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ABSTRACT

Growth of marine organisms, fouling, on man-made constructions submerged
in the water is regarded as a major problem. For vessels, fouling increases drag and
thereby fuel consumption, wherefore antifouling paints are used. Traditionally,
they contain toxic compounds, and several of these have unwanted effects in
the environment. Today the search for environmentally acceptable and efficient
alternatives is intense.

Medetomidine, originally used as a veterinary sedative, inhibits barnacle
settling at nanomolar concentrations. It is presently under evaluation for use as
an antifouling agent. The studies within this thesis were performed to investigate
medetomidine responses in fish. The focus was to identify early effects, occurring
from low concentrations. Studies have been performed in the species rainbow trout,
Atlantic cod, turbot, Atlantic salmon and three spined stickleback. Exposure time
vary from 1 up to 54 days, and a set of parameters have been investigated including
biochemical biomarkers, growth and related parameters, behaviour and large scale
gene expression.

Paleness is the most obvious effect of medetomidine in fish and appears from
0.5 to 50 nM, depending on species. Colour was observed and quantified, and the
function of melanophores (pigment cells) after long term exposure to medetomidine
was investigated. It is suggested that melanophores are functional after treatment, and
thus the colour change may be reversible. Although not lethal per-see, paleness may
have consequences for fish predator-prey interactions (camouflage), social signalling
and UV protection.

Medetomidine also showed to affect the activity of the hepatic enzyme
Cytochrome P4501A (CYP1A), measured as EROD activity. A minor increase
in activity was observed iz wvivo in several of the investigated species. In wvitro,
medetomidine showed instead to be a potent inhibitor of EROD activity with median
inhibition values (IC50) in the nanomolar range. An inhibited CYP1A activity may
interfere with fish detoxification of toxicants abundant in the aquatic environment.

No significant effects were found on growth rate, but the results indicate lowered
blood glucose levels and decreased liver size after medetomidine treatment and thus
a shift in carbohydrate metabolism. The large scale gene expression study revealed
no significant differences among treatments. We found no effects on glutathione
or glutathione dependent enzymes in any of the studies. In the behavioural studies,
fish were less active and had less appetite in medetomidine treatments compared
to control. Medetomidine had no effects on investigated antioxidant enzymes and
showed no cytotoxicity.

Among the responses studied within this thesis, paleness and inhibition of
EROD activity are perhaps the most important. These effects appear eatly and are
clear and consistent among several species.

Keywords: Fish, Medetomidine, Antifouling, Ecotoxicology, Biomarker
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POPULARVETENSKAPLIG SAMMANFATTNING

Livet i havet dr aldrig stilla. Dérfor foredrar tusentals vixter och djur att sitta fast
pa en yta. Till exempel havstulpaner, musslor, sjopungar och alger. For sjofarten dr
denna marina pdavixt ett stort problem, och lingt tillbaks i historien hittar man bevis
for hur manniskor forsékt skydda sina fartygsskrov fran den. Det storsta problemet
med pavixten dr att friktionen mot vattnet Okar markant, och dirmed ocksa
brinsleférbrukningen. Pavixten dr pd sé sitt ett miljdproblem, likvil som ett praktiskt

och ekonomiskt problem.

Fér att bli av med pavixten har man traditionellt anvint sig av giftig firg som
malats pa skrovet. Gifterna haller undan pévixten, men problemet dr att dven den
omgivande havsmiljon skadas av gifterna. Ett viktigt exempel ér firger innehallande
TBT, tennorganiska féreningar. Dessa féreningar dr svarnedbrytbara och ackumuleras
genom niringskedjorna. Manga organismer far illa av dessa substanser och stora
skador har upptickts hos blotdjur som far problem med att féréka sig. Sedan 2008
finns ett virldsomfattande férbud mot TBT-innehéllande firg. TBT har till stora
delar ersatts av koppar och sa kallade booster biocider, men dessa nya firger ir sillan
lika effektiva som TBT-firgerna, och dessutom har dven manga av dessa odnskade

effekter i miljon.

De senaste tjugo dren har stkandet efter nya alternativ intensifierats. Fortfarande
finns det ingen sjilvklar 16sning, men flera lovande idéer. Denna avhandling ingér
som en del i forskningsprojektet Marine Paint, som fokuserar pd dessa fragor.
Medetomidine ir en substans som anvinds som sévningsmedel inom veterinirmedicin,
men som ocksa visat sig ha férmdgan att hindra havstulpanens larver fran att fista
vid en yta, redan vid mycket laga koncentrationer. Dessutom skadas inte larverna,
utan kan sld sig ner nigon annanstans For nirvarande genomgar medetomidine en
utvirdering enligt EU:s biociddirektiv rérande anvindningen av medetomidine som

aktiv substans i batbottenfirg.

