorption by the
intestine. Together with elevated [Na*] and [CI] and reduced [HCO5] in intestinal fluid, we
speculate that E2 may influence water absorption via a number of potential intestinal
processes; 1) reduced NaCl cotransport, 2) reduced CI™ uptake via CI'/HCO3™ exchange, and
3) reduced precipitation of Ca®* and Mg®* carbonates. Despite these effects on intestinal ion
and water transport, overall osmoregulatory status was not compromised in E2 treated fish,

suggesting the possibility of compensation by other organs.
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2. INTRODUCTION

2.1 Osmoregulation by marine teleost fish

Marine teleost fish are osmoregulators, maintaining their body fluids hypo-osmotic (~300
mOsm kg™) to seawater (~1000 mOsm kg™) and therefore face the problem of osmotic
water loss and the passive gain of ions (Evans et al., 2005; Marshall and Grosell, 2006). To
overcome this potential dehydration they continuously drink the surrounding seawater at
rates of 1-5 ml kg h™ (Smith, 1930; Evans, 1993; Fuentes et al, 1996; Marshall and
Grosell, 2006) and excrete the excess salt load across the gills (Na* and CI'), and in the
rectal fluid and urine (Ca*, Mg®* and SO,*) (Marshall and Grosell, 2006). The
gastrointestinal tract therefore has a key role in processing ingested seawater, and absorbing

water (Shehadeh and Gordon, 1969; Marshall and Grosell, 2006).

2.2 Role and mechanism of the intestine in osmoregulation

The principal and most intensively studied driving force for water absorption in the
intestine of seawater teleosts is the simultaneous absorption of Na* and CI” (Smith, 1930;
Skadhauge, 1974; Usher et al., 1991; Marshall and Grosell, 2006). This absorptive process
is ultimately fuelled by the basolateral Na®,K* ATPase (NKA) which generates an
electrochemical Na* gradient sufficient to drive the apical uptake of Na* and CI" via two
cotransporters; Na™:CI" (NC) and Na":K":2CI" (NKCC) (Musch et al., 1982; Grosell, 2006;
2010). A second direct driving force for fluid absorption in the marine teleost intestine
involves the apical anion exchanger (AE) CI'/HCO3 which may contribute as much as 70
% of the total CI" and water absorption by this epithelium under non-fed conditions (Grosell

et al., 2005; Grosell, 2006; 2010). The secreted bicarbonate has two major sources; the first

Version to the chapter submitted to: The Journal of Experimental Biology
Noura J. Al-Jandal, Jonathan M. Whittamore, Eduarda M. Santos, and Rod W. Wilson 130



Chapter D

being the hydration of the endogenous metabolic CO, that is mediated by cytosolic
carbonic anhydrase (Walsh et al., 1991; Wilson et al., 1996; Wilson and Grosell, 2003;
Grosell et al., 2005; 2007; Grosell and Genz, 2006). The H" ions liberated from this CO,
hydration are mostly transported across the basolateral membrane, either via Na‘/H*
exchange (NHE) or a V-type H'-ATPase, resulting in acid absorption proportional to
HCOj™ secretion at the apical membrane (Grosell and Taylor, 2007; Grosell et al., 2009;
Whittamore et al., 2010). The second source of cellular bicarbonate is direct basolateral
entrance via a Na":HCOj3™ cotransporter (NBC1) allowing for the basolateral uptake of both
Na" and HCOj3 driven by the basolateral Na*,K* ATPase (Grosell and Genz, 2006; Grosell
et al., 2009; Grosell, 2010). A third indirect driving force for water absorption is the
precipitation of divalent cations (Ca** and Mg®* from ingested seawater). The presence of
elevated concentrations of HCO3 (30-110 mM) and high luminal pH (up to 9) in the
intestinal fluid provide favourable conditions for the precipitation of calcium and
magnesium carbonates. In the absence of carbonate precipitation, the poorly absorbed Ca®*
and Mg?* would rise to very high levels (67 and 353 mM, respectively) which would
clearly retard osmotic water absorption from the intestine (Wilson et al., 2002). Removal of
most of the ingested Ca®* and a smaller proportion of the ingested Mg®* by alkaline
precipitation conveniently avoids an excessive accumulation of these ions, reducing the
luminal osmolality and thereby maximising the potential for water absorption by the

intestine (Wilson et al., 2002; Marshall and Grosell, 2006; Whittamore et al., 2010).

The ingestion of seawater presents the intestine with a large potential source of Ca®*" for

absorption and since systemic Ca®" is very tightly regulated within the intracellular and
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extracellular fluids the intestine has an important role in Ca®* homeostasis. Since the gills
do not participate in the excretion of divalent ions (Flik and Verbost, 1993) any Ca*
absorbed by the intestine, and not sequestered by any of the internal pools (such as bones,
otoliths, scales, gonads etc.), will be removed by the kidneys. However, given the
infrequent and small amounts of urine produced by marine teleosts (Marshall and Grosell,
2006), the kidneys are very limited in their ability to excrete excess divalent ions such as
Ca®*. It is therefore not surprising that the renal excretion rates of Ca®* by marine teleosts
are estimated as being low (Hickman, 1968; Bjornsson and Nilsson, 1985). Despite this,
relatively few studies have considered the role of the intestine in Ca** homeostasis in
marine teleosts. Under resting inter-digestive conditions, many studies show that little Ca**
is actually absorbed across the intestine into the blood. In vivo the vast majority (> 80 %) of
Ca’®* entering the intestine can be accounted for as excreted in the rectal fluid, with ~40-60
% in the form of solid CaCO; (Wilson and Grosell, 2003) thus the entry of Ca?* into the
body seems to be considerably limited. However, other studies report a net absorption of
Ca®* across the intestine (Sundell and Bjornsson, 1988; Flik et al., 1990; Flik and Verbost,
1993), and in particular, the intestine can contribute in times of extra demand for Ca®* such
as gonadal maturation. Given that marine teleosts precipitate CaCO; as part of their
osmoregulatory strategy, which also helps to limit the ca* availability for absorption from
the ingested water to maintain Ca®* homeostasis (Wilson et al., 2002; Wilson and Grosell,
2003), this raises the question of whether there is any coordination or integration of these

processes during periods of elevated Ca®* demand.
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2.3 The role of estrogens in fish osmoregulation

Sex steroid hormones include androgens and estrogens and these hormones are key
coordinators of the reproductive development and function in males and females
respectively. The function of estrogens is well conserved in vertebrates and includes the
regulation of oocyte growth within the gonads and secondary sex characteristics and
behaviours (Nagahama et a., 1995; Tyler and Sumpter, 1996). In addition, estrogens play a
role in multiple processes in the body, including in the regulation of metabolism (Chen et
al., 2009), the regulation of growth (Yu et al., 1979; Simm et al., 2008), bone development

(Warner and Jenkins, 2007) and immune function (Wenger and Segner, 2008).

Estradiol has also been shown to play a role in the regulation of ionic and osmotic
homeostasis, and the physiological processes involved in salt and water transport in fish
(Mancera et al., 2004; Carrera et al., 2007). The effects reported include inhibition of key
osmoregulatory variables (Mancera et al., 2004; McCormick et al., 2005; Lerner et al.,
2007). For example, significant increases in total and ionic Ca®* have been observed in the
plasma of sea bream (Sparus aurata) following intraperitoneal implants containing 10 pg
E2/ g body mass (Guerreiro et al., 2002; Guzman et al., 2004). Further indirect evidence
supporting the involvement of estradiol in osmoregulation is provided by the expression of
estrogen receptors in the intestine in a number of fish species including the sea bream
(Socorro et al., 2000) and fathead minnows (Pimephales promelas) (Filby and Tyler, 2005).
In the rainbow trout, four estrogen receptors have been described and expression of all four
genes was demonstrated in the digestive tract (Nagler et al., 2007). Estrogen hormones such

as E2 exert their effect principally (but not exclusively) by binding and activating the
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nuclear estrogen receptors (Edwards, 2005). It has been suggested that estrogens and their
receptors expressed in the gills in salmonids (Rogers et al., 2000) may be involved in
osmoregulation as E2 and a variety of xenoestrogens antagonize metabolic, morphological,
and physiological changes that take place during smoltification (Miwa and Inui, 1986;

Madsen et al., 2004).

More specifically, a role of estradiol in calcium balance is supported by the additional need
for Ca®* during sexual maturation in females. During gonadal maturation, the females
require abundant Ca®* to provide oocytes with a ready store for subsequent skeletal
development of their offspring. The enhanced demand of Ca®* at such times can be
supplied from various sources, under the influence of estrogens. In salmonids, estradiol can
induce Ca** resorption from the scales and bones (Mugiya and Watabe, 1977; Carragher
and Sumpter, 1991; Persson et al., 1994) and from the ambient water (Persson et al., 1994).
Due to the continual ingestion of Ca®*-rich seawater the intestine of marine fish has
potential access to a readily available pool of Ca?* which can be used to supply developing
oocytes during sexual maturation. Here we hypothesise that the intestine could feasibly
respond to estrogenic stimulus by enhancing Ca®* uptake. The putative enhancement of
Ca’* uptake via the intestine may coincide with a reduction in the elimination of Ca®* as

CaCOs, leading to increased Ca®* transport by the intestinal epithelium.

2.4 The aim of the study
A number of previous studies have examined the effect of estradiol on hypo-

osmoregulation in teleosts (Madsen and Korsgaard, 1991; Vijayan et al., 2001; Guzman et
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al., 2004; Mancera et al., 2004). However, only one study has investigated the potential for
calciotropic hormones (parathyroid hormone-related protein and stanniocalcin) to regulate
bicarbonate and calcium transport by the marine teleost intestine in vitro (Fuentes et al.,
2010). To our knowledge, this is the first study examining the potential estrogenic control
of intestinal CaCO3 formation and excretion and the subsequent consequences for ionic and

osmotic homeostasis in a seawater-adapted teleost, the rainbow trout, in vivo.

3. MATERIAL AND METHODS

3.1 Experimental animals and acclimation to seawater

Immature female rainbow trout (Oncorhynchus mykiss Walbaum) (n = 44) (194.1 £+ 35 g
and 24.8 £ 0.2 cm, respectively) were obtained from Houghton Springs fish farm (Devon,
UK) and kept in aerated, dechlorinated freshwater (pH 7.5 and temperature 11.2 + 0.3 °C)
at the University of Exeter. Fish were left unfed for two days before being transferred to a
salinity of 10 ppt (approximately iso-osmotic) for 48 h, otherwise they were maintained on
commercial pellet feed (BioMar, 5 mm, Aqualife, Denmark). Salinity was then increased to
20 ppt for a further 24 h and then to full strength seawater (salinity of 33 ppt; Na* = 420; K*
= 10; Ca*" = 10; Mg®* = 47; CI' = 455; SO, = 21 mM), where the fish were left to
acclimate for 10 days before starting the experiments. All fish experiments described in this

study were conducted according to UK Home Office guidelines.

3.2 Implantation of 17f-estradiol (E2)
After acclimation to seawater, fish were anaesthetised in a 50 mg/l solution of MS222

(Pharmaq Ltd, UK) buffered with 150 mg/l NaHCOj3, followed by prolonged aeration to
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restore normal CO, and pH levels. Estradiol was dissolved in coconut butter (Sigma-
Aldrich, UK) to achieve the concentrations required for the experiment (Control = coconut
butter only (vehicle); Low dose = 0.1 mg E2/ml; High dose = 10 mg E2/ml). Fish were
randomly allocated to one of the three treatments (10 fish per treatment) before
intraperitoneal (i.p.) injection at a dose of 1 pl per gram of fish, to achieve the required
doses of 0.1 mg and 10 mg of E2 per kg of fish body mass. After injection, the needle was
withdrawn and ice was applied to the injection site to help solidify the implant and avoid
losses of the injected coconut butter. Fish were then transferred to individual chambers (18

litres capacity) containing aerated seawater.

3.3 In vivo experimental procedures and sampling

A semi-static system was used, whereby fish were maintained in their individual chambers
for two weeks before terminal sampling. Intestinal precipitates of calcium carbonate
excreted into the chamber were collected twice daily (10.00 and 17.00) from each fish, and

80 % of the water in each chamber was renewed every 48 h.

Two weeks after E2 implantation fish were administered an overdose of anaesthetic (300
mg/l buffered MS222), followed by blood sampling (~1 ml) via caudal puncture. The blood
sample was divided into two aliquots, one added to 10 ul of aprotinin (Sigma-Aldrich) to
reduce enzymatic degradation of vitellogenin, and the second without aprotinin for ion
measurements. Blood samples were then centrifuged (13,000 rpm for 5 min at 4 °C;
Heraeus by Biofuge fresco, Kendro laboratory products, Germany) and the plasma was

separated from the blood cells. The fresh plasma was used to measure osmolality and
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chloride, and the remainder was subsequently diluted for ion analysis. The abdominal
cavity was then opened by a ventral midline incision and the entire intestine ligated to
collect fluid for analysis. A piece of white muscle was removed (2.09 g = 0.06) from
immediately below the dorsal fin for ion and water content measurement. The peritoneal

cavity was then examined to confirm the integrity of the injected implant of coconut oil.

3.4 Analytical techniques for plasma and muscle variables

Osmolality was measured on 10 pl samples using a vapour pressure osmometer (Wescor
Vapro 5520, USA). Cations (Na*, Ca** and Mg®") and anions (CI" and SO4*) were
measured by ion chromatography (Dionex ICS-1000, Sunnyvale, CA, USA) on samples of
plasma, intestinal fluids and seawater, following appropriate dilution. Total CO, of
intestinal fluids was measured using a carbon dioxide analyser (Mettler Toledo model
965D, Columbus, OH, USA). The pH of intestinal fluid was determined using an Accumet
combined microelectrode (Fisher Scientific, Loughborough, UK) connected to Hanna Hl

8314 pH meter.

White muscle samples were transferred to a pre-weighed Teflon tube and then to an oven
(70 °C) where they were dried to a constant mass. The dried samples were digested with 5
volumes of nitric acid (15.6 N; AnalaR, BDH Laboratory Supplies, UK). Following
complete digestion, two sets of dilutions were prepared (100x and 500x) and 10 % (w/v)
lanthanum chloride (Fisher Scientific, UK) was added to achieve 0.1 % (w/v) for
measurement of divalent ions by atomic absorption spectrophotometry (Thermo Elemental

SOLAAR AAS, UK). Muscle chloride was measured on 100-fold diluted digests using a
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colourimetric assay (Zall et al., 1956) and the absorbance read on a microplate reader
(Molecular Devices, Spectra MAX 340pc, USA) at 480 nm. Plasma vitellogenin was
measured as an indicator of the exposure to 17B-estradiol using a homologous ELISA,
according to previously described protocols (Tyler et al., 2002). Plasma was diluted at least
1:10 prior to analysis of vitellogenin concentrations, resulting in a detection limit for this

study of 30 ng/ml.

3.5 Determination of carbonate content of intestinal precipitates

The collected CaCOs precipitates were rinsed with deionised water before being oven dried
(45 °C) overnight. The next day, the dry weight was taken before adding 1 ml of 5 % (w/v)
sodium hypochlorite (Fisher Scientific, UK) and left for 4 h to digest the organic mucus
component. Samples were then rinsed 3 times with deionised water, centrifuged before
being oven-dried for a further 24 h before and the final dry mass taken. The cleaned, dried
inorganic samples of the precipitates were then sonicated (Vibra-Cell, Sonics and Materials
Inc., Newtown, CT, USA) in 20 ml of ultrapure water (Maxima Ultrapurewater, ELGA,

UK) for double end-point titration to determine the bicarbonate equivalent content.

The bicarbonate equivalents (HCO3 + 2C0O3%) content of these precipitates was determined
using the double titration method of Hills (1974), as described by Wilson et al. (2002) using
an autotitrator (TIM845 titration manager and SAC80 automated sample changer,
Radiometer, France). Samples were gassed with N, to remove all HCOs and COs* as
gaseous CO, during acidification and to ensure a stable pH measurement when returning to

the starting pH (Wilson et al., 2002). Subsequently, samples were re-acidified to ensure
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complete dissolution of Ca®* and Mg?* that had been liberated during titration of the
precipitates. These acidified samples were then diluted for analysis of Ca* and Mg**

content by ion chromatography.

3.6 Calculations and data analysis

Hickman (1968) and Genz et al. (2008) have previously used SO,*" concentrations in rectal
fluid as a surrogate of intestinal fluid absorption based on the assumption that intestinal
epithelium is impermeable MgSO, therefore considering it as a potential endogenous
marker for water absorption. In the present study seawater and intestinal [SO4*] for each
fish were measured and used to obtain an estimate of fractional water absorption (%) by the

intestine by using the formula:

Fractional Water Absorption = 100 — (Seawater [SO,*]/Intestinal [SO,*] x 100)

The concentration of bicarbonate equivalents (HCO3 + 2C0O5?) in the intestinal fluid were
calculated according to Henderson-Hasselbach equation using measurements of total CO,

and pH:

[HCO3] = [TCO,J/(1+10¢°24%)

The total CO, (MM) content [TCO,] is the sum of [molecular CO,] + [HCO3] + [CO5?].

Therefore, the carbonate (CO3”) fraction was calculated by the following:

[CO4¥] = [TCO,] — [HCO5]
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Hence, Total HCO5 equivalent = [HCO3] + 2[CO5°]

Vitellogenin data were log transformed prior to analysis. Significant differences between
treatments were determined using One Way Analysis of Variance (ANOVA) followed by
the Student-Newman-Keuls Method to determine significant differences between individual
groups, when data was normally distributed and had approximate equal variance. For data
that failed to meet these assumptions, significant differences between treatment groups
were determined using the non-parametric Kruskal-Wallis One Way ANOVA on ranks
followed by the Dunn’s Method to determine differences between individual groups.
Differences between treatment groups were considered to be significant when P < 0.05,
and highly significant when P < 0.001. As an additional indication of the effect of
estrogenic stimulation on physiological variables, regression analyses were performed
comparing these against plasma vitellogenin concentrations (log transformed) of individual
fish. Correlation analysis was carried out by linear regression, and the Pearson correlation
coefficient (R) was calculated. For all statistical analyses, p < 0.05 was considered
significant. All statistical analysis were conducted using Sigmastat 3.5 (Systat Software,

Inc.).

4. RESULTS

4.1 Plasma vitellogenin and osmoregulatory variables

Seawater-acclimated rainbow trout implanted with E2 for two weeks, showed highly
significant inductions of plasma vitellogenin (Figure 1) indicating strong and dose-

dependent estrogenic response. The E2 implants did not affect plasma osmolality at either
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Figure 1: Plasma vitellogenin concentration in seawater-acclimated rainbow trout after 2
weeks implant with E2 (0.1 and 10 pg E2 g™). Each column represents the mean + SEM.
Asymmetric error bars are due to logarithmic scale of vitellogenin data. Different letters
above bars indicate significant differences between treatment groups within a given time
point (P < 0.001, Student-Newman-Keuls method).

dose. However, increasing levels of circulating vitellogenin were associated with
significant decreases in both plasma [Na'] and [CI] (Figure 2). Estrogen exposure, as
expected, caused a dose-dependent and highly significant increase in plasma [Ca®'], and

plasma [Mg?] also increased significantly, but in the high dose group only (Figure 3). No

significant differences were detected in the plasma [SO4%] (Table 1).

Concurrent with observations of plasma osmolality, E2 treatment did not affect muscle
water content of the seawater-acclimated rainbow trout in any of the treatment groups

(control group =78.2 +0.3 %; low dose group = 78.2 + 0.2 %,; high dose group = 77.5 +
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Figure 2: Relationship between the plasma vitellogenin and plasma Na® and CI.
Correlation analysis was carried out by linear regression, and the Pearson correlation
coefficient (R) was calculated.
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Figure 3: Plasma [Ca®*], [Mg?'] and white muscle [Ca®*] in seawater-acclimated rainbow
trout treated with E2 (0.1 and 10 ug E2 g™) for two weeks. Different letters above bars
indicate significant differences between treatment groups. Each column represents the
mean + SEM.
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Table 1: Plasma osmoregulatory variables and muscle water content in seawater-
acclimated rainbow trout implanted with either control or one of two doses of 173-estradiol
(0.1 and 10 pg E2 g*t) for two weeks. Different letters after each number indicate
significant differences between treatment groups.

Muscle
water
content Osmolality [Na'] [CI] [SO.”]
(%) (mOsm kg™ mM mM mM
Control 78.2+0.3 322.8+8.0 168.8 + 6.8° 144.6 +5.9° 1.16 + 0.2
Low Dose  78.2+0.2 3159+5.1 157.8 + 4.0 132.7+4.2 0.69 +0.1
High Dose ~ 77.5+0.3 326.2 +8.3 153.2 + 4.9 126.5 + 3.5 0.91+0.2

0.3 %). Calcium concentrations in white muscle increased significantly by almost 40 % in

the high dose group in comparison to the control group (Figure 3).

4.2 Intestinal fluid chemistry and fractional water absorption

The 17B-estradiol had no significant effect on intestinal fluid osmolality. Intestinal [Na']
was significantly elevated by 33 % in the high dose group in comparison to controls. No
significant effect was detected in [CI] although mean values followed the same upward
trend as the intestinal [Na"] with increasing E2 dose (Table 2). Under control conditions the
intestinal fluid pH was distinctly alkaline (pH = 8.41 £ 0.06), with high concentrations of
HCOs equivalents (95.2 + 5.8 meq I™"). The pH and [HCO37] decreased significantly in the
high dose group by 0.2 pH units and 22 meq I}, respectively, in comparison to the control
(Figure 4). Magnesium and SO,* concentrations were significantly lower in the high dose
group in relation to the control group by 23 and 27 %, respectively, with no differences
observed in relation to Ca®* (Table 2). The estimated fractional water absorption based on

[SO,*] was significantly reduced by 17 % at the highest E2 dose group (Figure 5).
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Table 2: Intestinal fluid osmolality and ions concentrations in the seawater-acclimated
rainbow trout implanted with either control or one of two doses of 17p-estradiol (0.1 and 10
ug E2 g for two weeks. Different letters after each number indicate significant between
treatment groups.

Osmolality  [Na'] [ch [Ca®] Mg [SO.%]
(mOsm kg?h) mM mM mM mM mM
Control 3323+11.3 434+32° 749+60 6.7%07 152 +8.3"  68.8+3.8°

Low Dose  313.3+7.0 495+36 81.5+5.3 7.7+05 139.0+13.6 59.6 +4.9
High Dose  3443+17.0 645+53° 87.2%6.1 6.9+0.8 116.6 +9.8° 50.3+4.7°
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Figure 4: Intestinal fluid HCO3™ equivalent and pH in the seawater-acclimated rainbow
trout after 2 weeks implant with E2 (0.1 and 10 pg E2 g™*). Different letters above bars
indicate significant differences between treatment groups. Each column represents the
mean + SEM.
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Figure 5: Fractional water absorption in the intestine of the seawater-acclimated rainbow
trout after two weeks implant with E2 (0.1 and 10 pg E2 g™). Different letters above bars
indicate significant differences between treatment groups. Each column represents the
mean + SEM.

4.3 Intestinal excretion of calcium carbonate precipitates

The CaCOj; excretion rate was significantly reduced following exposure to E2 (Figure 6A),
with a 50 % reduction observed in the mean value of the high dose group in comparison to
the control group during the second week after implantation. A similar relationship was
observed in the first week (declining CaCO3 excretion with increasing plasma vitellogenin)
although this was not significant (Figure 6B). During the second week, the rate of excretion
of Ca*" within the precipitates was also significantly reduced by 40 % in the high dose
group compared to the control (10.5 + 2.0 versus 17.6 + 2.1 pmol kg™ h™, respectively).

The rate of Mg”" excretion within the precipitates showed a similar significant decrease,

and this was apparent in both the low and high dose groups (2.0 £ 0.3 and 2.2 £ 0.2
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Figure 6: (A) Precipitate carbonate excretion rate in the seawater-acclimated rainbow trout
after 2 weeks implant with E2 (0.1 and 10 pg E2 g™*). Different letters above bars indicate
significant differences between treatment groups. Each column represents the mean £ SEM.
(B) Relationship between the precipitate carbonate excretion rate and the plasma
vitellogenin. Correlation analysis was carried out by linear regression, and the Pearson
correlation coefficient (R) was calculated.
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umol kg*h™, respectively) in comparison to the control (3.0 + 0.3 umol kg™h™) during the
first week, but only significantly reduced in the high dose group in comparison to the

control (1.1 + 0.2 and 2.5 + 0.6 umol kg™h™, respectively) during the second week.

5. DISCUSSION

The major aim of this study was to investigate the possible effect(s) of 17p-estradiol (E2)
on the handling of calcium by the intestine, in particular CaCO3 formation, and the
implications this may have in terms of osmoregulation. To achieve this we experimentally
elevated the circulating estrogen levels using intraperitoneal implants of 17B-estradiol.
Most of the measured parameters within the present data set were compatible with our
hypothesis in terms of the reduction in CaCO3; formation and excretion, and the subsequent

potential for enhanced absorption of ingested divalent ions (particularly Ca*).

5.1 Plasma vitellogenin as a marker of elevation of circulating E2

Vitellogenin is a complex precursor protein for yolk production in oviparous vertebrates
produced by the liver. It has been widely used as a biomarker for exposure to estrogens
based on circulating levels in the plasma of immature female or male fish (Sumpter and
Jobling, 1995). Plasma vitellogenin was therefore measured in the present study as an
indicator of the biological response to the E2 implantation treatments and their estrogenic
stimulation. Elevated levels of plasma vitellogenin were clearly observed in a dose-
dependent manner for the low and high E2 treatments. The concentrations of vitellogenin in
the control group corresponded to those expected in female rainbow trout during early

gonadal development (Bon et al., 1997).
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5.2 The role of E2 in promoting absorption of divalent cations via the intestine

Treatment with E2 was associated with enhanced uptake of Ca®* into the body, indicated by
very large elevations in calcium concentration in both the plasma and muscle. The most
obvious routes for enhanced uptake of Ca®* from the marine environment are the gills and
the intestine. Although we have no direct evidence of E2 directly enhancing Ca®* uptake
from the intestine the potential scope for enhanced uptake is clear given that less Ca®* was
excreted by the intestine in the form of precipitated carbonates in fish treated with E2.
Under resting conditions, an important function of this intestinal precipitation process is
thought to be limitation of intestinal absorption of Ca?* from ingested seawater as 40-60 %
of ingested Ca** is excreted in the form of solid CaCO; (Wilson and Grosell, 2003).
Seawater fish live in a hypercalcemic environment, and any Ca®* absorbed which is in
excess of growth requirements must be excreted, which has both an energetic cost and in
the case of renal excretion it enhances the risk of kidney stones. The latter is due to the high
concentrations of urinary SO,* in marine fish and the insolubility of calcium sulphate
(Wilson and Grosell, 2003) in addition to the very low urine flow rates in marine teleosts
(Hickman Jr. and Trump, 1969; McDonald et al., 1982; Fletcher, 1990). The reduced
intestinal carbonate precipitation in response to E2 would be a logical component of an
estrogenic stimulation of Ca®* absorption processes in the intestine. Indeed, the significant
decrease in excretion of both Ca** and Mg®" as carbonate precipitates supports the
suggested effect of E2 on the balance of these two divalent cations in the intestine of
marine fish. In addition, the role of the gills in the Ca®* uptake cannot be neglected. Sea
bream (Sparus aurata) fulfil the extra Ca®* demand by utilising the environmental Ca* to

protect the internal calcified structures (Guerreiro et al., 2002). However, although the latter
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study concluded that the intestinal uptake of Ca®* was not affected by E2, they only
considered measurements based on intestinal fluid, and did not take into account any

changes in Ca®* present in carbonate precipitates.

Plasma divalent cations, [Ca®"] and [Mg®*‘], were both increased in a dose-dependent
manner after treatment with E2, perhaps not surprisingly given that these two ions are
known to increase in parallel with the elevated plasma vitellogenin in fish (Guerreiro et al.,
2002). Indeed, an increase in plasma Ca®* and Mg®* following estrogenic stimulation have
previously been used as indirect indicators of effective vitellogenin induction (Gillespie and
de Peyster, 2004). Highly elevated [Ca?*] in white muscle of the high dose group suggests
that extra Ca®* was accumulating in more than one major compartment (i.e. plasma as well
as muscle). A key question for the present study is the source of the extra calcium that
builds up in plasma and white muscle in response to E2, and in particular whether some of

this could be due to enhanced uptake by the intestine.

Calcium uptake in the intestinal tract follows a similar cellular route to those in the gills,
and occurs via active transport mechanisms (Flik et al., 1990). The cytoplasm of
enterocytes has very low free Ca®* levels and is electrically negative relative to the intestine
lumen, which subsequently generates an electrochemical gradient to drive Ca** across the
apical brush border membrane into the enterocytes. Enterocytes from the Atlantic cod
(Gadus morhua) demonstrated a presence of voltage-gated L-type Ca®* channels mainly
located on the apical side of the cell which suggests the involvement of these channels in

the entry of Ca*" into the enterocytes (Larsson et al., 1998). The subsequent basolateral
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extrusion of Ca®* to the extracellular fluid occurs via transporters which include Ca*'-
ATPase (Flik et al., 1996). Arjmandi et al. (1994) showed that E2 administration in rats
promotes intestinal absorption of Ca®" in vivo. The latter supports the idea that there is a
route whereby Ca®* can be absorbed from the intestine, which could potentially fulfil the
increased need of Ca®" in female fish, to support the vitellogenic growth of oocytes during

gonadal maturation.

The present study draws attention to the potential for estrogens to influence the
calcification process by the intestine of marine fish. In an elegant study by Fuentes et al.
(2010) it has been reported that endocrine factors such as the parathyroid hormone-related
protein (PTHrP) and stanniocalcin 1 have an antagonistic action in the control of Ca** and
HCO3; movement in the intestine of seawater fish such as sea bream (Sparus auratus).
PTHrP increased Ca®* uptake and reduced HCO;3 secretion, whereas stanniocalcin 1 had
the opposite effect, reversing Ca®* net flux from absorptive to secretory, and promoting
intestinal HCOj3" secretion. In their in vitro study Fuentes et al. (2010) measured the HCO3;
and Ca®" transport rates but did not measure the CaCO; precipitation process itself. The
present study is therefore the first to investigate any hormonal regulation of the production
and excretion of CaCOg precipitates by the intestine of marine fish in vivo, and the first to
show the potential for estrogenic control of this process. Having shown this using
exogenous (implants) of E2, this raises the question of whether natural elevation of
endogenous estrogens (as occurs during sexual maturation of female fish) will have a

similar effect. This may be important to know for two reasons. Firstly, whether estrogens in

sexually maturing females act directly on the intestine to control carbonate precipitation,
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the supply of Ca** for gonadal uptake, and ultimately affect osmoregulation. Secondly, it
may help in refining estimates of the global contribution of marine fish to the inorganic
carbon cycle via their gut excretion of CaCO3 precipitates (Wilson et al., 2009). Currently
such spatial models of carbonate production by fish populations do not differentiate
between immature and sexually mature fish, apart from considering body size (Jennings

and Wilson, 2009; Wilson et al., 2009).

5.3 Effect of E2 on calcium homeostasis

The implantation with E2 revealed a significant increase in plasma Ca®* levels. It is
interesting to note that intraperitoneal injection of E2 in freshwater acclimated fish, rather
than seawater acclimated fish such as in the present study, had no effect on Ca?* absorption
across the intestine of rainbow trout given 10 pug E2/g body mass (Mugiya and Ichi, 1981).
However, freshwater fish are constantly faced with an osmotic water influx and therefore
have extremely low drinking rates (Flik and Verbost, 1993). In freshwater fish that are not
feeding, the gut is therefore much less important than the gills in terms of uptake of
exogenous Ca”* (Perry and Wood, 1985). E2 treatment of freshwater rainbow trout
Oncorhynchus mykiss increases the uptake of Ca** from the water (presumably via the
gills) along with mobilization from scales (Carragher and Sumpter, 1991; Persson et al.,

1994, 1995, 1998) during the induction of vitellogenin.

5.4 Effect of E2 on the plasma and the white muscle osmoregulatory variables
Several previous studies have presented a negative effect of E2 on the osmoregulatory

performance and ion balance in freshwater, seawater and euryhaline fish following acute
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transfer between different salinities (Madsen and Korsgaard, 1991; Coimbra et al., 1993;
Vijayan et al., 2001). Our study, however, showed no overall effect on the ability to
maintain plasma osmolality or muscle water content, despite evidence in support of an
inhibition of the ion transport processes in the intestine that are associated with water
absorption. In a previous study, the whole body water content of three-spined sticklebacks
(Gasterosteus aculeatus) and the plasma osmolality of rainbow trout, were not affected
during a 24 hour seawater challenge after exposure to ethinylestradiol in freshwater, and
both species were able to hypo-osmoregulate effectively (Al-Jandal et al., submitted,
Chapter 3). The reason for the differences between our data and that published in the
literature are not entirely clear but may be a consequence of the dose of E2 chosen or
physiological differences in responsiveness between the fish used in each study, or
differences between acute salinity challenges (previous studies) and fish maintained in a

constant salinity for the present study.

Plasma [Na'] and [CI] showed a significant decrease at the high E2 dose, which suggests
that these fish were not compromised in their ability to excrete excess Na* and CI” from
their plasma (performed by the gills) and no overall osmoregulatory stress was detected
(plasma or muscle). Indeed, fish undergoing treatment with E2 appeared better able to
hypo-regulate Na*and CI” (relative to their ambient sea water) compared to the control fish.
In a previous study we have found that male freshwater trout exposed to waterborne EE2 at
5 ng/l were also better able to hypo-regulate plasma Na* compared to controls during a
subsequent seawater challenge (Al-Jandal et al., submitted, Chapter 3). The results suggest

that the fish were able to compensate and hypo-osmoregulate despite the changes taking
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place in the intestine. The potential mechanisms by which estrogenic stimulation may

improve hypo-regulation of these plasma ions remains to be investigated.

5.5 Effect of E2 on ion and water handling processes in the intestine
The intestine of seawater fish plays an essential role in compensating for whole body
osmotic water loss. We hypothesised that the treatment with E2 may induce a negative
effect on bicarbonate secretion and calcium carbonate precipitation by the intestine and in
turn the rate of intestinal water absorption. The present data supports this hypothesis.
Although the actual transport rates of Na*, CI', and HCO3 by the intestine were not
measured, the concentration of these ions within the intestinal fluid observed across
treatments were affected by E2 in a manner consistent with changes in transport. Similarly,
the measured excretion of precipitated calcium carbonates was also substantially reduced.
Furthermore, the intestinal concentration of sulphate (used as a surrogate marker for fluid
absorption) indicated that fractional absorption of water by the intestine was also reduced
by E2. A potential caveat to this statement is that E2 could have increased the intestinal
absorption of SO,% and the apparent change in fluid absorption is in fact an artefact of
lowered intestinal [SO,*] rather than fluid movements. However, assuming that sulphate
transport was not affected, and close to negligible as previously found (Hickman, 1968;
Genz et al., 2008), a reduction in the intestinal water absorption can occur for the two
reasons described below.