Syftet med avhandlingen har varit att undersoka effekter av medetomidine pa fisk,
och fokus har varit pa pd tidig paverkan, som upptrider vid liga koncentrationer. 1
avhandlingen har fiskarterna regnbage, torsk, piggvar, storspigg och atlantlax studerats.
Fisken har behandlats med laga koncentrationer av medetomidine under perioder
fran ett dygn upp till 54 dygn och en rad olika parametrar har studerats. Diribland

beteende, tillvixt, hormoner, avgiftningsenzymer och genetiska fingeravtryck.
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Den mest uppenbara effekten av medetomidine dr férmagan att gora fiskar bleka.
Medetomidine paverkar de hudceller som innehdller pigment (melanoforer) och
omférdelar pigmentet i dessa. Firgtérindingarna har studerats och dven funktionen
hos pigmentcellerna efter lingre tids exponering f6r medetomidine. Det verkar inte
som att pigmentcellerna skadas under langvarig behandling med medetomidine, men
diremot paverkas deras kinslighet nagot. Blekheten dr inte skadlig i sig, men en
fungerande pigmentering dr mycket viktig for t.ex kamouflage, kommunikation och
UV-skydd.

En annan effekt som patriffats i flera av studierna dr att aktiviteten av ett
avgiftningsenzym i levern (CYP1A) péaverkas. Vid studier pa isolerade leverfraktioner
har vi kunnat konstatera att enzymets verkan forhindras av medetomidine. Detta
skulle kunna innebira att fiskars nedbrytning av skadliga substanser i miljon férsdmras

av medetomidine.

I en langtidsstudie med regnbage underséktes om fiskens tillvixt paverkades av
medetomidine. Dessutom undersoktes tillvixthormoner och andra faktorer relaterade
till tillvixt. Vi kunde inte finna nédgra effekter pa sjilva tillvixten, men en paverkan
pé blodsockerhalt och leverstorlek. En storskalig analys av vilka gener som uttryckts i

leverprover frin forséket visade inte pa nagra statistiska skillnader.

I beteendestudier sags en nigot ligre aktivitet och aptit hos fiskar som behandlats
med medetomidine, detta kan forklaras som en litt sévningseffekt. Flera studier
visar att medetomidine vid de aktuella koncentrationerna troligtvis inte 6kar effekter
av skadliga syreradikaler och dessutom visar studier pa isolerade, odlade celler att

medetomidine inte 4r giftigt f6r cellerna.

Avsikten med avhandlingen har varit att férséka identifiera en del av de effekter
pa fisk som skulle kunna upptrida vid anvindning av medetomidine i batbottenfirg.
De effekter vi sett har upptritt tidigast vid koncentrationer fran 0.5-50 nM. Att avgora
hur troligt det dr att dessa koncentrationer, och dirmed effekter, uppstir i miljén

ligger utanfor ramen f6r den hir avhandlingen.
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ABBREVIATIONS
ABC ATP binding cassette
AhR aryl hydrocarbon receptor
ATP adenosine triphosphate
cAMP cyclic adenosine monophosphate
CDNB chlorodinitrobenzene
CF condition factor
CYP1A cytochrome P450 1A
DNA deoxyribonucleic acid
DMSO dimethylsulfoxide
DTNB 5,5"-dithiobis-(2-nitrobenzoic acid)
EROD ethoxyresorufin-O-Deethylase
GH growth hormone
GR glutathione reductase
GST glutathione-S-transferase
HIS heartsomatic index
1C50 median inhibition value
ip. intra peritoneal
IGF-1 insulin-like growth factor I
LSI liver somatic index
MCH melanophore concentrating hormone
MDR multi drug resistance
mRNA messenger RNA
MSH melanophore stimulating hormone
MXR multi xenobiotic resistance
nM nanomolar
PAH polyaromatic hydrocarbons
PCB polychlorinated biphenyls
PEC predicted environmental concentration
PNEC predicted no effect concentration
qPCR quantitative polymerase chain reaction
RNA ribonucleic acid
TBT tributyltin
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INTRODUCTION

INTRODUCTION

Fouling and antifouling

For shipping, colonisation of marine organisms on underwater surfaces has
always been regarded as a major problem. Many, over 2000, marine species, prefer
to live their life settled onto a hard surface in the turbulent aquatic environment.
When a surface is submerged into the water, it is only a matter of minutes until the
colonisation begins. Organic macromolecules attach first, and within hours or days,
bacteria and unicellular algae. This microfouling is often referred to as biofilm or slime.
Macrofouling starts when spores and larvae from larger species arrive to the surface,
attach and metamorphose into sessile adults (Wahl 1989; Chambers et al. 20006) (figure

1.

Figure 1. Fouling is the growth of marine organisms on surfaces submerged in the
water. More than 2000 species prefer to live settled to a hard substrate. This is the
hull of a small leisure boat on the Swedish west coast.

The major problem with fouling is that it increases the drag and thereby the
fuel consumption dramatically. Only the first layer of bacteria and unicellular algae
may increase fuel consumption with up to 11 percent, and a heavily fouled vessel
will eventually be very difficult to move (Schultz 2007) (figure 2). Other problems
associated with fouling are corrosion, impaired manoeuvrability and spreading of
invasive species. Also other types of underwater constructions such as oil rigs, fishing

gear and cooling water systems need to be protected from fouling organisms.