(1) Reduction in solute-linked water absorption driven by apical NaCl cotransport and

CI/HCOj3; exchange in the intestine:
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There was a general pattern of increased intestinal Na* and CI° concentrations and
decreased plasma Na* and CI” concentration in response to E2. Together with the reduction
in HCOs™ levels in the intestinal fluid, these data suggest a reduction in Na* and CI
absorbed by the intestine via both NaCl cotransport and via CI/HCO;3; exchange. Both
these transport systems drive an important fraction of the net water absorption in the
intestine of marine fish (Grosell, 2006; Grosell et al., 2009; Whittamore et al., 2010), so
any inhibition of these processes would be expected to directly interfere with water
absorption. Usually, the intestinal absorption of the Na* and CI" from the ingested seawater
is followed by water absorption, leaving behind the poorly absorbed Mg®* and SO, in

elevated concentrations in the intestinal fluid (Smith, 1930; Grosell et al., 2001).

E2 has been found to reduce the Na'/K" ATPase activity in the gills of salmonids (Madsen
et al., 1997). Although the same basolateral transporter is the underlying driving force for
apical NaCl co-transport in the intestine, we can only speculate at this stage as to whether
E2 has a direct influence on any of the individual transporters involved in NaCl uptake or
CI'/THCO3" exchange within the intestine of marine fish, which could include any of the
various apical and basolateral transport components involved (Grosell et al., 2007;
Whittamore et al. 2010). However, it is worth pointing out that using an in vitro preparation
of the toadfish intestine, Tresguerres et al. (2010) found no effect of luminally applied E2
on the short circuit current under symmetrical conditions. This suggests that E2 may not

necessarily influence NaCl cotransport.
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Estrogen was found to act through estrogen receptors to modulate fluid reabsorption in the
adult mouse efferent ductules of the reproductive tract by regulating the expression of ion
transporters involved in Na* and CI" movement (Lee et al., 2001). Furthermore, it has been
found that E2 can inhibit CI” transport processes in the isolated distal colon of female rats
(Condliffe et al., 2001), showing the potential E2-driven mechanisms for regulating ion

transport processes in the intestine of other vertebrates.

(2) Reduced water absorption due to decreased precipitation of Ca* and Mg**
carbonates:

Another potential cause for reduced water absorption in the present study is the
significantly decreased production of carbonate precipitates within the intestine. The
divalent cations Ca** and Mg** present in the ingested seawater are poorly absorbed by the
intestine and would become extremely concentrated in the intestine because of water
absorption driven by the previous described mechanisms (Wilson et al., 2002). The
prevention of excessive accumulation of these cations by precipitation as their insoluble
carbonates normally aids in both Ca®* homeostasis (preventing excessive intestinal
absorption) and in promoting further water absorption by reducing intestine fluid
osmolality (Wilson et al., 2002; Wilson and Grosell, 2003). The reduction in CaCOs
excretion associated with reduced intestinal fluid HCOj3™ levels in response to E2 would
presumably mean that less water absorption is driven by this alkaline precipitation
mechanism. However, although CaCOj is predicted to permit additional fluid absorption by
the intestine, there is currently no direct experimental evidence that this process of CaCO;

formation drives intestinal fluid absorption (Wilson et al., 2002; Whittamore et al., 2010).
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6. CONCLUSION

Studying Ca®* balance has mostly focused on freshwater and euryhaline fish rather than
marine fish especially with regard to the intestine as an osmoregulatory organ. Our novel
finding is that E2 induces a major Ca*" accumulation in plasma and muscle which is in
parallel with plasma vitellogenin increases, and reduces calcium carbonate production by
the intestine in seawater-acclimated rainbow trout. The findings reported here have
implications for understanding of at least three areas of marine teleost biology. Firstly, the
physiology of intestinal CaCO3 production and associated ion transport mechanisms in
relation to natural reproductive maturation in female teleosts. Secondly, the potential for
exogenous xenoestrogens to influence these processes. Thirdly, they might help to refine
the model estimates of CaCO; production by marine teleost fish and subsequently their

contribution to the global inorganic carbon cycle (Wilson et al., 2009).
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Endocrine disrupting chemicals are a pervasive problem, and have become a major issue in
the scientific community and the public due to their widespread occurrence and deleterious
effects in animals. The effect of endocrine disruptors in wildlife is not yet fully understood
and it is strongly believed that these chemicals are far more widespread than what is
currently confirmed. Further research is required in this field besides the effects on
reproduction, as many other physiological systems are regulated by hormonal systems, such
as osmoregulation. For this PhD study | have focused my attention on the effect of several
endocrine disrupting chemicals on the osmo- and iono-regulatory functions of euryhaline
teleost fish. The results have indicated significant and largely negative effects on these vital

processes and have highlighted some interesting avenues for future investigation.

When studying osmoregulatory variables, using plasma is the most common strategy to
achieve fundamental information, whereas some studies have examined other tissues (e.g.
muscle or carcass) as a source of osmoregulatory parameters, particularly when a source of
plasma is limited for any reason (e.g. small animal size, or all the plasma available is
required for other parameter measurements). However, the latter approach using tissues has
never been rigorously validated as a suitable surrogate for all the potential osmoregulatory
variables that can be measured in plasma. In the present study, such a validation was
attempted, and has highlighted to fish physiologist the most robust variables that can be
directly compared between plasma and tissue compartments (Chapter 2; Al-Jandal and
Wilson, 2011). The results obtained presented a reciprocal changes between the plasma
osmolality and the body water content, and parallel changes for most (but not all) of the

ions that are of routine interest in such studies. This information has been directly useful in
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a comparative study of two euryhaline species of different body size in Chapter 3 of the
present PhD study (Al-Jandal et al., submitted), and should be of value to other studies that
involve similar comparisons. This study provided the first useful methodical tool and clear
description of how the plasma and tissue analyses correlate. This information will be of
particular interest to osmoregulatory physiologists that work in species in which plasma

sampling is troublesome.

One of the endocrine disrupting chemicals of great concern examined was the synthetic
estrogen 17a-ethinylestradiol (EE2). It is used commonly in the contraceptive pill, and
known for its high potency, occurrence, and persistent nature (Santos et al., 2007).
Measured concentrations in UK freshwaters can reach 3.4 ng/l (Williams et al., 2003). This
study presented the ability to expose two different species (different body size) in the same
exposure conditions to avoid any practical differences that might a ffect the direct
comparison. The results showed different sensitivity or response to endocrine disruptors
differs between species. For example, rainbow trout (Onchorhynchus mykiss) showed a
higher sensitivity when exposed to EE2 in comparison to the three-spined sticklebacks
(Gasterosteus aculeatus), at least in terms of plasma vitellogenin induction (see Chapter 3;

Al-Jandal et al., submitted).

The study of EE2 on the osmoregulatory capability of the three-spined stickleback
(Gasterosteus aculeatus) and rainbow trout (Onchorhynchus mykiss) revealed a particularly
intriguing effect of this estrogen on calcium homeostasis, as internal Ca®* levels were

upregulated in both species despite their very different responses in terms of vitellogenin
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induction. Estrogenic stimulation of vitellogenin production and Ca®** accumulation
normally go hand-in-hand, so to observe a separation of these processes in the sticklebacks
(no vitellogenin but elevated carcass Ca®*) suggests differential sensitivity of the liver
vitellogenin production and the uptake of environmental Ca®* via the osmoregulatory

organs.

Calcium balance in freshwater, seawater and euryhaline fish is controlled by a flexible
combination of branchial uptake, absorption in the gut and renal excretion which are
considered as essential processes for Ca** homeostasis. It would be interesting to further
investigate Ca”* dynamics after the exposure to EE2 to dissect out which of these organs
and transport systems are primarily involved in the changes in internal Ca*" levels in
response to this endocrine disruption. The precise molecular mechanism by which EE2 may
modulate Ca®* regulation (in the absence of vitellogenesis) will be of great interest. An
attempt was made to investigate this further in the present PhD study, but the number of
male three-spined sticklebacks required was unfortunately too large to carry out the planned
experiments. Instead, a further study (Chapter 5, Al-Jandal et al., submitted) was carried out
to examine the effect of another estrogen (17p-estradiol; E2) on Ca®* and water balance
with a particular focus on the calcification process in the gut which is known to limit
excessive Ca?* uptake and promote water absorption under normal circumstances in
seawater fish. A number of previous studies have examined the effect of endocrine
disrupting chemicals on Ca** balance in freshwater teleosts, whereas the effect of estrogens
on Ca®* balance in marine fish and specifically the role of the gut was first examined in the

present PhD study. The data obtained makes an important contribution to the role of
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estrogenic compounds on the regulation of Ca®* transport by the gut of marine fish
especially when considering female fish with high estrogen levels during the natural
maturing process. The present findings will also have potentially important repercussions
for understanding how fish within pollution-related studies when considering
environmental endocrine disruptors, although this is likely to be limited in geographical

location to areas close to coastlines with large human populations.

The estrogenic control of gut CaCOg3 production in fish also has intriguing implications for
an environmental issue of global significance, given the recently discovered contribution of
gut calcium carbonate excretion to the total input of precipitated carbonate minerals into the
marine inorganic carbon cycle (Wilson et al., 2009). After the industrial revolution there
was an increase in the production of CO5, this atmospheric build up of CO, dissolves in the
ocean which makes the ocean more acidic that in turn changes the seawater carbonate
chemistry which is expected to affect the production of the marine calcifying microalgae.
The high concentration of Ca** in the ocean reacts with the bicarbonate producing insoluble
calcium carbonate in the process of calcification (Figure 1). The vast majority of oceanic
calcification is known to be from planktonic organisms (Feely et al., 2004) and is
conventionally attributed to coccolithophores and foraminifera in particular. In the past,
scientists have believed that the ocean’s supply of CaCOjz; minerals (e.g. calcite and
aragonite), which dissolve to make seawater more alkaline, came primarily from the
external skeletons of microscopic marine plankton. However, Wilson et al. (2009) revealed
that fish contribute a significant fraction of the ocean calcium carbonate production as a by-

product of their osmoregulatory need to drink a large volume of seawater, and in turn this
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Figure 1: Schematic diagram showing the contribution of marine fish to the marine
inorganic carbon cycle. Marine teleosts produce carbonate precipitates in the upper layer (=
500 m). Any carbonates that dissolve in shallow waters (e.g. <1 km deep) could make a
major contribution to restoring the pH and alkalinity in the surface waters as vertical
circulation within this region is rapid. If fish carbonates sink to the much deeper ocean
before dissolving then the restoration of alkalinity (bicarbonate) and pH in the surface
ocean will be much slower as vertical mixing across this depth will take 500-1000 years
(Millero, 2007). Furthermore, dissolution may not occur at all if fish carbonates are buried
within deep sediments, in which case they will not help to restore the pH balance of the
surface ocean.

non-skeletal, piscine source of CaCO3; may have important influences the pH balance in the

ocean.

As mentioned earlier the gut plays a major role in osmoregulation in seawater fish and part
of this involves the production of calcium carbonate (CaCQOj3). The responses observed to
an experimentally applied estrogen raise the possibility that estrogens (both natural

endogenous levels and uptake of exogenous contaminants) may influence this process in
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the gut, and therefore might affect the percentage of CaCOj3 contribution in the ocean by
marine fish as modelled by Wilson et al. (2009). The results presented in Chapter 5 reveal
potentially important insights into this crucial process in the fish gut. Although the results
obtained from this study showed a significant effect on CaCOj3 production, the effect on the
global contribution of fish to the marine inorganic carbon cycle in the real environment
might not be big when considering the following:

1. Fish body size, where the large sexually mature fish are small contributors to the
carbonate production in comparison to the small juvenile fish (Wilson et al., 2009).

2. Maturation cycle is seasonal rather than continuous for individual adult fish,
therefore although the effect of estrogens on fish gut production of CaCOsj; is
important during sexual maturation, the overall effect of estrogens on the percentage
of contribution of fish is globally is not likely to be large on this scale when
considering whole populations.

3. When considering the synthetic estrogens, the presence of these in the marine
environment is low due to the high dilution, therefore, the effect of endocrine
disruptors is likely to be localised to areas next to the coast, and hence the
contribution to the global cycle in the open ocean is not likely to be high.

4. Fish gender plays a role in the matter of natural estrogens, where in this PhD the
effect of an endogenous estrogen was examined in female fish only, whereas in the
ocean (real environment) there are male and female fish. But when considering the
synthetic estrogens from environmental pollution and their effect on fish, in that

case the male fish might be included, where the vitellogenin synthesis will occur

163



Chapter 6

due to the exposure to the endocrine disruptors and therefore might affect the

CaCOg production in male fish too.

It would be very interesting to investigate the effect of more endocrine disrupting chemicals
on intestinal carbonate precipitation and osmoregulation. In particular, studying the effect
of nonylphenol effect on the intestinal carbonate precipitation of other euryhaline species
(e.g. flounder) would be of value, given the environmental relevance of this chemical, and
the rapid movements of this species between freshwater and seawater extremes during tidal
salinity changes within their estuarine environment. Nonylphenol has been shown to mimic
the effect of estradiol and it is a ubiquitous contaminant in water, sediment, and fauna (Lye
et al., 1999; Gibson et al., 2005; Jin et al., 2008). The chance for the presence of
nonylphenol in the sewage effluent in the estuaries where the flounder might exist will be a
good rationale for investigation of the effect of nonylphenol on the CaCO3 production in

flounder.

The effect of nonylphenol on euryhaline fish was investigated in this study. Unfortunately,
the aim of the study was hampered by a technical error and the data could not be
investigated further. Although there were not high quality data to include and provide a lot
of useful information to add to the thesis, it is important to include this study in the thesis

for the scientist in the field to learn from our mistakes.

In general, these studies make an important contribution to the field of natural endocrine

control processes as well as endocrine disruption showing that these chemicals have effects

164



Chapter 6

on euryhaline osmoregulation. The results indicated either an improvement of hypo-
osmoregulation after exposure to endocrine disruptor in seawater (Chapter 3 and Chapter
5), or negative effect on osmoregulation as a process itself. This study provided two aspects
of research, which were physiological (Chapter 2 and Chapter 5), and ecotoxicological
(Chapter 3 and Chapter 4) to cover as much range of endocrine disruptors and different

exposure scenarios (waterborne, endogenous implant).

165



REFERENCES

REFERENCES

166



REFERENCES

Ackermann, G. E., Schwaiger, J., Negele, R. D. and Fent, K. (2002). Effects of long-
term nonylphenol exposure on gonadal development and biomarkers of estrogenicity in
juvenile rainbow trout (Oncorhynchus mykiss). Aquatic Toxicology 60, 203-221.

Ahel, M. and Giger, W. (1993). Aqueous solubility of alkylphenols and alkylphenol
polyethoxylates. Chemosphere 26, 1461-1470.

Ahel, M., Giger, W. and Koch, M. (1994). Behaviour of alkylphenol polyethoxylate
surfactants in the aquatic environment-l. Occurrence and transformation in sewage
treatment. Water Research 28, 1131-1142.

Ahel, M., McEvoy, J. and Giger, W. (1993). Bioaccumulation of the lipophilic
metabolites of nonionic surfactants in freshwater organisms. Environmental Pollution 79,
243-248.

Ahel, M., Schaffner, C. and Giger, W. (1996). Behaviour of alkylphenol polyethoxylate
surfactants in the aquatic environment- I11. Occurrence and elimination of their persistent
metabolites during infiltration of river water to groundwater. Water Research 30, 37-46.

Al-Jandal, N. J. and Wilson, R. W. A comparison of osmoregulatory responses in plasma
and tissues of rainbow trout (Oncorhynchus mykiss) following acute salinity challenges.
Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology
159, 175-181.

Andersson, C., Katsiadaki, I., Lundstedt-Enkel, K. and Orberg, J. (2007). Effects of 17
a-ethynylestradiol on EROD activity, spiggin and vitellogenin in three-spined stickleback
(Gasterosteus aculeatus). Aquatic Toxicology 83, 33-42.

Angus, R. A, Stanko, J., Jenkins, R. L. and Watson, R. D. (2005). Effects of 17a-
ethynylestradiol on sexual development of male Western mosquitofish (Gambusia affinis).
Comparative Biochemistry and Physiology - Part C: Toxicology & Pharmacology 140,
330-3309.

Ankley, G. T., Jensen, K. M., Kahl, M. D., Korte, J. J. and Makynen, E. A. (2001).
Description and evaluation of a short-term reproduction test with the fathead minnow
(Pimephales promelas). Environmental Toxicology and Chemistry 20, 1276-1290.

Arcand-Hoy, L. D. and Benson, W. H. (1998). Fish reproduction: An ecologically
relevant indicator of endocrine disruption. Environmental Toxicology and Chemistry 17,
49-57.

Arjmandi, B. H., Hollis, B. W. and Kalu, D. N. (1994). In vivo effect of 17p-estradiol on
intestinal calcium absorption in rats. Bone and Mineral 26, 181-189.

167



REFERENCES

Armour, K. J., Lehane, D. B., Pakdel, F., Valotaire, Y., Russell, R. G. G. and
Henderson, 1. W. (1997). Estrogen receptor mRNA in mineralized tissues of rainbow
trout: calcium mobilization by estrogen. FEBS Letters 411, 145-148.

Arsenault, J. T. M., Fairchild, W. L., MacLatchy, D. L., Burridge, L., Haya, K. and
Brown, S. B. (2004). Effects of water-borne 4-nonylphenol and 17B-estradiol exposures
during parr-smolt transformation on growth and plasma IGF-1 of Atlantic salmon (Salmo
salar L.). Aquatic Toxicology 66, 255-265.

Arukwe, A. and Goksgyr, A. (2003). Eggshell and egg yolk proteins in fish: hepatic
proteins for the next generation: oogenetic, population, and evolutionary implications of
endocrine disruption. Comparative Hepatology 2, 4.

Arukwe, A., Knudsen, F. R. and Goksoyr, A. (1997). Fish zona radiata (eggshell)
protein: A sensitive biomarker for environmental estrogens. Environmental Health
Perspectives 105, 418-422.

Arukwe, A., Kullman, S. W. and Hinton, D. E. (2001). Differential biomarker gene and
protein expressions in nonylphenol and estradiol-17p treated juvenile rainbow trout
(Oncorhynchus mykiss). Comparative Biochemistry and Physiology - Part C: Toxicology &
Pharmacology 129, 1-10.

Balch, G. and Metcalfe, C. (2006). Developmental effects in Japanese medaka (Oryzias
latipes) exposed to nonylphenol ethoxylates and their degradation products. Chemosphere
62, 1214-1223.

Balch, G. C., Mackenzie, C. A. and Metcalfe, C. D. (2004). Alterations to gonadal
development and reproductive success in Japanese medaka (Oryzias latipes) exposed to
17a-ethinylestradiol. Environmental Toxicology and Chemistry 23, 782-791.

Bangsgaard, K., Madsen, S. S. and Korsgaard, B. (2006). Effect of waterborne exposure
to 4-tert-octylphenol and 17 beta-estradiol on smoltification and downstream migration in
Atlantic salmon, Salmo salar. Aquatic Toxicology 80, 23-32.

Barse, A. V., Chakrabarti, T., Ghosh, T. K., Pal, A. K. and Jadhao, S. B. (2007).
Endocrine disruption and metabolic changes following exposure of Cyprinus carpio to
diethyl phthalate. Pesticide Biochemistry and Physiology 88, 36-42.

Bartels, H. and Potter, 1. C. (2004). Cellular composition and ultrastructure of the gill
epithelium of larval and adult lampreys: Implications for osmoregulation in fresh and
seawater. Journal of Experimental Biology 207, 3447-3462.

Bath, R. N. and Eddy, F. B. (1979). Salt and water-balance in rainbow trout (Salmo
gairdneri) rapidly transferred from fresh water to sea water. Journal of Experimental
Biology 83, 193-202.

168



REFERENCES

Beaumont, M. W., Taylor, E. W. and Butler, P. J. (2000). The resting membrane
potential of white muscle from brown trout (Salmo trutta) exposed to copper in soft, acidic
water. J. Exp. Biol. 203, 2229-2236.

Belfroid, A. C., Van der Horst, A., Vethaak, A. D., Schafer, A. J., Rijs, G. B. J,,
Wegener, J. and Cofino, W. P. (1999). Analysis and occurrence of estrogenic hormones
and their glucuronides in surface water and waste water in The Netherlands. Science of The
Total Environment 225, 101-108.

Bell, A. M. (2001). Effects of an endocrine disrupter on courtship and aggressive behaviour
of male three-spined stickleback, Gasterosteus aculeatus. Animal Behaviour 62, 775-780.

Bergink, E. W. and Wallace, R. A. (1974). Precursor-product relationship between
amphibian vitellogenin and yolk proteins, lipovitellin and phosvitin. Journal of Biological
Chemistry 249, 2897-2903.

Bijvelds, M. J., Velden, J. A, Kolar, Z. I. and Flik, G. (1998). Magnesium transport in
freshwater teleosts. Journal of Experimental Biology 201, 1981-1990.

Bijvelds, M. J. C., Flik, G., Kolar, Z. I. and Bonga, S. E. W. (1996). Uptake, distribution
and excretion of magnesium in Oreochromis mossambicus: Dependence on magnesium in
diet and water. Fish Physiology and Biochemistry 15, 287-298.

Bjerregaard, L., Madsen, A., Korsgaard, B. and Bjerregaard, P. (2006). Gonad
histology and vitellogenin concentrations in brown trout (Salmo trutta) from Danish
streams impacted by sewage effluent. Ecotoxicology 15, 315-327.

Bjornsson, B. T. (1997). The biology of salmon growth hormone: from daylight to
dominance. Fish Physiology and Biochemistry 17, 9-24.

Bjornsson, B. T. and Nilsson, S. (1985). Renal and extra-renal excretion of calcium in the
marine teleost, Gadus morhua. American Journal of Physiology - Regulatory, Integrative
and Comparative Physiology 248, R18-R22.

Blackburn, M. A., Kirby, S. J. and Waldock, M. J. (1999). Concentrations of alkyphenol
polyethoxylates entering UK estuaries. Marine Pollution Bulletin 38, 109-118.

Bon, E., Barbe, U., Rodriguez, J. N., Cuisset, B., Pelissero, C., Sumpter, J. P. and Le
Menn, F. (1997). Plasma vitellogenin levels during the annual reproductive cycle of the
female rainbow trout (Oncorhynchus mykiss): Establishment and validation of an ELISA.
Comparative Biochemistry and Physiology B: Molecular & Integrative Physiology 117, 75-
84.

Brian, J. V., Beresford, N., Walker, J., Pojana, G., Fantinati, A., Marcomini, A. and
Sumpter, J. P. (2009). Hypoxia does not influence the response of fish to a mixture of
estrogenic chemicals. Environmental Science & Technology 43, 214-218.

169



REFERENCES

Brion, F., Tyler, C. R., Palazzi, X., Laillet, B., Porcher, J. M., Garric, J. and
Flammarion, P. (2004). Impacts of 17p-estradiol, including environmentally relevant
concentrations, on reproduction after exposure during embryo-larval-, juvenile- and adult-
life stages in zebrafish (Danio rerio). Aquatic Toxicology 68, 193-217.

Burkhardt-Holm, P. (2010). Endocrine disruptors and water quality: A state-of-the-art
review. International Journal of Water Resources Development 26, 477-493.

Cajthaml, T., Kresinova, Z., Svobodova, K., Sigler, K. and Rezanka, T. (2009).
Microbial transformation of synthetic estrogen 17a-ethinylestradiol. Environmental
Pollution 157, 3325-3335.

Caldwell, D. J., Mastrocco, F., Hutchinson, T. H., Lange, R., Heijerick, D., Janssen,
C., Anderson, P. D. and Sumpter, J. P. (2008). Derivation of an aquatic predicted no-
effect concentration for the synthetic hormone, 17a-ethinylestradiol. Environmental
Science & Technology 42, 7046-7054.

Cameron, J. N. (1985). The bone compartment in a teleost fish, Ictalurus punctatus: size,
composition and acid-base response to hypercapnia. Journal of Experimental Biology 117,
307-318.

Carlsen, E., Giwercman, A., Keiding, N. and Skakkebaek, N. E. (1992). Evidence for
decreasing quality of semen during past 50 years. British Medical Journal 305, 609-613.

Carragher, J. F. and Sumpter, J. P. (1991). The mobilization of calcium from calcified
tissues of rainbow trout (Oncorhynchus mykiss) induced to synthesize vitellogenin.
Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology
99, 169-172.

Carragher, J. F., Sumpter, J. P., Pottinger, T. G. and Pickering, A. D. (1989). The
deleterious effects of cortisol implantation on reproductive function in two species of trout,
Salmo trutta L. and Salmo gairdneri Richardson. General and Comparative Endocrinology
76, 310-321.

Carrera, E. P., Garcia-Lopez, A., del Rio, M. D. M., Martinez-Rodriguez, G., Sole, M.
and Mancera, J. M. (2007). Effects of 17p-estradiol and 4-nonylphenol on osmoregulation
and hepatic enzymes in gilthead sea bream (Sparus auratus). Comparative Biochemistry
and Physiology - Part C: Toxicology & Pharmacology 145, 210-217.

Cataldi, E., Mandich, A., Ozzimo, A. and Cataudella, S. (2005). The interrelationships
between stress and osmoregulation in a euryhaline fish, Oreochromis mossambicus.
Journal of Applied Ichthyology 21, 229-231.

Ceéspedes, R., Petrovic, M., Raldua, D., Saura, U., Pina, B., Lacorte, S., Viana, P. and
Barcelo, D. (2004). Integrated procedure for determination of endocrine-disrupting activity
in surface waters and sediments by use of the biological technique recombinant yeast assay

170



REFERENCES

and chemical analysis by LC-ESI-MS. Analytical and Bioanalytical Chemistry 378, 697-
708.

Chang, B. V., Yu, C. H. and Yuan, S. Y. (2004). Degradation of nonylphenol by
anaerobic microorganisms from river sediment. Chemosphere 55, 493-500.

Chen, J. Q., Brown, T. R. and Russo, J. (2009). Regulation of energy metabolism
pathways by estrogens and estrogenic chemicals and potential implications in obesity
associated with increased exposure to endocrine disruptors. Biochimica Et Biophysica Acta-
Molecular Cell Research 1793, 1128-1143.

Christiansen, L. B., Pedersen, K. L., Korsgaard, B. and Bjerregaard, P. (1998).
Estrogenicity of xenobiotics in rainbow trout (Oncorhynchus mykiss) using in vivo
synthesis of vitellogenin as a biomarker. Marine Environmental Research 46, 137-140.

Christiansen, L. B., Pedersen, K. L., Pedersen, S. N., Korsgaard, B. and Bjerregaard,
P. (2000). In vivo comparison of xenoestrogens using rainbow trout vitellogenin induction
as a screening system. Environmental Toxicology and Chemistry 19, 1867-1874.

Clouzot, L., Doumengq, P., Vanloot, P., Roche, N. and Marrot, B. (2010). Membrane
bioreactors for 17a-ethinylestradiol removal. Journal of Membrane Science 362, 81-85.

Clouzot, L., Marrot, B., Doumeng, P. and Roche, N. (2008). 17a-ethinylestradiol: An
endocrine disrupter of great concern. Analytical methods and removal processes applied to
water purification. A review. Environmental Progress 27, 383-396.

Coimbra, J., Carraga, S., Ribeiro, M. L. and Reis-Henriques, M. A. (1993). Time-
course effects of repetitive 17p-estradiol and progesterone injections on the osmoregulatory
capacity of freshwater acclimated rainbow trout (Oncorhynchus mykiss) Comparative
Biochemistry and Physiology Part A: Physiology 105, 437-442.

Colborn, T., Saal, F. S. V. and Soto, A. M. (1993). Developmental effects of endocrine-
disrupting chemicals in wildlife and humans. Environmental Health Perspectives 101, 378-
384.

Comber, M. H. 1., Williams, T. D. and Stewart, K. M. (1993). The effects of
nonylphenol on Daphnia magna. Water Research 27, 273-276.

Condliffe, S. B., Doolan, C. M. and Harvey, B. J. (2001). 17B-Oestradiol acutely
regulates CI” secretion in rat distal colonic epithelium. The Journal of Physiology 530, 47-
54.

Correia, A. D, Freitas, S., Scholze, M., Goncalves, J. F., Booij, P., Lamoree, M. H.,
Mananos, E. and Reis-Henriques, M. A. (2007). Mixtures of estrogenic chemicals
enhance vitellogenic response in sea bass. Environmental Health Perspectives 115, 115-
121.

171



REFERENCES

Costa, D. D. M., Neto, F. F., Costa, M. D. M., Morais, R. N., Garcia, J. R. E., Esquivel,
B. M. and Ribeiro, C. A. O. (2010). Vitellogenesis and other physiological responses
induced by 17B-estradiol in males of freshwater fish Rhamdia quelen. Comparative
Biochemistry and Physiology - Part C: Toxicology & Pharmacology 151, 248-257.

Cowey, C. B., Knox, D., Adron, J. W., George, S. and Pirie, B. (1977). Production of
renal calcinosis by magnesium-deficiency in rainbow trout (Salmo gairdneri). British
Journal of Nutrition 38, 127-&.

de Alda, M. J. L. and Barcel6, D. (2001). Review of analytical methods for the
determination of estrogens and progestogens in waste waters. Fresenius Journal of
Analytical Chemistry 371, 437-447.

de Jager, C., Bornman, M. S. and Oosthuizen, J. M. C. (1999). Il. The effect of p-
nonylphenol on the fertility potential of male rats after gestational, lactational and direct
exposure. Andrologia 31, 107-113.

Desbrow, C., Routledge, E. J., Brighty, G. C., Sumpter, J. P. and Waldock, M. (1998).
Identification of estrogenic chemicals in STW effluent. 1. Chemical fractionation and in
vitro biological screening. Environmental Science & Technology 32, 1549-1558.

Dorabawila, N. and Gupta, G. (2005). Endocrine disrupter - estradiol - in Chesapeake
Bay tributaries. Journal of Hazardous Materials 120, 67-71.

Edwards, D. P. (2005). Regulation of signal transduction pathways by estrogen and
progesterone. Annual Review of Physiology 67, 335-376.

Eidem, J. K., Kleivdal, H., Kroll, K., Denslow, N., van Aerle, R., Tyler, C., Panter, G.,
Hutchinson, T. and Goksoyr, A. (2006). Development and validation of a direct
homologous quantitative sandwich ELISA for fathead minnow (Pimephales promelas)
vitellogenin. Aquatic Toxicology 78, 202-206.

Erkmen, B. and Kolankaya, D. (2009). The relationship between chloride cells and
salinity adaptation in the euryhaline teleost, Lebistes reticulatus. Journal of Animal and
Veterinary Advances 8, 888-892.

Evans, D. (1993). Osmotic and lonic Regulation. In The Physiology of fishes, (ed. D.
Evans), pp. 315-341. New York: CRC Press.

Evans, D. H. (2008). Teleost fish osmoregulation: what have we learned since August
Krogh, Homer Smith, and Ancel Keys. American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology 295, R704-R713.

Evans, D. H., Piermarini, P. M. and Choe, K. P. (2005). The multifunctional fish gill:
Dominant site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiological Reviews 85, 97-177.

172



REFERENCES

Evans, T. G. (2010). Co-ordination of osmotic stress responses through osmosensing and
signal transduction events in fishes. Journal of Fish Biology 76, 1903-1925.

Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J. and
Millero, F. J. (2004). Impact of anthropogenic CO2 on the CaCO3 system in the oceans.
Science 305, 362-366.

Fielder, D. S., Allan, G. L., Pepperall, D. and Pankhurst, P. M. (2007). The effects of
changes in salinity on osmoregulation and chloride cell morphology of juvenile Australian
snapper, Pagrus auratus. Aquaculture 272, 656-666.

Filby, A. L. and Tyler, C. R. (2005). Molecular characterization of estrogen receptors 1,
2a, and 2b and their tissue and ontogenic expression profiles in fathead minnow
(Pimephales promelas). Biology of Reproduction 73, 648-662.

Fletcher, C. R. (1990). Urine production and urination in the plaice Pleuronectes platessa.
Comparative Biochemistry and Physiology - Part A: Physiology 96, 123-129.

Flik, G., Fenwick, J. C., Kolar, Z., Mayergostan, N. and Bonga, S. E. W. (1986).
Effects of ovine prolactin on calcium-uptake and distribution in Oreochromis mossambicus.
American Journal of Physiology 250, R161-R166.

Flik, G., Fenwick, J. C. and Wendelaar Bonga, S. E. (1989). Calcitropic actions of
prolactin in freshwater North American eel (Anguilla rostrata LeSueur). American Journal
of Physiology - Regulatory, Integrative and Comparative Physiology 257, R74-79.

Flik, G., Kaneko, T., Greco, A. M., Li, J. and Fenwick, J. C. (1997). Sodium dependent
ion transporters in trout gills. Fish Physiology and Biochemistry 17, 385-396.

Flik, G., Klaren, P. H. M., Schoenmakers, T. J. M., Bijvelds, M. J. C., Verbost, P. M.
and Bonga, S. E. W. (1996). Cellular calcium transport in fish: Unique and universal
mechanisms. Physiological Zoology 69, 403-417.

Flik, G., Schoenmakers, T. J. M., Groot, J. A, van Os, C. H. and Wendelaar Bonga, S.
E. (1990). Calcium absorption by fish intestine: The involvement of ATP-and sodium-
dependent calcium extrusion mechanisms. Journal of Membrane Biology 113, 13-22.

Flik, G. and Verbost, P. M. (1993). Calcium transport in fish gills and intestine. Journal
of Experimental Biology 184, 17-29.

Foskett, J. K., Bern, H. A., Machen, T. E. and Conner, M. (1983). Chloride cells and the
hormonal-control of teleost fish osmoregulation. Journal of Experimental Biology 106,
255-&.

173



REFERENCES

Fuentes, J., Bury, N. R., Carroll, S. and Eddy, F. B. (1996). Drinking in Atlantic salmon
presmolts (Salmo salar L.) and juvenile rainbow trout (Oncorhynchus mykiss Walbaum) in
response to cortisol and sea water challenge. Aquaculture 141, 129-137.

Fuentes, J., Power, D. M. and Canario, A. V. M. (2010). Parathyroid hormone-related
protein-stanniocalcin antagonism in regulation of bicarbonate secretion and calcium
precipitation in a marine fish intestine. American Journal of Physiology: Regulatory,
Integrative and Comparative Physiology 299, R150-R158.

Fuentes, J., Soengas, J. L., Rey, P. and Rebolledo, E. (1997). Progressive transfer to
seawater enhances intestinal and branchial Na'-K*-ATPase activity in non-anadromous
rainbow trout. Aquaculture International 5, 217-227.