Methods to prevent fouling have been used since early history. The traditional
way to prevent fouling is to use toxic substances on the ship hull to kill the fouling

organisms. Copper is one of the oldest antifouling agents, and it is still the one most
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Figure 2. Marine biofouling starts within minutes after a surface is submerged in
the water. The major problem with fouling is increased drag and thereby increased
fuel consumption. The figure is redrawn from Wahl (1989) and Schultz (2007). The
total cost of antifouling paints in the world has been estimated to 5 billions SEK
per year (Ahlbom and Duus 2003).

commonly used. In the 1970’s, a revolutionary antifouling technique was introduced.
This was self-polishing (SPC) paint containing organic tin compounds (ITBT’). In a
self-polishing paint, the surface layer is being hydrolysed over time, and thus a fresh
layer of biocides is continuously being presented. By application of many layers
of paint, the antifouling effect can last for 4-6 years. Additionally, the organic tin
compounds are efficient towards the whole spectrum of fouling organisms in every
part of the world.

Environmental impact of antifouling paints

Unfortunately, the compounds designed to prevent fouling also showed to have
unwanted effects in other marine organisms. For example, reproduction of marine
gastropods is severely disturbed in areas contaminated with TBT s (Bryan and Gibbs
1991; Champ 2000; Ketata et al. 2007). France was the first country to ban the use of
TBT’s in 1989. Since 2008 there is a worldwide ban on TBT"s by the International
Maritime Organisation (IMO). However, there are still TBT compounds present in
the environment, exerting effects. TBTs are persistent and have accumulated in the
sediments for a long time. They ate also bioaccumulated and biomagnified in the food
web (Strand and Jacobsen 2005). Also, TBT paints are available and used illegally,
especially in developing countries (Gipperth 2009).

10



INTRODUCTION

The last decades, the search for new antifouling alternatives has been intense.
The most common substitutes for TBT containing paints are self-polishing paints
containing mainly copper compounds. However, copper is not as efficient in
preventing fouling as TBT, especially regarding algae, and several fouling organisms
develop tolerance to copper. Therefore, so called booster biocides are added to
copper paints. Examples of booster biocides are Irgarol, Seanine and copper
pyrithione. Additionally, many paints contain large amounts of zinc, often registered
as pigment, but with additional antifouling properties. One of the problems with
booster biocides is that they are not chemically compatible with the paint polymer,
and thus the release from the paint is uncontrolled and too quick. Also, many of the
booster biocides, as well as copper, have adverse effects in the environment (Thomas
et al. 2001; Konstantinou and Albanis 2004; Thomas and Brooks, 2010).

New perspectives of antifouling solutions

There is an inbuilt challenge in the development of antifouling systems. By
definition the hull environment must be very hostile to all fouling organisms, but it
shall not have any impact on the surrounding aquatic environment. Also, the paint
should not interfere with desired hydrodynamic properties. Large-scale production
is necessary as well as fair price, and minimal

maintenance requirements (figure 3). Figure 3.
Challenges in development of
There are today many good ideas how  antifouling products:
to solve this issue (table 1). However, it is ..
very difficult to find a universal method. It is
likely that we will not find a “new TBT”, but

there will be different solutions for different  Life§

Large-scale production

n >4 years

o b\ N
situations; different types of vessels and o bica B aiics:
i 'M’ég stable in the paint

more environmentally acceptable methods | “Good

different waters. One of the most wide-spread VB

in use today, are low surface energy paints,

- . . . User's safet 2
such as silicon paints. They function simply B o

. . . o N ‘\ \ 3
by being slippery. To function well, however,  Enyironmentat:

S . | _Non toxic
the vessel needs to attain high speed and being MNoripelistent
frequently used. For this reason they are not Non bioackumulative
suitable in all situations. Also, to paint a ship  Egicient:
is very complicated and costly. Other methods . Cover all fouling species
. . P Juuctio@ all WM
that are commercially available, at least to a e e, =

limited extent, are paints containing enzymes
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Method

Reference

In use

+

SPC copper
paint with booster
biocides

Most common

Functions fairly good
Cheap

Environmental impact
Premature release of
boosters

Low surface
energy, silicon

In use worldwide

Free from biocides

Expensive, requires
high speed and
regular use, fragile

Cleaning, robots
and stations

www.cleanhull.no
www.boatwasher.se

Limited use
so far

Free from biocides

No continous
protection, toxic
waste

Oxygen depleted
surfaces

www.ekomarine.se

Limited use in
the Baltic sea

Free from biocides

Short life span

Nanostructured
surfaces

www.ambio.bham.ac.uk
www.sharklet.com

Under evaluation

Free from biocides

Possibly expensive
and difficult to
produce in large scale

Natural products

Reviewed in Raveendran
& Mol, 2009

Under evaluation

Possibly repellent
rather than toxic

Difficult to produce in
large scale

New biocides with
non-lethal target;
medetomidine,

www.marinepaint.se

Limited use

Non-lethal
mechanism, potent at

Environmental
impact needs to be

quorom sensing Dobretsov et al. 2009 low concentrations evaluated
inhibition
f Commercially
www.biolocus.com . . .
. One commersial | produced Life-span, storing,
Enzymes Reviewed by Olsen et . : .
paint Non-lethal toxic metabolites?
al., 2007 .
mechanism

Table 1. Strategies to prevent fouling.

to prevent fouling (Olsen et al. 2007), and paints containing proteins to create oxygen-
depleted surfaces (Lindgtren et al. 2009).