Gagné, F., Andre, C. and Blaise, C. (2005). Increased vitellogenin gene expression in the
mussel Elliptio complanata exposed to estradiol-17p. Fresenius Environmental Bulletin 14,
861-866.

Galloway, T., Cipelli, R., Guralnik, J., Ferrucci, L., Bandinelli, S., Corsi, A. M.,
Money, C., McCormack, P. and Melzer, D. (2010). Daily bisphenol A excretion and
associations with sex hormone concentrations: Results from the INCHIANTI adult
population study. Environmental Health Perspectives 118, 1603-1608.

Galvez, F., Reid, S. D., Hawkings, G. and Goss, G. G. (2002). Isolation and
characterization of mitochondria-rich cell types from the gill of freshwater rainbow trout.
American Journal of Physiology - Regulatory, Integrative and Comparative Physiology
282, R658-R668.

Genz, J., Taylor, J. R. and Grosell, M. (2008). Effects of salinity on intestinal
bicarbonate secretion and compensatory regulation of acid-base balance in Opsanus beta.
Journal of Experimental Biology 211, 2327-2335.

Gercken, J. and Sordyl, H. (2002). Intersex in feral marine and freshwater fish from
northeastern Germany. Marine Environmental Research 54, 651-655.

Gibson, R., Smith, M. D., Spary, C. J., Tyler, C. R. and Hill, E. M. (2005). Mixtures of
estrogenic contaminants in bile of fish exposed to wastewater treatment works effluents.
Environmental Science & Technology 39, 2461-2471.

Giesy, J. P., Pierens, S. L., Snyder, E. M., Miles-Richardson, S., Kramer, V. J.,
Snyder, S. A., Nichols, K. M. and Villeneuve, D. A. (2000). Effects of 4-nonylphenol on
fecundity and biomarkers of estrogenicity in fathead minnows (Pimephales promelas).
Environmental Toxicology and Chemistry 19, 1368-1377.

Gillespie, D. K. and de Peyster, A. (2004). Plasma calcium as a surrogate measure for
vitellogenin in fathead minnows (Pimephales promelas). Ecotoxicology and Environmental
Safety 58, 90-95.

174



REFERENCES

Giwercman, A., Carlsen, E., Keiding, N. and Skakkebaek, N. E. (1993). Evidence for
increasing incidence of abnormalities of the human testis - A review. Environmental Health
Perspectives 101, 65-71.

Giwercman, A., Rylander, L. and Giwercman, Y. L. (2007). Influence of endocrine
disruptors on human male fertility. Reproductive Biomedicine Online 15, 633-642.

Gonzalez, R. J. and McDonald, D. G. (1994). The relationship between oxygen uptake
and ion loss in fish from diverse habitats. Journal of Experimental Biology 190, 95-108.

Gonzalez, R. J. and McDonald, D. G. (1992). The relationship between oxygen
consumption and ion loss in a freshwater fish. Journal of Experimental Biology 163, 317-
332.

Goodhead, R. M. and Tyler, C. (2008). Endocrine disrupting chemicals and their
environmental impacts: Organic pollutants, (ed. C. Walker): CRC Press.

Goss, G. G., Adamia, S. and Galvez, F. (2001). Peanut lectin binds to a subpopulation of
mitochondria-rich cells in the rainbow trout gill epithelium. American Journal of
Physiology - Regulatory, Integrative and Comparative Physiology 281, R1718-R1725.

Grosell, M. (2006). Intestinal anion exchange in marine fish osmoregulation. Journal of
Experimental Biology 209, 2813-2827.

Grosell, M. (2010). The role of the gastrointestinal tract in salt and water balance. In Fish
Physiology, vol. Volume 30, pp. 135-164: Academic Press.

Grosell, M. and Genz, J. (2006). Ouabain-sensitive bicarbonate secretion and acid
absorption by the marine teleost fish intestine play a role in osmoregulation. American
Journal of Physiology - Regulatory, Integrative and Comparative Physiology 291, R1145-
1156.

Grosell, M., Gilmour, K. M. and Perry, S. F. (2007). Intestinal carbonic anhydrase,
bicarbonate, and proton carriers play a role in the acclimation of rainbow trout to seawater.
American Journal of Physiology - Regulatory, Integrative and Comparative Physiology
293, R2099-2111.

Grosell, M., Laliberte, C. N., Wood, S., Jensen, F. B. and Wood, C. M. (2001).
Intestinal HCO3 secretion in marine teleost fish: evidence for an apical rather than a
basolateral CI /HCO3; exchanger. Fish Physiology and Biochemistry 24, 81-95.

Grosell, M., Mager, E. M., Williams, C. and Taylor, J. R. (2009). High rates of HCO3’
secretion and CI" absorption against adverse gradients in the marine teleost intestine: the
involvement of an electrogenic anion exchanger and H*-pump metabolon? Journal of
Experimental Biology 212, 1684-1696.

175



REFERENCES

Grosell, M. and Taylor, J. R. (2007). Intestinal anion exchange in teleost water balance.
Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology
148, 14-22.

Grosell, M., Wood, C. M., Wilson, R. W., Bury, N. R., Hogstrand, C., Rankin, C. and
Jensen, F. B. (2005). Bicarbonate secretion plays a role in chloride and water absorption of
the European flounder intestine. American Journal of Physiology - Regulatory, Integrative
and Comparative Physiology 288, R936-946.

Guerreiro, P. M., Fuentes, J., Canario, A. V. and Power, D. M. (2002). Calcium balance
in sea bream (Sparus aurata): the effect of oestradiol-17p. Journal of Endocrinology 173,
377-385.

Guzman, J. M., Sangiao-Alvarellos, S., Laiz-Carrion, R., Miguez, J. M., Del Rio, M.
D. M., Soengas, J. L. and Mancera, J. M. (2004). Osmoregrulatory action of 17 B-
estradiol in the gilthead sea bream Sparus auratus. Journal of Experimental Zoology 301A,
828-836.

Hahlbeck, E., Katsiadaki, I., Mayer, I., Adolfsson-Erici, M., James, J. and Bengtsson,
B. E. (2004). The juvenile three-spined stickleback (Gasterosteus aculeatus L.) as a model
organism for endocrine disruption Il-kidney hypertrophy, vitellogenin and spiggin
induction. Aquatic Toxicology 70, 311-326.

Handy, R. D., Runnalls, T. and Russell, P. M. (2002). Histopathologic biomarkers in
three spined sticklebacks, Gasterosteus aculeatus, from several rivers in Southern England
that meet the freshwater fisheries directive. Ecotoxicology 11, 467-479.

Haney, D. C. (1999). Osmoregulation in the sheepshead minnow, Cyprinodon variegatus:
Influence of a fluctuating salinity regime. Estuaries 22, 1071-1077.

Hansen, H. J. M., Olsen, A. G. and Rosenkilde, P. (1993). The effect of Cu®* on
osmoregulation in rainbow trout (Oncorhynchus mykiss) assayed by changes in plasma
salinity and gill lipid metabolism. Science of The Total Environment 134, 899-905.

Harris, C. A., Santos, E. M., Janbakhsh, A., Pottinger, T. G., Tyler, C. R. and
Sumpter, J. P. (2001). Nonylphenol affects gonadotropin levels in the pituitary gland and
plasma of female rainbow trout. Environmental Science & Technology 35, 2909-2916.

Haywood, G. P. (1973). Hypo-osmotic regulation coupled with reduced metabolic urea in
the dogfish &It;i&gt;Poroderma africanum&lt;/i&gt;: An analysis of serum osmolarity,
chloride, and urea. Marine Biology 23, 121-127.

Hemmer, M. J., Bowman, C. J., Hemmer, B. L., Friedman, S. D., Marcovich, D.,
Kroll, K. J. and Denslow, N. D. (2002). Vitellogenin mRNA regulation and plasma
clearance in male sheepshead minnows, (Cyprinodon variegatus) after cessation of
exposure to 17 B-estradiol and p-nonylphenol. Aquatic Toxicology 58, 99-112.

176



REFERENCES

Herman, C., Adlercreutz, T., Goldin, B. R., Gorbach, S. L., Hockerstedt, K. A. V.,
Watanabe, S., Hamalainen, E. K., Markkanen, M. H., Makela, T. H., Wahala, K. T. et
al. (1995). Soybean Phytoestrogen Intake and Cancer Risk. The Journal of Nutrition 125,
757S-770S.

Hickman, C. P. (1968). Ingestion, intestinal absorption, and elimination of seawater and
salts in the southern flounder, Paralichthys lethostigma. Canadian Journal of Zoology 46,
457-466.

Hickman Jr., C. P. and Trump, B. F. (1969). The kidney. In Fish Physiology vol. 1 (ed.
W. S. Hoar and D. J. Randall), pp. 91-239. New York: Academic Press.

Hills, A. G. (1974). Acid-Base Balance. Chemistry, Physiology, Pathophysiology. Annals
of Internal Medicine 80, 127-128.

Hoffmann, E. K., Hoffmann, E., Lang, F. and Zadunaisky, J. A. (2002). Control of CI’
transport in the operculum epithelium of Fundulus heteroclitus: Long- and short-term
salinity adaptation. Biochimica et Biophysica Acta (BBA) - Biomembranes 1566, 129-139.

Hotchkiss, A. K., Rider, C. V., Blystone, C. R., Wilson, V. S., Hartig, P. C., Ankley, G.
T., Foster, P. M., Gray, C. L. and Gray, L. E. (2008). Fifteen years after "Wingspread" -
Environmental endocrine disrupters and human and wildlife health: Where we are today
and where we need to go. Toxicological Sciences 105, 235-259.

Howard, J. N. and Ahearn, G. A. (1988). Parallel antiport mechanisms for Na* and CI
transport in herbivorous teleost intestine. Journal of Experimental Biology 135, 65-76.

Huang, C., Zhang, Z. B., Wu, S. M., Zhao, Y. B. and Hu, J. Y. (2010). In vitro and in
vivo estrogenic effects of 17a-estradiol in medaka (Oryzias latipes). Chemosphere 80, 608-
612.

Huang, Y., Ren, H., Sun, Z.-y. and Zhou, Z. I. (2008). Vitellogenin mMRNA expression in
male zebrafish (Danio rerio) induced by nonylphenol and bisphenol-A. Asian Journal of
Ecotoxicology 3, 274-279.

Hutchinson, T. H., Shillabeer, N., Winter, M. J. and Pickford, D. B. (2006). Acute and
chronic effects of carrier solvents in aquatic organisms: A critical review. Aquatic
Toxicology 76, 69-92.

Hwang, I. J., Lee, Y. D., Kim, H. B. and Baek, H. J. (2008). Estrogenic activity of
nonylphenol in marine fish, Hexagrammos otakii, during oocyte development by evaluating
sex steroid levels. Cybium 32, 251-252.

Hwang, P.-P. and Lee, T.-H. (2007). New insights into fish ion regulation and
mitochondrion-rich cells. Comparative Biochemistry and Physiology - Part A: Molecular &
Integrative Physiology 148, 479-497.

177



REFERENCES

Hwang, P. P., Sun, C. M. and Wu, S. M. (1989). Changes of plasma osmolality, chloride
concentration and gill Na*-K*-ATPase activity in tilapia Oreochromis mossambicus during
seawater acclimation. Marine Biology 100, 295-299.

Jennings, S. and Wilson, R. W. (2009). Fishing impacts on the marine inorganic carbon
cycle. Journal of Applied Ecology 46, 976-982.

Jin, F., Hu, J. Y., Liu, J., Yang, M., Wang, F. and Wang, H. (2008). Sequestration of
nonylphenol in sediment from Bohai Bay, North China. Environmental Science &
Technology 42, 746-751.

Jobling, S., Casey, D., Rodgers-Gray, T., Oehlmann, J., Schulte-Oehlmann, U.,
Pawlowski, S., Baunbeck, T., Turner, A. P. and Tyler, C. R. (2003). Comparative
responses of molluscs and fish to environmental estrogens and an estrogenic effluent.
Aquatic Toxicology 65, 205-220.

Jobling, S., Nolan, M., Tyler, C. R., Brighty, G. and Sumpter, J. P. (1998). Widespread
sexual disruption in wild fish. Environmental Science & Technology 32, 2498-2506.

Jobling, S., Sheahan, D., Osborne, J. A., Matthiessen, P. and Sumpter, J. P. (1996).
Inhibition of testicular growth in rainbow trout (Oncorhynchus mykiss) exposed to
estrogenic alkylphenolic chemicals. Environmental Toxicology and Chemistry 15, 194-202.

Jobling, S. and Sumpter, J. P. (1993). Detergent components in sewage effluent are
weakly estrogenic to fish - An in-vitro study using rainbow trout (Oncorhynchus mykiss)
hepatocytes. Aquatic Toxicology 27, 361-372.

Jobling, S. and Tyler, C. R. (2003). Endocrine disruption in wild freshwater fish. Pure
and Applied Chemistry 75, 2219-2234.

Jobling, S., Williams, R., Johnson, A., Taylor, A., Gross-Sorokin, M., Nolan, M.,
Tyler, C. R,, van Aerle, R., Santos, E. and Brighty, G. (2006). Predicted exposures to
steroid estrogens in U.K. rivers correlate with widespread sexual disruption in wild fish
populations. Environmental Health Perspectives 114, 32-39.

Joensen, U. N., Bossi, R., Leffers, H., Jensen, A. A., Skakkebaek, N. E. and Jorgensen,
N. (2009). Do perfluoroalkyl compounds impair human semen quality? Environmental
Health Perspectives 117, 923-927.

John, D. M., House, W. A. and White, G. F. (2000). Environmental fate of nonylphenol
ethoxylates: Differential adsorption of homologs to components of river sediment.
Environmental Toxicology and Chemistry 19, 293-300.

Johnson, A., Tanaka, H., Okayasu, Y. and Suzuki, Y. (2007). Estrogen content and
relative performance of Japanese and British sewage treatment plants and their potential
impact on endocrine disruption. Environmental Sciences 14, 319-329.

178



REFERENCES

Johnson, A. C., Aerni, H. R., Gerritsen, A., Gibert, M., Giger, W., Hylland, K.,
Jurgens, M., Nakari, T., Pickering, A., Suter, M. J. F. et al. (2005). Comparing steroid
estrogen, and nonylphenol content across a range of European sewage plants with different
treatment and management practices. Water Research 39, 47-58.

Johnson, A. C., Belfroid, A. and Di Corcia, A. (2000). Estimating steroid oestrogen
inputs into activated sludge treatment works and observations on their removal from the
effluent. Science of The Total Environment 256, 163-173.

Kacem, A., Gustafsson, S. and Meunier, F. J. (2000). Demineralization of the vertebral
skeleton in Atlantic salmon Salmo salar L. during spawning migration. Comparative
Biochemistry and Physiology - Part A: Molecular & Integrative Physiology 125, 479-484.

Kaminuma, T., Takai-lgarashi, T., Nakano, T. and Nakata, K. (2000). Modeling of
signaling pathways for endocrine disruptors. BioSystems 55, 23-31.

Kang, I. J., Yokota, H., Oshima, Y., Tsuruda, Y., Yamaguchi, T., Maeda, M., Imada,
N., Tadokoro, H. and Honjo, T. (2002). Effect of 17B-estradiol on the reproduction of
Japanese medaka (Oryzias latipes). Chemosphere 47, 71-80.

Katsiadaki, 1., Scott, A. P. and Mayer, I. (2002). The potential of the three-spined
stickleback (Gasterosteus aculeatus L.) as a combined biomarker for oestrogens and
androgens in European waters. Marine Environmental Research 54, 725-728.

Kelly, C. (2000). Analysis of steroids in environmental water samples using solid-phase
extraction and ion-trap gas chromatography-mass spectrometry and gas chromatography-
tandem mass spectrometry. Journal of Chromatography A 872, 309-314.

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J.
M. and Flick, R. W. (2007). Collapse of a fish population after exposure to a synthetic
estrogen. Proceedings of the National Academy of Sciences of the United States of America
104, 8897-8901.

Kidder, G. W., Petersen, C. W. and Preston, R. L. (2006). Energetics of osmoregulation:
Il. Water flux and osmoregulatory work in the euryhaline fish, Fundulus heteroclitus.
Journal of Experimental Zoology Part A: Comparative Experimental Biology 305A, 318-
327.

Kime, D. E. and Nash, J. P. (1999). Gamete viability as an indicator of reproductive
endocrine disruption in fish. Science of The Total Environment 233, 123-129.

Kime, D. E., Nash, J. P. and Scott, A. P. (1999). Vitellogenesis as a biomarker of
reproductive disruption by xenobiotics. Aquaculture 177, 345-352.

179



REFERENCES

Kinnberg, K., Korsgaard, B., Bjerregaard, P. and Jespersen, A. (2000). Effects of
nonylphenol and 17B-estradiol on vitellogenin synthesis and testis morphology in male
platyfish Xiphophorus maculatus. Journal of Experimental Biology 203, 171-181.

Knudsen, F. R., Schou, A. E., Wiborg, M. L., Mona, E., Tollefsen, K. E., Stenersen, J.
and Sumpter, J. P. (1997). Increase of plasma vitellogenin concentration in rainbow trout
(Oncorhynchus mykiss) exposed to effluents from oil refinery treatment works and
municipal sewage Bulletin of Environmental Contamination and Toxicology 59, 802-806.

Komori, K., Tanaka, H., Okayasu, Y., Yasojima, M. and Sato, C. (2004). Analysis and
occurrence of estrogen in wastewater in Japan. Water Science and Technology 50, 93-100.