An interesting and promising field is the use of nanostructured surfaces to
prevent fouling. There is quite a lot of research in this field, for example the Ambio-
project (www.ambio.bham.ac.uk). Another area where research has been extensive is
the search for “natural” antifouling agents. Many marine organisms have developed
substances to prevent themselves from being fouled. There is a general idea that these
natural substances should be more environment friendly, since marine organisms may
have strategies to handle them. Today more than 145 natural substances have been
identified as antifouling agents (Raveendran and Mol 2009), however to my knowledge
no commercial products have yet been introduced. One major problem is that these
molecules are often very complex and difficult to produce in large-scale. Also natural
occurring substances need to be evaluated according to current legislation; many of

these are very toxic.

Over the last years, sophisticated methods to clean hulls have been developed.
For smaller boats there are cleaning stations similar to automatic car wash stations,
and for large ships there are robots ”walking” the hull, cleaning it under water. This is

a good method since no toxic agents are used, however there may be toxic waste from

12
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previous layers of paint. This thesis work lies within the project Marine Paint, which
is one of few projects evaluating new types of repellent biocides. Such a biocide does
not function by being toxic, or lethal, but by interfering with some process involved

in settling and metamorphosis of a fouling organism.

Defined by the European Union Biocidal Products Directive (BPD), biocidal
products are “Active substances and preparations containing one or more active
substances, put up in the form in which they are supplied to the user, intended to
destroy, detet, render harmless, prevent the action of, or otherwise exert a controlling
effect on any harmful organism by chemical or biological means”. Antifouling
products sort under the BPD. The directive was implemented in law in May 2000,
and all biocidal products are supposed to be evaluated according to the directive. The
directive also promotes the principle of substitution, meaning that when two products
are equally well functioning, the more environmentally acceptable should always be
used (www.kemi.se). The BPD together with national and international legislation

provides a pressure to speed up the development of new antifouling technologies.

The Marine Paint project

Based on the finding that a
substance, normally used  within
veterinary medicine, could inhibit the
settling of barnacle larvae at very low
concentrations, the Marine Paint project
started in 2003.

The barnacle Amphibalanus

improvisius is by many regarded as the

toughest fouling organism in our waters.

Photo: Kent Berntsson,
Alexandra Wattwil To be able to spread to new surfaces,

adult sessile barnacles release planktonic
Figure 4. The barnacle lifecycle
includes a mobile cyprid larvae stage.
It is the cyprid that seeks a surface
to settle down on. Medetomidine
inhibits settling of cyprid larvae at on. Therefore this larval stage is of high

nanomolar concentrations. interest in antifouling research (figure 4).

larvae. The final of seven larval stages is
called cyprid, and it is the cyprid that has
the task to find a suitable sutface to settle

13



In 2000, the substance medetomidine was shown
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to reversibly inhibit settling of cyprids at nanomolar
concentrations, hundred thousand times lower than

the lethal concentrations (Dahlsttom et al. 2000). To Marine Paint

evaluate the use of medetomidine as an antifouling agent, a multidisciplinary research

program was formed, funded by the Swedish Foundation for Strategic Environmental
Research, MISTRA. The focus of the first four years was entitely on medetomidine and
barnacles. Much remained to be learned about the cyprid and the settling mechanisms,
and to find the target for medetomidine in the cyprid. Chemists faced the challenge to
develop a paint matrix enabling controlled medetomidine release. Medetomidine was
also further tested in the field. To answer the question if medetomidine is safe to use

in the environment, an ecotoxicology group was formed.

After 2006, the research program was broadened, to target all fouling organisms.
Other substances are evaluated, since medetomidine is only efficient towards barnacles
and tubeworms. The concept, developed within Marine Paint, is to use intelligent
mixtures of biocides to gain maximum antifouling effect at minimum environmental
impact. These mixtures can then be optimised for different uses. To chemically
handle this cocktail of substances, and to control release rate, a microencapsulation

technique has been developed (www.marinepaint.se).

This thesis has its major focus in the first part of Marine Paint, investigating the
effects of medetomidine in fish.