Korner, O., Kohno, S., Schonenberger, R., Suter, M. J. F., Knauer, K., Guillette, L. J.
and Burkhardt-Holm, P. (2008). Water temperature and concomitant waterborne
ethinylestradiol exposure affects the vitellogenin expression in juvenile brown trout (Salmo
trutta). Aquatic Toxicology 90, 188-196.

Kurihara, R., Watanabe, E., Ueda, Y., Kakuno, A., Fujii, K., Shiraishi, F. and
Hashimoto, S. (2007). Estrogenic activity in sediments contaminated by nonylphenol in
Tokyo Bay (Japan) evaluated by vitellogenin induction in male mummichogs (Fundulus
heteroclitus). Marine Pollution Bulletin 54, 1315-1320.

Landergren, P. (1999). Spawning of anadromous rainbow trout, Oncorhynchus mykiss
(Walbaum): a threat to sea trout, Salmo trutta L., populations? Fisheries Research 40, 55-
63.

Landry, C. A, Steele, S. L., Manning, S. and Cheek, A. O. (2007). Long term hypoxia
suppresses reproductive capacity in the estuarine fish, Fundulus grandis. Comparative
Biochemistry and Physiology - Part A: Molecular & Integrative Physiology 148, 317-323.

Lange, A., Katsu, Y., Ichikawa, R., Paull, G. C., Chidgey, L. L., Coe, T. S., lguchi, T.
and Tyler, C. R. (2008). Altered sexual development in roach (Rutilus rutilus) exposed to
environmental concentrations of the pharmaceutical 17 a-ethinylestradiol and associated
expression dynamics of aromatases and estrogen receptors. Toxicological Sciences 106,
113-123.

Lange, A., Paull, G. C., Coe, T. S., Katsu, Y., Urushitani, H., Iguchi, T. and Tyler, C.
R. (2009). Sexual Reprogramming and Estrogenic Sensitization in Wild Fish Exposed to
Ethinylestradiol. Environmental Science & Technology 43, 1219-1225.

Lange, R., Hutchinson, T. H., Croudace, C. P., Siegmund, F., Schweinfurth, H.,
Hampe, P., Panter, G. H. and Sumpter, J. P. (2001). Effects of the synthetic estrogen
17a-ethinylestradiol on the life-cycle of the fathead minnow (Pimephales promelas).
Environmental Toxicology and Chemistry 20, 1216-1227.

180



REFERENCES

Langford, K. H., Scrimshaw, M. D., Birkett, J. W. and Lester, J. N. (2005).
Degradation of nonylphenolic surfactants in activated sludge batch tests. Water Research
39, 870-876.

Larsson, D., Lundgren, T. and Sundell, K. (1998). Ca?* uptake through voltage-gated L-
type Ca** channels by polarized enterocytes from Atlantic cod Gadus morhua. Journal of
Membrane Biology 164, 229-237.

Larsson, D. G. J., Adolfsson-Erici, M., Parkkonen, J., Pettersson, M., Berg, A. H.,
Olsson, P. E. and Frlin, L. (1999). Ethinyloestradiol -- an undesired fish contraceptive?
Agquatic Toxicology 45, 91-97.

Laurent, P. and Dunel, S. (1980). Morphology of gill epithelia in fish. American Journal
of Physiology 238, R147-R159.

Le Gac, F., Thomas, J. L., Mourot, B. and Loir, M. (2001). In vivo and in vitro effects
of prochloraz and nonylphenol ethoxylates on trout spermatogenesis. Aquatic Toxicology
53, 187-200.

Lech, J. J., Lewis, S. K. and Ren, L. F. (1996). In vivo estrogenic activity of nonylphenol
in rainbow trout. Fundamental and Applied Toxicology 30, 229-232.

Lee, H. J., Chattopadhyay, S., Gong, E. Y., Ahn, R. S. and Lee, K. (2003).
Antiandrogenic effects of bisphenol A and nonylphenol on the function of androgen
receptor. Toxicological Sciences 75, 40-46.

Lee, K. H., Finnigan-Bunick, C., Bahr, J. and Bunick, D. (2001). Estrogen regulation of
ion transporter messenger RNA levels in mouse efferent ductules are mediated
differentially through estrogen receptor (ER) a and ERP. Biology of Reproduction 65,
1534-1541.

Lee, P. C. (1998). Disruption of male reproductive tract development by administration of
the xenoestrogen, nonylphenol, to male newborn rats. Endocrine 9, 105-111.

Leray, C., Colin, D. A. and Florentz, A. (1981). Time course of osmotic adaptation and
gill energetics of rainbow trout (Salmo gairdneri R.) following abrupt changes in external
salinity. . Journal of Comparative Physiology 144, 175-181.

Lerner, D. T., Bjornsson, B. T. and McCormick, S. D. (2007). Agueous exposure to 4-
nonylphenol and 17p-estradiol increases stress sensitivity and disrupts ion regulatory ability
of juvenile Atlantic salmon. Environmental Toxicology and Chemistry 26, 1433-1440.

Lien, G. J. and McKim, J. M. (1993). Predicting branchial and cutaneous uptake of
2,2'5,5'-tetrachlorobiphenyl in fathead minnows (Pimephales promelas) and Japanese
medaka (Oryzias latipes): Rate limiting factors. Aquatic Toxicology 27, 15-32.

181



REFERENCES

Lindahl, K. 1., Sara, V., Fridberg, G. and Nishimiya, T. (1985). The presence of
somatomedin in the Baltic salmon, Salmo salar, with special reference to smoltification.
Aquaculture 45, 177-183.

Liney, K. E., Hagger, J. A., Tyler, C. R., Depledge, M. H., Galloway, T. S. and Jobling,
S. (2006). Health effects in fish of long-term exposure to effluents from wastewater
treatment works. Environmental Health Perspectives 114, 81-89.

Lotan, R. (1969). Sodium, chloride and water balance in euryhaline teleost Aphanius
dispar (Ruppell) (Cyprinodontidae). Zeitschrift Fur Vergleichende Physiologie 65, 455-
462.

Lotan, R. (1973). Osmoregulation during adaptation to fresh water in the euryhaline teleost
Aphanius dispar ruppell (Cyprinodontidae, pisces). Journal of Comparative Physiology A:
Neuroethology, Sensory, Neural, and Behavioral Physiology 87, 339-349.

Lundgreen, K., Kiilerich, P., Tipsmark, C. K., Madsen, S. S. and Jensen, F. B. (2008).
Physiological response in the European flounder (Platichthys flesus) to variable salinity and
oxygen conditions. Journal of Comparative Physiology B: Biochemical Systemic and
Environmental Physiology 178, 909-915.

Lv, X,, Shao, J., Song, M., Zhou, Q. and Jiang, G. (2006). Vitellogenic effects of 17[3-
estradiol in male Chinese loach (Misgurnus anguillicaudatus). Comparative Biochemistry
and Physiology - Part C: Toxicology & Pharmacology 143, 127-133.

Lye, C. M., Frid, C. L. J.,, Gill, M. E., Cooper, D. W. and Jones, D. M. (1999).
Estrogenic alkylphenols in fish tissues, sediments, and waters from the UK Tyne and Tees
estuaries. Environmental Science & Technology 33, 1009-1014.

Madsen, S. S. and Korsgaard, B. (1989). Time-course effects of repetitive oestradiol-17p;
and thyroxine injections on the natural spring smolting of Atlantic salmon, Salmo salar L.
Journal of Fish Biology 35, 119-128.

Madsen, S. S. and Korsgaard, B. (1991). Opposite effects of 17p-estradiol and combined
growth hormone-Cortisol treatment on hypo-osmoregulatory performance in sea trout
presmolts, Salmo trutta. General and Comparative Endocrinology 83, 276-282.

Madsen, S. S., Mathiesen, A. B. and Korsgaard, B. (1997). Effects of 17p-estradiol and
4-nonylphenol on smoltification and vitellogenesis in Atlantic salmon (Salmo salar). Fish
Physiology and Biochemistry 17, 303-312.

Madsen, S. S., Skovbolling, S., Nielsen, C. and Korsgaard, B. (2004). 17p-estradiol and
4-nonylphenol delay smolt development and downstream migration in Atlantic salmon,
Salmo salar. Aquatic Toxicology 68, 109-120.

182



REFERENCES

Maes, J., Stevens, M. and Breine, J. (2007). Modelling the migration opportunities of
diadromous fish species along a gradient of dissolved oxygen concentration in a European
tidal watershed. Estuarine, Coastal and Shelf Science 75, 151-162.

Maguire, R. J. (1999). Review of the persistence of nonylphenol and nonylphenol
ethoxylates in aquatic environments. Water Quality Research Journal of Canada 34, 37-78.

Majewski, A. R., Blanchfield, P. J., Palace, V. P. and Wautier, K. (2002). Waterborne
17a-ethynylestradiol affects aggressive behaviour of male fathead minnows (Pimephales
promelas) under artificial spawning conditions. Water Quality Research Journal of Canada
37, 697-710.

Mancera, J. M. and McCormick, S. D. (1998). Osmoregulatory actions of the GH/IGF
axis in non-salmonid teleosts. Comparative Biochemistry and Physiology - Part B:
Biochemistry & Molecular Biology 121, 43-48.

Mancera, J. M., Smolenaars, M., Laiz-Carrion, R., del Rio, M., Bonga, S. E. W. and
Flik, G. (2004). 17p-estradiol affects osmoregulation in Fundulus heteroclitus.
Comparative Biochemistry and Physiology - Part B: Biochemistry & Molecular Biology
139, 183-191.

Mandrup-Poulsen, J. (1981). Changes in selected blood-serum constituents, as a function
of salinity variations, in the marine elasmobranch, Sphyrna tiburo. Comparative
Biochemistry and Physiology - Part A: Physiology 70, 127-131.

Manzon, L. A. (2002). The role of prolactin in fish osmoregulation: A review. General and
Comparative Endocrinology 125, 291-310.

Marshall, W. and Grosell, M. (2006). lon transport, osmoregulation and acid-base
balance. In The Physiology of Fishes, (ed. D. Evans and J. Caiborne). Boca Ratan, Florida:
CRC Press Taylor & Francis Group.

Marshall, W. S., Emberley, T. R., Singer, T. D., Bryson, S. E. and McCormick, S. D.
(1999). Time course of salinity adaptation in a strongly euryhaline estuarine teleost,
Fundulus heteroclitus: A multivariable approach. Journal of Experimental Biology 202,
1535-1544.

Marshall, W. S. and Nishioka, R. S. (1980). Relation of mitochondria-rich chloride cells
to active chloride transport in the skin of a marine teleost. Journal of Experimental Zoology
214, 147-156.

Martinez, A. S., Cutler, C. P., Wilson, G. D., Phillips, C., Hazon, N. and Cramb, G.
(2005). Regulation of expression of two aquaporin homologs in the intestine of the
European eel: effects of seawater acclimation and cortisol treatment. American Journal of
Physiology-Regulatory Integrative and Comparative Physiology 288, R1733-R1743.

183



REFERENCES

Masini, M. A., Sturla, M., Prato, P. and Uva, B. (2001). lon transport systems in the
kidney and urinary bladder of two Antarctic teleosts, Chionodraco hamatus and
Trematomus bernacchii. Polar Biology 24, 440-446.

Matsumoto, T., Kobayashi, M., Moriwaki, T., Kawai, S. and Watabe, S. (2004). Survey
of estrogenic activity in fish feed by yeast estrogen-screen assay. Comparative
Biochemistry and Physiology - Part C: Toxicology & Pharmacology 139, 147-152.

Matthiessen, P. (2003). Historical perspective on endocrine disruption in wildlife. Pure
and Applied Chemistry 75, 2197-2206.

Matthiessen, P., Arnold, D., Johnson, A. C., Pepper, T. J., Pottinger, T. G. and
Pulman, K. G. T. (2006). Contamination of headwater streams in the United Kingdom by
oestrogenic hormones from livestock farms. Science of The Total Environment 367, 616-
630.

Matthiessen, P. and Gibbs, P. E. (1998). Critical appraisal of the evidence for tributyltin-
mediated endocrine disruption in mollusks. Environmental Toxicology and Chemistry 17,
37-43.

McCormick, S. D. (2001). Endocrine control of osmoregulation in teleost fish. American
Zoologist 41, 781-794.

McCormick, S. D. and Bradshaw, D. (2006). Hormonal control of salt and water balance
in vertebrates. General and Comparative Endocrinology 147, 3-8.

McCormick, S. D., O'Dea, M. F., Moeckel, A. M., Lerner, D. T. and Bjornsson, B. T.
(2005). Endocrine disruption of parr-smolt transformation and seawater tolerance of
Atlantic salmon by 4-nonylphenol and 17pB-estradiol. General and Comparative
Endocrinology 142, 280-288.

McDonald, D. G., Hobe, H. and Wood, C. M. (1980). The influence of calcium on the
physiological-responses of the rainbow-trout, Salmo gairdneri, to low environmental pH.
Journal of Experimental Biology 88, 109-131.

McDonald, D. G. and Milligan, C. L. (1992). Chemical properties of the blood: Academic
Press, Inc.; Academic Press Ltd.

McDonald, D. G., Walker, R. L., Wilkes, P. R. and Wood, C. M. (1982). H" excretion in
the marine teleost Parophrys vetulus. Journal of Experimental Biology 98, 403-414.

McDonald, D. G. and Wood, C. M. (1981). Branchial and renal acid and ion fluxes in the
rainbow trout, Salmo gairdneri, at low environmental pH. Journal of Experimental Biology
93, 101-118.

McLeese, D. W., Zitko, V., Sergeant, D. B., Burridge, L. and Metcalfe, C. D. (1981).
Lethality and accumulation of alkylphenols in aquatic fauna. Chemosphere 10, 723-730.

184



REFERENCES

Millero, F. J. (2007). The Marine Inorganic Carbon Cycle. Chemical Reviews 107, 308-
341.

Miwa, S. and Inui, Y. (1986). Inhibitory effects of 17a-methyltestosterone and estradiol-
17B on smoltification of sterilized amago salmon (Oncorhynchus rhodurus). Aquaculture
53, 21-39.

Miyazaki, H., Kaneko, T., Uchida, S., Sasaki, S. and Takei, Y. (2002). Kidney-specific
chloride channel, OmCIC-K, predominantly expressed in the diluting segment of
freshwater-adapted tilapia kidney. Proceedings of the National Academy of Sciences of the
United States of America 99, 15782-15787.

Moore, A., Scott, A. P., Lower, N., Katsiadaki, I. and Greenwood, L. (2003). The
effects of 4-nonylphenol and atrazine on Atlantic salmon (Salmo salar L) smolts.
Agquaculture 222, 253-263.

Moore, A. and Waring, C. P. (1996). Sublethal effects of the pesticide Diazinon on
olfactory function in mature male Atlantic salmon parr. Journal of Fish Biology 48, 758-
775.

Morgan, I. J. and Potts, W. T. W. (1995). The effects of the adrenoreceptor agonists
phenylephrine and isoproterenol on the intracellular ion concentrations of branchial
epithelial cells of brown trout (Salmo trutta L.) Journal of Comparative Physiology B:
Biochemical Systemic and Environmental Physiology 165, 458-463.

Mosconi, G., Carnevali, O., Carletta, R., Nabissi, M. and Polzonetti-Magni, A. M.
(1998). Gilthead seabream (Sparus aurata) vitellogenin: Purification, partial
characterization, and validation of an Enzyme-Linked Immunosorbent Assay (ELISA).
General and Comparative Endocrinology 110, 252-261.

Mugiya, Y. and Ichii, T. (1981). Effects of estradiol-17p on branchial and intestinal
calcium uptake in the rainbow trout, Salmo gairdneri. Comparative Biochemistry and
Physiology - Part A: Molecular & Integrative Physiology 70, 97-101.

Mugiya, Y. and Watabe, N. (1977). Studies on fish scale formation and resorption--I1.
Effect of estradiol on calcium homeostasis and skeletal tissue resorption in the goldfish,
Carassius auratus, and the Killifish, Fundulus heteroclitus. Comparative Biochemistry and
Physiology - Part A: Physiology 57, 197-202.

Musch, M. W., Orellana, S. A., Kimberg, L. S., Field, M., Halm, D. R., Krasny, E. J.
and Frizzell, R. A. (1982). Na" -K" -CI" co-transport in the intestine of a marine teleost.
Nature 300, 351-353.

Nadzialek, S., Vanparys, C., Van der Heiden, E., Michaux, C., Brose, F., Scippo, M.-
L., De Coen, W. and Kestemont, P. (2010). Understanding the gap between the

185



REFERENCES

estrogenicity of an effluent and its real impact into the wild. Science of The Total
Environment 408, 812-821.

Nagahama, Y., Yoshikuni, M., Yamashita, M., Tokumoto, T., Katsu, Y., Roger, A. P.
and Gerald, P. S. (1995). 4 Regulation of oocyte growth and maturation in fish. In Current
Topics in Developmental Biology, vol. Volume 30, pp. 103-145: Academic Press.

Nagao, T., Wada, K., Marumo, H., Yoshimura, S. and Ono, H. (2001). Reproductive
effects of nonylphenol in rats after gavage administration: a two-generation study.
Reproductive Toxicology 15, 293-315.

Nagler, J. J., Cavileer, T., Sullivan, J., Cyr, D. G. and Rexroad lii, C. (2007). The
complete nuclear estrogen receptor family in the rainbow trout: Discovery of the novel
ERa2 and both ER isoforms. Gene 392, 164-173.

Nash, J. P., Kime, D. E., Van der Ven, L. T. M., Wester, P. W., Brion, F., Maack, G.,
Stahlschmidt-Allner, P. and Tyler, C. R. (2004). Long-term exposure to environmental
concentrations of the pharmaceutical ethynylestradiol causes reproductive failure in fish.
Environmental Health Perspectives 112, 1725-1733.