Medetomidine

The chemical

Medetomidine (4-[1-(2,

CH
3-dimethylphenyl)  ethyl)- ’
imidazole) is an imidazole.
It has a molecular weight
of 200.28g/mole and is
molecule with a chiral HiC Gl
centrum. It has  two Figure 5. Medetomidine was originally introduced
optical enantiomers, dex- as a veterinary sedative. It is an imidazole, and has

medetomidine and levo- molecular weight of 200.28 g/mole.

medetomidine (figure 5). It was introduced in the 1980s as a sedative and analgesic

drug and is today widely used in veterinary medicine and wildlife management. To a

14
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limited extentitis also used within human medicine. Commonly the dexmedetomidine
hydrochloride is used for clinical applications. Domitor, Cepetor, Sedator and
Precedex are examples of names on products based on medetomidine. The first
paper suggesting medetomidine as an antifoulant was published in 2000 (Dahlstrém
et al. 2000). Medetomidine in the use as an antifoulant, may also be called Catemine
L

Biological mechanism

Medetomidine is known to be a selective and potent «,-adrenoceptor agonist
(Savola et al. 19806). Adrenoceptors are teceptors for the catecholamines adrenaline
and noradrenaline. The receptor is situated in the cell membrane and consists of
seven transmembrane amino acid helixes and extracellular and intracellular loops.
All adrenoceptors are G-protein coupled. Stimulation of the receptor activates G-
proteins and second messenger signals including cAMP, Ca*" diacylglycerol and
inositol-triphosohate (IP3) (Hein 2000)(figure6). The subtypes o and 3 were classified
already in 1948 by Ahlquist (Ahlquist 1948). This classification has remained the base
for further classification. Today several subgroups are described: o, (A, B, C); o, (A,
B, C) and B, B,, B,- The a,-adrenoceptors are essential in presynaptic inhibition of
noradrenaline release. Examples of body functions regulated by a -adrenoceptors are

analgesia, sedation, behaviour and cardiovascular control (Hein 2000).

[
NERVE ®e® i
[ ] . . Noradrenaline

oS @grﬂmwwg”“@“ﬁﬁaﬂawﬁmﬁw
% il é@;&@é f@f&iﬁ&eﬁs@gwmw

Negative feedback 1Noradrenallne . ‘ G-protein

Presynaptic az‘ ) | ® o ] = iit =

-

[ X J o ® Adenylate cyclase

Medetomidine® %

Postsynaptic a,
ATP
cAMP

Figure 6. Medetomidine is known as an «,-adrenoceptor agonist. This receptor is
G-protein coupled and when stimulated by noradrenaline, production of cAMP
is inhibited. Presynaptic o -adrenoceptors regulate noradrenaline release via
negative feedback.
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The classification from mammals is not necessarily applicable in fish (Fabbri et
al. 1998). There are studies showing for example unexpected responses to selective
antagonists or agonists known from mammalian literature. One example is the classic
a,-adrenoceptor agonist clonidine, showing antagonistic properties in cod (Johansson
1979). A more recent study focusing on beta receptors also address the lack of
knowledge of adrenoceptors in important fish species (Owen ez al. 2007). However,
in zebrafish five different subtypes of « -adrenoceptors have been identified,
where three show great similarity to the mammalian receptors regarding structural,
functional and pharmacological properties (Ruuskanen ez al. 2005). Also from cuckoo
wrasse (Labrus ossifagus) the o,- adrenoceptor has been cloned and characterised
(Svensson et al. 1993). To our knowledge, in rainbow trout, there ate no sequence data
on «-adrenoceptors. « -adrenoceptor paralogs have been characterised, suggesting
that the role of « is different in fish than in mammals (Chen ez al. 2007). Also,
studies of the 3 -receptor suggests that control and signaling in rainbow trout differs
from mammalian {8, receptors (Nickerson et al. 2001). It is possible that medetomidine
also exerts effects via special imidazoline receptors. Imidazoline receptors and o -
adrenoceptors may share many features and interact with one another. The existence
of imidazoline receptors is debated and they are not very well studied (Hieble and
Ruffolo1995; Szabo 2002).

Effects of medetomidine

Because of its medical use, numerous studies have been performed evaluating the
acute effects of medetomidine during sedation, in a variety of species. The central
nervous effects include decreased turnover of noradrenaline and also serotonin
(Scheinin et al. 1989). The sedative effect is explained by noradrenaline decrease in
the brain nuclei locus coeruleus (Scheinin and Schwinn 1992). Medetomidine has also
an analgesic effect, which is favorable in the clinical application. Commonly reported
side effects of medetomidine sedation are bradycardia, hypotension and hypertension
(Scheinin and Schwinn 1992; Sinclair 2003; Murrell and Hellebrekers 2005; Gerlach
and Dasta 2007). Medetomidine also increases the level of growth hormone (Venn
et al. 2001). Medetomidine is closely related to an other a -adrenoceptor agonist,
clonidine, Clonidine is not as «, specific as medetomidine, but it has been around for

a long time and is well studied.

The knowledge of effects of medetomidine in aquatic organisms is limited.
In a few studies medetomidine has been used as a sedative in fish (Horsberg et al.
1999; Fleming et al. 2003; Williams ez al. 2004). Within the Marine Paint project, larval
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turbot (Psetta maxima), Atlantic cod (Gadus morbua) and lumpfish (Cyclopterus lumpus)
have been studied for oxygen consumption and respiration rate after medetomidine
exposure. In turbot and lumpfish there was a dose-dependent decrease in respiration
rate and oxygen consumption (Bellas ez al. 2005; Hilvarsson et al. 2007). Medetomidine
has also been used as a tool in studies of fish pigment cells, melanophores, since
medetomidine has a skin lightening effect (Katlsson er al. 1989; Ruuskanen et al.
2004).