Neamtu, M. and Frimmel, F. H. (2006). Photodegradation of endocrine disrupting
chemical nonylphenol by simulated solar UV-irradiation. Science of The Total Environment
369, 295-306.

Nichols, K. M., Snyder, E. M., Snyder, S. A., Pierens, S. L., Miles-Richardson, S. R.
and Giesy, J. P. (2001). Effects of nonylphenol ethoxylate exposure on reproductive
output and bioindicators of environmental estrogen exposure in fathead minnows,
Pimephales promelas. Environmental Toxicology and Chemistry 20, 510-522.

Nilsen, T. O., Ebbesson, L. O. E., Kiilerich, P., Bjrnsson, B. T., Madsen, S. S.,
McCormick, S. D. and Stefansson, S. O. (2008). Endocrine systems in juvenile
anadromous and landlocked Atlantic salmon (Salmo salar): Seasonal development and
seawater acclimation. General and Comparative Endocrinology 155, 762-772.

Nimrod, A. C. and Benson, W. H. (1996). Environmental estrogenic effects of
alkylphenol ethoxylates. Critical Reviews in Toxicology 26, 335-364.

Nimrod, A. C. and Benson, W. H. (1998). Reproduction and development of Japanese
medaka following an early life stage exposure to xenoestrogens. Aquatic Toxicology 44,
141-156.

Nishimura, H. and Fan, Z. (2003). Regulation of water movement across vertebrate renal
tubules. Comparative Biochemistry and Physiology - Part A: Molecular & Integrative
Physiology 136, 479-498.

186



REFERENCES

Niven, S. J., Snape, J., Hetheridge, M., Evans, M., McEvoy, J., Sutton, P. G. and
Rowland, S. J. (2001). Investigations of the origins of estrogenic A-ring aromatic steroids
in UK sewage treatment works effluents. Analyst 126, 285-287.

Nussey, G., Van Vuren, J. H. J. and du Preez, H. H. (1995). Effect of copper on the
haematology and osmoregulation of the Mozambique tilapia, Oreochromis mossambicus
(Cichlidae). Comparative Biochemistry and Physiology - Part C: Toxicology &
Pharmacology 111, 369-380.

Orn, S., Holbech, H., Madsen, T. H., Norrgren, L. and Petersen, G. . (2003). Gonad
development and vitellogenin production in zebrafish (Danio rerio) exposed to
ethinylestradiol and methyltestosterone. Aquatic Toxicology 65, 397-411.

Panter, G. H., Thompson, R. S. and Sumpter, J. P. (1998). Adverse reproductive effects
in male fathead minnows (Pimephales promelas) exposed to environmentally relevant
concentrations of the natural oestrogens, oestradiol and oestrone. Aquatic Toxicology 42,
243-253.

Pelissero, C., Lemenn, F. and Kaushick, S. (1991). Estrogenic effect of dietary soya bean
meal on vitellogenesis in cultured Siberian sturgeon Acipenser-baeri. General and
Comparative Endocrinology 83, 447-457.

Pelissero, C. and Sumpter, J. P. (1992). Steroids and steroid-like substances in fish diets.
Aquaculture 107, 283-301.

Perrott, M. N., Grierson, C. E., Hazon, N. and Balment, R. J. (1992). Drinking
behaviour in sea water and fresh water teleosts, the role of the renin-angiotensin system.
Fish Physiology and Biochemistry 10, 161-168.

Perry, S. F. (1997). THE CHLORIDE CELL:Structure and Function in the Gills of
Freshwater Fishes. Annual Review of Physiology 59, 325-347.

Perry, S. F., Rivero-Lopez, L., McNeill, B. and Wilson, J. (2006). Fooling a freshwater
fish: how dietary salt transforms the rainbow trout gill into a seawater gill phenotype.
Journal of Experimental Biology 209, 4591-4596.

Perry, S. F., Shahsavarani, A., Georgalis, T., Bayaa, M., Furimsky, M. and Thomas, S.
L. Y. (2003). Channels, pumps, and exchangers in the gill and kidney of freshwater fishes:
Their role in ionic and acid-base regulation. Journal of Experimental Zoology Part A:
Comparative Experimental Biology 300A, 53-62.

Perry, S. F. and Wood, C. M. (1985). Kinetics of branchial calcium uptake in the rainbow
trout: Effects of acclimation to various external calcium levels. Journal of Experimental
Biology 116, 411-433.

187



REFERENCES

Persson, P., Johannsson, S. H., Takagi, Y. and Bjornsson, B. T. (1997). Estradiol-17p
and nutritional status affect calcium balance, scale and bone resorption, and bone formation
in rainbow trout, Oncorhynchus mykiss. Journal of Comparative Physiology B:
Biochemical Systemic and Environmental Physiology 167, 468-473.

Persson, P., Sundell, K. and Bjérnsson, B. (1994). Estradiol-17p-induced calcium uptake
and resorption in juvenile rainbow trout, Oncorhynchus mykiss. Fish Physiology and
Biochemistry 13, 379-386.

Persson, P., Sundell, K., Bjornsson, B. T. and Lundgvist, H. (1998). Calcium
metabolism and osmoregulation during sexual maturation of river running Atlantic salmon.
Journal of Fish Biology 52, 334-349.

Persson, P., Takagi, Y. and Bjornsson, B. T. (1995). Tartrate resistant acid phosphatase
as a marker for scale resorption in rainbow trout, Oncorhynchus mykiss: effects of estradiol-
178 treatment and refeeding Fish Physiology and Biochemistry 14, 329-339.

Pickford, G. E., Pang, P. K. T., Weinstei.E, Torretti, J., Hendler, E. and Epstein, R. H.
(1970). Response of hypophysectomized cyprinodont, Fundulus heteroclitus, to
replacement therapy with cortisol - effects on blood serum and sodium-potassium activated
adenosine triphosphatase in gills, kidney, and intestinal mucosa. General and Comparative
Endocrinology 14, 524-534.

Pickford, K. A., Thomas-Jones, R. E., Wheals, B., Tyler, C. R. and Sumpter, J. P.
(2003). Route of exposure affects the oestrogenic response of fish to 4-tert-nonylphenol.
Aquatic Toxicology 65, 267-279.

Poh, L. H., Munro, A. D. and Tan, C. H. (1997). The effects of oestradiol on the
prolactin and growth hormone content of the pituitary of the tilapia, Oreochromis
mossambicus, with observations on the incidence of black males. Zoological Science 14,
979-986.

Poppinga, J., Kittilson, J., McCormick, S. D. and Sheridan, M. A. (2007). Effects of
somatostatin on the growth hormone-insulin-like growth factor axis and seawater
adaptation of rainbow trout (Oncorhynchus mykiss). Aquaculture 273, 312-319.

Prodocimo, V., Galvez, F., Freire, C. A. and Wood, C. M. (2007). Unidirectional Na"
and Ca®", fluxes in two euryhaline teleost fishes, Fundulus heteroclitus and Oncorhynchus
mykiss, acutely submitted to a progressive salinity increase. Journal of Comparative
Physiology B: Biochemical Systemic and Environmental Physiology 177, 519-528.

Purdom, C. E., Hardiman, P. A,, Bye, V. V. J., Eno, N. C., Tyler, C. R. and Sumpter,
J. P. (1994). Estrogenic effects of effluents from sewage treatment works. Chemistry and
Ecology 8, 275 - 285.

188



REFERENCES

Pybus, J., Feldman, F. J. and Bowers, G. N. (1970). Measurement of total calcium in
serum by atomic absorption spectrophotometry, with use of a strontium internal reference.
Clinical Chemistry 16, 998-1007.

Ramakrishnan, S. and Wayne, N. L. (2008). Impact of bisphenol-A on early embryonic
development and reproductive maturation. Reproductive Toxicology 25, 177-183.

Reigh, R. C., Robinson, E. H. and Brown, P. B. (1991). Effects of dietary magnesium on
growth and tissue magnesium content of blue tilapia Oreochromis aureus. Journal of the
World Aquaculture Society 22, 192-200.

Riche, M. (2007). Analysis of refractometry for determining total plasma protein in hybrid
striped bass (Morone chrysops x M-saxatilis) at various salinities. Aquaculture 264, 279-
284.

Rivero, C. L. G., Barbosa, A. C., Ferreira, M. F. N., Dorea, J. G. and Grisolia, C. K.
(2008). Evaluation of genotoxicity and effects on reproduction of nonylphenol in
Oreochromis niloticus (Pisces: cichlidae). Ecotoxicology 17, 732-737.

Rodgers-Gray, T. P., Jobling, S., Morris, S., Kelly, C., Kirby, S., Janbakhsh, A,
Harries, J. E., Waldock, M. J., Sumpter, J. P. and Tyler, C. R. (2000). Long-term
temporal changes in the estrogenic composition of treated sewage effluent and its biological
effects on fish. Environmental Science & Technology 34, 1521-1528.

Rogers, S. A., Llewellyn, L., Wigham, T. and Sweeney, G. E. (2000). Cloning of the
Atlantic salmon (Salmo salar) estrogen receptor-alpha gene. Comparative Biochemistry
and Physiology - Part B: Biochemistry & Molecular Biology 125, 379-385.

Rarvik, K. A., Skjervold, P. O., Fjera, S. O., Mgrkeare, T. and Steien, S. H. (2001).
Body temperature and seawater adaptation in farmed Atlantic salmon and rainbow trout
during prolonged chilling. Journal of Fish Biology 59, 330-337.

Rotllant, J., Redruello, B., Guerreiro, P. M., Fernandes, H., Canario, A. V. M. and
Power, D. M. (2005). Calcium mobilization from fish scales is mediated by parathyroid
hormone related protein via the parathyroid hormone type 1 receptor. Regulatory Peptides
132, 33-40.

Routledge, E. J., Sheahan, D., Desbrow, C., Brighty, G. C., Waldock, M. and Sumpter,
J. P. (1998). Identification of estrogenic chemicals in STW effluent. 2. In vivo responses in
trout and roach. Environmental Science & Technology 32, 1559-1565.

Rydevik, M., Borg, B., Haux, C., Kawauchi, H. and Bjornsson, B. T. (1990). Plasma
growth-hormone levels increase during seawater exposure of sexually mature Atlantic
salmon parr (Salmo salar L). General and Comparative Endocrinology 80, 9-15.

189



REFERENCES

Saaristo, M., Craft, J. A, Lehtonen, K. K. and Lindstrom, K. (2010). Exposure to 17 a-
ethinyl estradiol impairs courtship and aggressive behaviour of male sand gobies
(Pomatoschistus minutus). Chemosphere 79, 541-546.

Sakamoto, T. and Hirano, T. (1991). Growth-hormone receptors in the liver and
osmoregulatory organs of rainbow trout - Characterization and dynamics during adaptation
to seawater. Journal of Endocrinology 130, 425-433.

Sakamoto, T. and McCormick, S. D. (2006). Prolactin and growth hormone in fish
osmoregulation. General and Comparative Endocrinology 147, 24-30.

Sakamoto, T., McCormick, S. D. and Hirano, T. (1993). Osmoregulatory actions of
growth-hormone and its mode of action in salmonids - A review. Fish Physiology and
Biochemistry 11, 155-164.

Sangiao-Alvarellos, S., Arjona, F. J., Miguez, J. M., Martin del Rio, M. P., Soengas, J.
L. and Mancera, J. M. (2006). Growth hormone and prolactin actions on osmoregulation
and energy metabolism of gilthead sea bream (Sparus auratus). Comparative Biochemistry
and Physiology - Part A: Molecular & Integrative Physiology 144, 491-500.

Sangiao-Alvarellos, S., Laiz-Carrion, R., Guzman, J. M., Martin del Rio, M. P,
Miguez, J. M., Mancera, J. M. and Soengas, J. L. (2003). Acclimation of S. aurata to
various salinities alters energy metabolism of osmoregulatory and nonosmoregulatory
organs. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 285, R897-R907.

Santodonato, J. (1997). Review of the estrogenic and antiestrogenic activity of polycyclic
aromatic hydrocarbons: Relationship to carcinogenicity. Chemosphere 34, 835-848.

Santos, E. M., Paull, G. C., Van Look, K. J. W., Workman, V. L., Holt, W. V., Van
Aerle, R., Kille, P. and Tyler, C. R. (2007). Gonadal transcriptome responses and
physiological consequences of exposure to oestrogen in breeding zebrafish (Danio rerio).
Aquatic Toxicology 83, 134-142.

Schlenk, D. (2008). Are steroids really the cause for fish feminization? A mini-review of in
vitro and in vivo guided TIEs. Marine Pollution Bulletin 57, 250-254.

Schoenfuss, H. L., Baftell, S. E., Bistodeau, T. B., Cediel, R. A., Grove, K. J., Zintek,
L., Lee, K. E. and Barber, L. B. (2008). Impairment of the reproductive potential of male
fathead minnows by environmentally relevant exposures to 4-nonylphenolf. Aquatic
Toxicology 86, 91-98.

Scholz, S. and Kldver, N. (2009). Effects of endocrine disrupters on sexual, gonadal
development in fish. Sexual Development 3, 136-151.

190



REFERENCES

Schradin, C. and Anzenberger, G. (1999). Prolactin, the hormone of paternity. News in
Physiological Sciences 14, 223-231.

Schultz, I. R., Skillman, A., Nicolas, J. M., Cyr, D. G. and Nagler, J. J. (2003). Short-
term exposure to 17 a-ethynylestradiol decreases the fertility of sexually maturing male
rainbow trout (Oncorhynchus mykiss). Environmental Toxicology and Chemistry 22, 1272-
1280.

Schwaiger, J., Mallow, U., Ferling, H., Knoerr, S., Braunbeck, T., Kalbfus, W. and
Negele, R. D. (2002). How estrogenic is nonylphenol?: A transgenerational study using
rainbow trout (Oncorhynchus mykiss) as a test organism. Aquatic Toxicology 59, 177-189.

Scown, T. M., van Aerle, R., Johnston, B. D., Cumberland, S., Lead, J. R., Owen, R.
and Tyler, C. R. (2009). High doses of intravenously administered titanium dioxide
nanoparticles accumulate in the kidneys of rainbow trout but with no observable
impairment of renal function. Toxicological Sciences 109, 372-380.

Seale, A. P., Riley, L. G., Leedom, T. A,, Kajimura, S., Dores, R. M., Hirano, T. and
Grau, E. G. (2002). Effects of environmental osmolality on release of prolactin, growth
hormone and ACTH from the tilapia pituitary. General and Comparative Endocrinology
128, 91-101.

Sebire, M., Scott, A. P., Tyler, C. R., Cresswell, J., Hodgson, D. J., Morris, S., Sanders,
M. B., Stebbing, P. D. and Katsiadaki, I. (2009). The organophosphorous pesticide,
fenitrothion, acts as an anti-androgen and alters reproductive behavior of the male three-
spined stickleback, Gasterosteus aculeatus. Ecotoxicology 18, 122-133,

Segner, H., Caroll, K., Fenske, M., Janssen, C. R., Maack, G., Pascoe, D., Schafers, C.,
Vandenbergh, G. F., Watts, M. and Wenzel, A. (2003). Identification of endocrine-
disrupting effects in aquatic vertebrates and invertebrates: report from the European IDEA
project. Ecotoxicology and Environmental Safety 54, 302-314.

Shang, D. Y., Macdonald, R. W. and Ikonomou, M. G. (1999). Persistence of
nonylphenol ethoxylate surfactants and their primary degradation products in sediments
from near a municipal outfall in the strait of Georgia, British Columbia, Canada.
Environmental Science & Technology 33, 1366-1372.

Shehadeh, Z. H. and Gordon, M. S. (1969). The role of the intestine in salinity adaptation
of the rainbow trout, Salmo gairdneri. Comparative Biochemistry and Physiology - Part A:
Physiology 30, 397-418.

Shved, N., Berishvili, G., D'Cotta, H., Baroiller, J. F., Segner, H., Eppler, E. and
Reinecke, M. (2007). Ethinylestradiol differentially interferes with IGF-1 in liver and
extrahepatic sites during development of male and female bony fish. Journal of
Endocrinology 195, 513-523.

191



REFERENCES

Simm, P., Bajpai, A., Russo, V. and Werther, G. (2008). Estrogens and growth.
Pediatric Endocrinology Reviews 6, 32-41.

Skadhauge, E. (1974). Coupling of transmural flows of NaCl and water in the intestine of
the eel (Anguilla anguilla). Journal of Experimental Biology 60, 535-546.

Smith, H. W. (1930). The absorption and excretion of water and salts by marine teleosts.
American Journal of Physiology 93, 480-505.

Smith, H. W. (1931). The absorption and excretion of water and salts by the elasmobranch
fishes Il. Marine elasmobranchs. American Journal of Physiology 98, 296-310.

Soares, A., Guieysse, B., Jefferson, B., Cartmell, E. and Lester, J. N. (2008).
Nonylphenol in the environment: A critical review on occurrence, fate, toxicity and
treatment in wastewaters. Environment International 34, 1033-1049.

Socorro, S., Power, D. M., Olsson, P. E. and Canario, A. V. (2000). Two estrogen
receptors expressed in the teleost fish, Sparus aurata: cDNA cloning, characterization and
tissue distribution. Journal of Endocrinology 166, 293-306.

Sohoni, P., Tyler, C. R., Hurd, K., Caunter, J., Hetheridge, M., Williams, T., Woods,
C., Evans, M., Toy, R., Gargas, M. et al. (2001). Reproductive effects of long-term
exposure to bisphenol a in the fathead minnow (Pimephales promelas). Environmental
Science & Technology 35, 2917-2925.