Even more limited is the knowledge in invertebrates. In the mussel Abra nitida,
medetomidine reduced burrowing behaviour (Bellas et al. 2006), and in the amphipod
Corophium wvolutator mate search behaviour was reduced (Kring and Dahlstrom
2000). Studies in the marine organisms Mytilus edulis, Abra nitia, Crangon crangon and
periphyton communities have shown bioconcentration factors ranging from 2.8 to
1195 1/kg FW (Hilvarsson ez al. 2009).

Ecotoxicology

The studies within this thesis were performed as part of ecotoxicological evaluation
for medetomidine. The term ecotoxicology was coined in the 1970” s and can be
defined as the study of effects of chemicals of anthropogenic origin on the ecosystem
(Truhaut 1977). Ecotoxicological studies involve studies on all levels of organisation,
but since it is almost impossible to study a whole ecosystem, investigations are most

commonly performed in single species or micro or mesocosms.

The aquatic environments are the ultimate sink for many pollutants, and aquatic
organisms are highly vulnerable to pollutants in the water they breathe and live in.
Fish toxicology is an important field in ecotoxicology. Fish are top predators and
accumulate toxicants from lower trophic levels. Fish health is also of commercial
interest, as an important food source all over the world. The knowledge base from
fish physiology, ecology and morphology is rather extensive, and fish can be handled
and studied both in field and laboratory environments (Van der Oost er al. 2003; Di
Giulio and Hinton 2008).

Two major areas of ecotoxicology are biomonitoring and risk assessment. In
biomonitoring, the health of the ecosystem in a geographical area is assessed. Risk
assessment is performed for specific chemicals, or classes of chemicals, to predict
the risk of introducing new chemicals or estimate impact of existing chemicals. In
ecotoxicological studies, chemical analyses are important, but has limitations. Levels of

chemicals can fluctuate and even though present in the water, they are not necessarily
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bioavailable -taken up by biota. Therefore, studying biological endpoints is important.
These can be studied in all levels of biological organisation. Impact on individual or
species level is of high ecological relevance, but when such responses are observed,
the ecosystem is already damaged. Effects on cellular, biochemical or genetic levels,
on the other hand, may serve as “eatly warning signals”. The development and usage
of these eatly warning signals, or biomarkers is an important field within ecotoxicology
(Peakall and Walker 1994; Sanchez and Porcher 2009) (figure 7).
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Figure 7. Biomarkers are important tool in ecotoxicological studies. Biomarkers
on lower levels of organisation can serve as early warning signals, and indicate
exposure and response to chemicals before damage has reached individual or
ecosystem level.

By definition, biomarkers should reflect adverse biological responses towards
anthropogenic environmental toxins. Biomarkers should preferably be dose-
dependent specific to a class of pollutants or to a mode of action to be useful in the
ecological interpretation (Van der Oost et al. 2003). Biomarkers are important tools in
biomonitoring and risk assessment. The studies within this thesis were performed as

part of the risk assessment for medetomidine, using a biomarker approach.

Biomarkers used within this thesis

Most biochemical defences respond to injury by increasing defence levels through
self-regulating signalling mechanisms. Several important biochemical biomarkers are
part of metabolic or oxidative defence systems. The Cytochrome P450 enzyme family
subgroup 1A, CYP1A, is involved in transformation of xenobiotic molecules and

is commonly induced by classical environmental pollutants such as polyaromatic
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hydrocarbons and PCB:s. CYP 1A can be measured at transcriptional, protein or
catalytic levels (EROD activity)(Arellano-Aguilar et al. 2009) . The glutathione-S-
transferase, GST, family is also involved in xenobiotic transformation and can be
measured at several levels. The enzymatic assay measure many different forms of the
enzyme. The small molecule glutathione is of large importance in the antioxidant
defence system and can reduce radicals by being oxidized itself. The enzyme
glutathione reductase, GR, reduces glutathione and restores its reducing capacity
(Stephensen et al. 2002). Important biochemical biomarkers not used within this
thesis are metallothioneins, stress proteins, vitellogenin (egg yolk protein), multidrug

resistance proteins and genotoxic markers.

Physiological biomarkers are often less specific to contaminants, but give an
overall health estimation. Hematological indexes such as hematocrit (volume of red
blood cells) and haemoglobin content have been used in our studies, as well as the
metabolic markers blood glucose and lactate. Circulating hormones can be used as
biomarkers and within this thesis levels of growth hormone (GH), insulin-like growth
factor 1 (IGF-I) and leptin have been measured (Reinecke er al. 2005). Condition
indexes are very simple measurements that index the physical proportions of the fish
ot a specific organ. We have used condition factor expressed as weight/lenght’. We
have also calculated the organosomatic indexes liver somatic index (LSI), sometimes
referred to hepatosomatic index, and heart somatic index (HSI), calculated as organ
weight/body weightX100 (Di Giulio and Hinton 2008). Growth itself can also be
used as a biomarker (Amara et al. 2009) expressed for example as specific growth rate,
as in this thesis. We have also used behaviour as biomarker. We have not used any

pathological biomarkers or morphological abnormalities.

“Omic” studies refer to large scale screening such as proteomics, metabolomics,
genomics and transcriptomics. We have performed a large scale gene expression

analysis using an oligonucleotid microarray.

Environmental Risk assessment

Risk assessment has developed as a tool for chemical legislation authorities.
In Europe, risk assessment is described in Technical Guidance Document on Risk
Assessment, TGD from 2003 (http://ecb.jtc.ec.europa.cu/tgd/). Very simplified, to be
able to perform an environmental risk assessment, two things need to be known. One
is the predicted environmental concentration, PEC, and the other is the predicted no
effect concentration, PNEC. PEC values are predicted using models that into account

important processes, such as leakage, degradation, bioaccumulation, water solubility,
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evaporation, hydrolysis etc. For antifouling paints, there is a specialised model called
MAMPEC, Marine Antifoulant Model to Predict Environmental Concentrations.
To estimate a PNEC value, laboratory exposure studies are performed using a
standardized set of organisms and endpoints. Lack of knowledge is compensated
using assessment (uncertainty) factors. If the PEC/PNEC ratio is less than 1, the risk
of using the chemical is regarded as small, since the environmental concentrations are

estimated not to reach levels were the ecosystem is affected (figure 8).

Predicted Environmental ~ Predicted No Effect
Concentration, PEC Concentration, PNEC

Evaporatiol

Figure 8. In environmental risk assessment models can be used to predict
environmental concentrations (PEC). These include important processes affecting
the fate and distribution of the chemical. To find the no effect concentration

(PNEC), most commonly exposure studies are performed in relevant species,
investigating different endpoints. If the PEC/PNEC ratio exceeds 1, there is a
risk that the chemical will influence the ecosystem.

The TGD document is still new, and several weak points and needs of
improvements have been presented. For example, the tested species should be of
relevance to the area where the chemical is to be used, and species as well as endpoints
studied should be chosen with respect to the type of chemical investigated (Guerit
et al. 2008; Gunnarsson et al. 2008). Another important point is how to handle
risk assessment for the enormous variety of combinations of toxicants present
in the environment (http://ec.europa.cu/environment/chemicals/pdf/report_
Mixture%o20toxicity.pdf).
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AIMS OF THIS THESIS

The overall aim of this thesis was to identify and study early responses of
medetomidine in fish, occurring from low, non-sedative concentrations. The specific

alms were:

To use a broad approach to screen effects after medetomidine exposure in rainbow
trout, turbot and Atlantic cod. Screening studies were performed after short term

intra peritoneal injection and after two weeks of water exposure.

To study effects of medetomidine on fish colouration and also the density and

function of pigment cells after medium and long term medetomidine exposure.

To investigate effects of medetomidine on the hepatic detoxification enzyme
Cytochrome P450 1A (CYP1A) activity in several fish species iz vivo. To study
in vitro effects of medetomidine on CYP1A activity in rainbow trout, turbot and
Atlantic cod. To study the effects of medetomidine iz vivo on glutathione and

glutathione-dependent enzymes in the same species.

To study effects on growth and growth related hormones and investigate gene

expression in rainbow trout after long term medetomidine exposure.

To study the effects of medetomidine on basic behavioural parameters in three-

spined stickleback and Atlantic salmon.

To study the cytotoxicity of medetomidine in hepatic zebrafish cells.
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METHODOLOGY

Fish experiments

Within this thesis, the fish species rainbow trout, turbot, Atlantic cod, Atlantic

salmon and three-spined stickleback have been used.

Rainbow trout (Oncorbynchus mykiss) (figure 9)
is very suitable for laboratory studies since it is one
of the most well studied model fish species. It is

¢ , commercially available from hatcheties in Sweden
Figure 9. Oncorhynchus mykiss  and ecasily kept in the laboratory environment.
Many of the studies in this thesis were performed in rainbow trout. This was for
practical reasons, but also some of the important studies; measuring growth hormone
levels and the microarray gene expression analysis, required the use of a well studied

species. The rainbow trout experiments were performed in fresh water.

Atlantic cod (Gadus morbua) (figure 10)
and turbot (Psetta maxima) (figure 11) are two
commercially important marine species. Cod is a
schooling pelagic species, while turbot is bottom
dwelling, strongly relying on camouflage. The
studies in this thesis were performed in Sandgerdi,
Iceland, using hatchery reared fish in a water
salinity of 32 psu.

The behavioural studies were performed
in three-spined stickleback, which is also a well

studied model species, and in Atlantic salmon, an

important commercial species. These experiments

Figure 11. Psetta maxima

were performed in natural seawater around 30 psu
and brackish water of 9 psu respectively. As an antifoulant, medetomidine would be
used in waters of varying salinity from full ocean salinity to coastal zones, estuaries
and in the Baltic Sea.