Solé, M., Porte, C. and Barcelo, D. (2000). Vitellogenin induction and other biochemical
responses in carp, Cyprinus carpio, after experimental injection with 17a-ethynylestradiol.
Archives of Environmental Contamination and Toxicology 38, 494-500.

Sonnenschein, C. and Soto, A. M. (1998). An updated review of environmental estrogen
and androgen mimics and antagonists. Journal of Steroid Biochemistry and Molecular
Biology 65, 143-150.

Soto, A. M., Justicia, H., Wray, J. W. and Sonnenschein, C. (1991). p-Nonylphenol: An
estrogenic xenobiotic released from modified polystyrene. Environmental Health
Perspectives 92, 167-173.

Staurnes, M., Sigholt, T., Asgard, T. and Baeverfjord, G. (2001). Effects of a
temperature shift on seawater challenge test performance in Atlantic salmon (Salmo salar)
smolt. Aquaculture 201, 153-159.

Sumpter, J. P. (1998). Xenoendocrine disrupters — environmental impacts. Toxicology
Letters 102-103, 337-342.

Sumpter, J. P. and Jobling, S. (1995). Vitellogenesis as a biomarker for estrogenic
contamination of the aquatic environment. Environmental Health Perspectives 103, 173-
178.

192



REFERENCES

Sundell, K. and Bjoérnsson, B. T. (1988). Kinetics of calcium fluxes across the intestinal
mucosa of the marine teleost, Gadus morhua, measured using an in vitro perfusion method.
Journal of Experimental Biology 140, 171-186.

Tabata, A., Kashiwada, S., Ohnishi, Y., Ishikawa, H., Miyamoto, N., Itoh, M. and
Magara, Y. (2001). Estrogenic influences of estradiol-17f, p-nonylphenol and bisphenol-A
on Japanese Medaka (Oryzias latipes) at detected environmental concentrations. Water
Science and Technology 43, 109-116.

Tabb, M. M. and Blumberg, B. (2006). New modes of action for endocrine-disrupting
chemicals. Molecular Endocrinology 20, 475-482.

Tapiero, H., Ba, G. N. and Tew, K. D. (2002). Estrogens and environmental estrogens.
Biomedicine & Pharmacotherapy 56, 36-44.

Taylor, J. R. and Grosell, M. (2006). Feeding and osmoregulation: dual function of the
marine teleost intestine. Journal of Experimental Biology 209, 2939-2951.

Teles, M., Carrillo, M., Pacheco, M. and Santos, M. A. (2007). Vitellogenin induction in
juvenile Dicentrarchus labrax L. treated with 17p-estradiol (E2)-relation with exposure
route and E2 plasmatic levels. Fresenius Environmental Bulletin 16, 495-499.

Teles, M., Gravato, C., Pacheco, M. and Santos, M. A. (2004). Juvenile sea bass
biotransformation, genotoxic and endocrine responses to B-naphthoflavone, 4-nonylphenol
and 17p-estradiol individual and combined exposures. Chemosphere 57, 147-158.

Ternes, T. A., Kreckel, P. and Mueller, J. (1999). Behaviour and occurrence of estrogens
in municipal sewage treatment plants - 1. Aerobic batch experiments with activated sludge.
Science of The Total Environment 225, 91-99.

Thomas, M. L., Xu, X., Norfleet, A. M. and Watson, C. S. (1993). The presence of
functional estrogen receptors in intestinal epithelial cells. Endocrinology 132, 426-430.

Thomas, P., Rahman, M. S., Khan, I. A. and Kummer, J. A. (2007). Widespread
endocrine disruption and reproductive impairment in an estuarine fish population exposed
to seasonal hypoxia. Proceedings of the Royal Society B-Biological Sciences 274, 2693-
2702.

Thorpe, K. L., Benstead, R., Hutchinson, T. H. and Tyler, C. R. (2007). Associations
between altered vitellogenin concentrations and adverse health effects in fathead minnow
(Pimephales promelas). Aquatic Toxicology 85, 176-183.

Thorpe, K. L., Hutchinson, T. H., Hetheridge, M. J., Sumpter, J. P. and Tyler, C. R.
(2000). Development of an in vivo screening assay for estrogenic chemicals using juvenile
rainbow trout (Oncorhynchus mykiss). Environmental Toxicology and Chemistry 19, 2812-
2820.

193



REFERENCES

Thorson, T. B. (1962). Partitioning of Body Fluids in the Lake Nicaragua Shark and Three
Marine Sharks. Science 138, 688-690.

Tkatcheva, V., Franklin, N. M., McClelland, G. B., Smith, R. W., Holopainen, I. J.
and Wood, C. M. (2007). Physiological and biochemical effects of lithium in rainbow
trout. Archives of Environmental Contamination and Toxicology 53, 632-638.

Tresguerres, M., Levin, L. R., Buck, J. and Grosell, M. (2010). Modulation of NaCl
absorption by [HCO3] in the marine teleost intestine is mediated by soluble adenylyl
cyclase. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 299, R62-R71.

Tudorache, C., Blust, R. and De Boeck, G. (2007). Swimming capacity and energetics of
migrating and non-migrating morphs of three-spined stickleback Gasterosteus aculeatus L.
and their ecological implications. Journal of Fish Biology 71, 1448-1456.

Tyler, C., van der Eerden, B., Jobling, S., Panter, G. and Sumpter, J. (1996).
Measurement of vitellogenin, a biomarker for exposure to oestrogenic chemicals, in a wide
variety of cyprinid fish. Journal of Comparative Physiology B: Biochemical, Systemic, and
Environmental Physiology 166, 418-426.

Tyler, C. R. and Jobling, S. (2008). Roach, Sex, and Gender-Bending Chemicals: The
feminization of wild fish in English rivers. Bioscience 58, 1051-1059.

Tyler, C. R., Jobling, S. and Sumpter, J. P. (1998). Endocrine Disruption in Wildlife: A
Critical Review of the Evidence. Critical Reviews in Toxicology 28, 319 - 361.

Tyler, C. R. and Routledge, E. J. (1998). Oestrogenic effects in fish in English rivers with
evidence of their causation. Pure and Applied Chemistry 70, 1795-1804.

Tyler, C. R. and Sumpter, J. P. (1996). Oocyte growth and development in teleosts.
Reviews in Fish Biology and Fisheries 6, 287-318.

Tyler, C. R., van Aerle, R., Hutchinson, T. H., Maddix, S. and Trip, H. (1999). An in
vivo testing system for endocrine disruptors in fish early life stages using induction of
vitellogenin. Environmental Toxicology and Chemistry 18, 337-347.

Tyler, C. R., van Aerle, R., Nilsen, M. V., Blackwell, R., Maddix, S., Nilsen, B. M.,
Berg, K., Hutchinson, T. H. and Goksgyr, A. (2002). Monoclonal antibody enzyme-
linked immunosorbent assay to quantify vitellogenin for studies on environmental
estrogens in the rainbow trout (Oncorhynchus mykiss). Environmental Toxicology and
Chemistry 21, 47-54.

Usher, M. L., Talbott, C. and Eddy, F. B. (1991). Intestinal water transport in juvenile
atlantic salmon (Salmo salar L.) during smolting and following transfer to seawater.

194



REFERENCES

Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology
100, 813-818.

Van den Belt, K., Verheyen, R. and Witters, H. (2003). Comparison of vitellogenin
responses in zebrafish and rainbow trout following exposure to environmental estrogens.
Ecotoxicology and Environmental Safety 56, 271-281.

van Ginneken, V. and Maes, G. (2005). The European eel (Anguilla anguilla, Linnaeus),
its lifecycle, evolution and reproduction: A literature review. Reviews in Fish Biology and
Fisheries 15, 367-398.

Vandervelden, J. A,, Flik, G., Spanings, F. A. T., Verburg, T. G., Kolar, Z. I. and
Bonga, S. E. W. (1992). Physiological effects of low-magnesium feeding in the common
carp, Cyprinus carpio. Journal of Experimental Zoology 264, 237-244.

Varsamos, S., Nebel, C. and Charmantier, G. (2005). Ontogeny of osmoregulation in
postembryonic fish: A review. Comparative Biochemistry and Physiology - Part A:
Molecular & Integrative Physiology 141, 401-429.

Verbost, P. M., Schoenmakers, T. J. M., Flik, G. and Bonga, S. E. W. (1994). Kinetics
of ATP-driven and Na*-gradient-driven Ca?* transport in basolateral membranes from gills
of freshwater-adapted and seawater-adapted tilapia. Journal of Experimental Biology 186,
95-108.

Verslycke, T., Vandenbergh, G. F., Versonnen, B., Arijs, K. and Janssen, C. R. (2002).
Induction of vitellogenesis in 17a-ethinylestradiol-exposed rainbow trout (Oncorhynchus
mykiss): a method comparison. Comparative Biochemistry and Physiology - Part C:
Toxicology & Pharmacology 132, 483-492.

Vethaak, A. D., Lahr, J., Schrap, S. M., Belfroid, A. C., Rijs, G. B. J., Gerritsen, A., de
Boer, J., Bulder, A. S., Grinwis, G. C. M., Kuiper, R. V. et al. (2005). An integrated
assessment of estrogenic contamination and biological effects in the aquatic environment of
The Netherlands. Chemosphere 59, 511-524.

Vetillard, A. and Bailhache, T. (2006). Effects of 4-n-nonylphenol and tamoxifen on
salmon gonadotropin-releasing hormone, estrogen receptor, and vitellogenin gene
expression in juvenile rainbow trout. Toxicological Sciences 92, 537-544.

Vijayan, M. M., Takemura, A. and Mommsen, T. P. (2001). Estradiol impairs
hyposmoregulatory capacity in the euryhaline tilapia, Oreochromis mossambicus. American
Journal of Physiology - Regulatory, Integrative and Comparative Physiology 281, R1161-
1168.

Villeneuve, D. L., Villalobos, S. A., Keith, T. L., Snyder, E. M., Fitzgerald, S. D. and
Giesy, J. P. (2002). Effects of waterborne exposure to 4-nonylphenol on plasma sex steroid

195



REFERENCES

and vitellogenin concentrations in sexually mature male carp (Cyprinus carpio).
Chemosphere 47, 15-28.

Vos, J. G., Dybing, E., Greim, H. A., Ladefoged, O., Lambre, C., Tarazona, J. V.,
Brandt, I. and Vethaak, A. D. (2000). Health effects of endocrine-disrupting chemicals on
wildlife, with special reference to the European situation. Critical Reviews in Toxicology
30, 71-133.

Walsh, P. J., Blackwelder, P., Gill, K. A., Danulat, E. and Mommsen, T. P. (1991).
Carbonate deposits in marine fish intestines - A new source of biomineralization.
Limnology and Oceanography 36, 1227-1232.

Warner, K. E. and Jenkins, J. J. (2007). Effects of 17a-ethinylestradiol and bisphenol a
on vertebral development in the fathead minnow (Pimephales Promelas). Environmental
Toxicology and Chemistry 26, 732-737.

Weber, L. P., Hill, R. L. and Janz, D. M. (2003). Developmental estrogenic exposure in
zebrafish (Danio rerio): Il. Histological evaluation of gametogenesis and organ toxicity.
Agquatic Toxicology 63, 431-446.

Wendelaar Bonga, S. E. and Lock, R. A. C. (2008). The osmoregulatory system. In
Giulio, R.T. Di ; Hinton, D.E. (ed.), The toxicology of fishes, pp. 401 - 416: s.l. : CRC
press.

Wendelaar Bonga, S. E. and Greven, J. A. A. (1978). Relationship between prolactin cell
activity, environmental calcium, and plasma calcium in teleost Gasterosteus aculeatus -
observations on stanniectomized fish. General and Comparative Endocrinology 36, 90-
101.

Wenger, M. and Segner, H. (2008). Impact of estrogenic active substances on the
developing immune system of rainbow trout (Oncorhynchus mykiss). Comparative
Biochemistry and Physiology - Part A: Molecular & Integrative Physiology 151, S5-S5.

White, R., Jobling, S., Hoare, S. A., Sumpter, J. P. and Parker, M. G. (1994).
Environmentally persistent alkylphenolic compounds are estrogenic. Endocrinology 135,
175-182.

Whittamore, J. M., Cooper, C. A. and Wilson, R. W. (2010). HCOFormula secretion
and CaCOg precipitation play major roles in intestinal water absorption in marine teleost
fish in vivo. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 298, R877-886.

Williams, R. J., Johnson, A. C., Smith, J. J. L. and Kanda, R. (2003). Steroid estrogens
profiles along river stretches arising from sewage treatment works discharges.
Environmental Science & Technology 37, 1744-1750.

196



REFERENCES

Wilson, J. M. and Laurent, P. (2002). Fish gill morphology: Inside out. Journal of
Experimental Zoology 293, 192-213.

Wilson, R., Gilmour, K., Henry, R. and Wood, C. (1996). Intestinal base excretion in the
seawater-adapted rainbow trout: a role in acid-base balance? Journal of Experimental
Biology 199, 2331-2343.

Wilson, R. W. (2011). Gut lon Regulation. In Encyclopedia of Fish Physiology, pp. In
Press: Elsevier.

Wilson, R. W. and Grosell, M. (2003). Intestinal bicarbonate secretion in marine teleost
fish-source of bicarbonate, pH sensitivity, and consequences for whole animal acid-base
and calcium homeostasis. Biochimica et Biophysica Acta (BBA) - Biomembranes 1618,
163-174.

Wilson, R. W., Millero, F. J., Taylor, J. R., Walsh, P. J., Christensen, V., Jennings, S.
and Grosell, M. (2009). Contribution of fish to the marine inorganic carbon cycle. Science
323, 359-362.

Wilson, R. W., Wilson, J. M. and Grosell, M. (2002). Intestinal bicarbonate secretion by
marine teleost fish-why and how? Biochimica et Biophysica Acta (BBA) - Biomembranes
1566, 182-193.

Wilson, R. W. and Wood, C. M. (1992). Swimming performance, whole body ions, and
gill Al accumulation during acclimation to sublethal aluminium in juvenile rainbow trout
(Oncorhynchus mykiss). Fish Physiology and Biochemistry 10, 149-159.

Wood, C. M. (1992). Flux measurements as indices of H" and metal effects on freshwater
fish. Aquatic Toxicology 22, 239-263.

Wood, C. M., Kajimura, M., Sloman, K. A., Scott, G. R., Walsh, P. J., Almeida-Val, V.
M. F. and Val, A. L. (2007). Rapid regulation of Na* fluxes and ammonia excretion in
response to acute environmental hypoxia in the Amazonian oscar, Astronotus ocellatus.
American Journal of Physiology - Regulatory, Integrative and Comparative Physiology
292, R2048-R2058.

Wood, C. M., McDonald, D. G., Booth, C. E., Simons, B. P., Ingersoll, C. G. and
Bergman, H. L. (1988). Physiological evidence of acclimation to acid/aluminum stress in
adult brook trout, (Salvelinus fontinalis). 1. Blood composition and net sodium fluxes.
Canadian Journal of Fisheries and Aquatic Sciences 45, 1587-1596.

Wu, R. S. S, Zhou, B. S., Randall, D. J., Woo, N. Y. S. and Lam, P. K. S. (2003).
Aquatic hypoxia is an endocrine disruptor and impairs fish reproduction. Environmental
Science & Technology 37, 1137-1141.

197



REFERENCES

Yadetie, F., Arukwe, A., Goksoyr, A. and Male, R. (1999). Induction of hepatic estrogen
receptor in juvenile Atlantic salmon in vivo by the environmental estrogen, 4-nonylphenol.
Science of The Total Environment 233, 201-210.

Yadetie, F. and Male, R. (2002). Effects of 4-nonylphenol on gene expression of pituitary
hormones in juvenile Atlantic salmon (Salmo salar). Aquatic Toxicology 58, 113-129.

Yancey, P. H. (2005). Organic osmolytes as compatible, metabolic and counteracting
cytoprotectants in high osmolarity and other stresses. Journal of Experimental Biology 208,
2819-2830.

Ying, G.-G., Kookana, R. S. and Ru, Y.-J. (2002). Occurrence and fate of hormone
steroids in the environment. Environment International 28, 545-551.

Ying, G. G., Kookana, R. S., Kumar, A. and Mortimer, M. (2009). Occurrence and
implications of estrogens and xenoestrogens in sewage effluents and receiving waters from
South East Queensland. Science of The Total Environment 407, 5147-5155.

Young, G., McCormick, S. D., Bjrnsson, B. T. and Bern, H. A. (1995). Circulating
growth hormone, cortisol and thyroxine levels after 24 h seawater challenge of yearling
coho salmon at different developmental stages. Aquaculture 136, 371-384.

Yu, T. C., Sinnhuber, R. O. and Hendricks, J. D. (1979). Effect of steroid hormones on
the growth of juvenile coho salmon (Oncorhynchus kisutch). Aquaculture 16, 351-359.

Zall, D. M., Fisher, D. and Garner, M. Q. (1956). Photometric determination of chlorides
in water. Analytical Chemistry 28, 1665-1668.

Zha, J., Wang, Z., Wang, N. and Ingersoll, C. (2007). Histological alternation and
vitellogenin induction in adult rare minnow (Gobiocypris rarus) after exposure to
ethynylestradiol and nonylphenol. Chemosphere 66, 488-495.

Zlabek, V., Berankova, P., Randak, T., Kolarova, J., Svobodova, Z. and Kroupova, H.
(2009). Induction of vitellogenin and gonadal impairment in chub (Leuciscus cephalus L.)
after exposure to 17p3-estradiol and testosterone. Neuroendocrinology Letters 30, 225-229.

198