We used two different routes of exposure for the studies (figure 12). For short
term exposures we injected medetomidine or sham intra peritoneal (into the gut
cavity). The major advantage of this method is that it is easy to perform, and you can
control the dose given to each individual. Since the substance is metabolised over time

this method is consequently best suited for short term studies.
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For studies more than five days, we added medetomidine to the water using
peristaltic pumps in a controlled flow-through system. In this way we could keep
a continuous exposure for up to 54 days. The third option, which we did not use
in this thesis, is to add the substance via food. This may very well be an important
route of exposure in nature, especially for lipophilic substances. However, to control
the exposure of each individual, the fish should be force-fed or kept in individual

aquaria.

One problem when keeping fish in groups in aquaria is the formation of
hierarchies. Dominant fish can be very aggressive and cause physical damage on
the subordinate fish. Also, there may be a very uneven distribution of food supply
in a strong hierarchy. There are reports showing that during water exposure to
contaminants, subordinate fish may have higher uptake of toxicants. This has been

shown in experiments with copper and silver (Sloman et al. 2002, 2003).

Figure 12. Within this thesis, long term water exposures have been performed

using flow-through systems controlled by peristaltic pumps (left). For short
exposures, intra peritoneal injection of medetomidine have been used (right).

In the beginning of our long-term water exposure, we had one obvious problem
with social structure. In one of the aquaria one individual allowed no one else to eat,
resulting in bad water quality from the leftover food. We removed that individual,
which in this case solved the problem.

In several of our studies, we have used one aquatium per treatment. However,
many of the studies have been repeated and performed in several species. The
important results from this thesis are consistent among several experiments. For the
behavioural studies and the long term exposures, we chose to replicate aquaria of the

same treatment.
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All studies performed were made according to legislation and guidelines for
animal welfare, and after permission from the Ethical Committee on Animal

Hxperimentation in Gothenburg.

Sampling

At sampling we followed routines used in the extensive biomonitoring
programmes executed in our lab. Fish were sacrificed by a sharp blow to the head.
Blood was drawn from the caudal vein using a heparinised syringe (figure 13). The
fish was weighed and measured. A small amount of the blood was immediately
analysed for haemoglobin and glucose content, and hematocrit measurement was
performed after centrifugation. Plasma was separated and immediately frozen on dry
ice. Organs of interest were dissected from the fish (figure 13), weighed and snap
frozen in liquid nitrogen for further biochemical analysis. Heart and liver somatic

indexes were calculated as (organ weight/body weight)x100.

Figure 13. At sampling, blood is drawn from the caudal vein and organs of interest
are dissected and snap frozen in liquid nitrogen.

Medetomidine concentrations

It may be difficult to choose the most optimal concentrations for an exposure
study. We wanted to find early effects of medetomidine in fish. The starting point
was taken from the concentrations needed to inhibit barnacle settling in a Petri dish,
which was 1 nM. In catly intra peritoneal exposure studies we used 0.5 and 5.0 umol/
kg fish, which would roughly correspond to 0.5 and 5.0 nM when using an estimated
log K of 3. We found some effects at the higher dose, and found none at the lower
dose. After this we used 5 nM as a starting point and added lower and sometimes
higher concentrations, and this showed to be a successful strategy. We often found

some responses in the higher concentrations and none in the lower.
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Water samples for chemical analysis were taken from all water exposure studies,
but unfortunately, due to unforeseen technical problems, it has not yet been possible
to analyse very low concentrations in a reliable way. This is of course now a prioritised
issue within the Marine Paint project. The lack of chemical data has also limited the
ability to gather data for Prediction of Environmental Concentrations, PEC values.
For these reasons, we use nominal concentrations for presentation, and are not
able to relate effect data presented within this thesis to Predicted Environmental

Concentrations.

Paleness

In most of our studies, the fish colour has just been observed and documented,
but not quantified (summarised in Paper I). However in the long-term exposure study,
we chose to put effort in making a good quantification of the paleness (see Paper
IV). At the sampling occasion, within 30 s after death, we took a picture of each fish,
using a “studio” with light, background and camera fixed. These pictures could then
be analysed for “paleness” using the Image | software. A specified area of each fish
was analyzed and a background value was obtained and accounted for in each picture.
This method was easily performed, did not interfere with the sampling procedure and

was sensitive.

There is in every sampling situation a risk that stress in the fish interferes with
the results, and stress could well interfere with fish colout, since colour is regulated
partly by catecholamines. Such stress effects may mask minor effects, but in our case
the differences were large. Also, we had carefully observed the live fish in the aquaria
every day during exposure, and the obtained results were consistent with our ocular

observations.

Melanophore studies

Pigment containing cells are inclusively called chromatophores. Melanophores are
one type of chromatophores, containing dark brown or black pigment. The pigment
can be either dispersed throughout the cell, which gives the fish a dark appearance, or
it can be aggregated around the nucleus, which gives a pale appearance (figure 14).

We have studied melanophores from medetomidine-exposed rainbow trout iz
vitro. At the end of exposure, just after death, scales have been scraped of from
the area under the dorsal fin and put in a cell culturing medium. The melanophores

have then been exposed to different substances. In the first experiment (see Paper
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Fisken mats med stjartfenans flikag

Figure 14. To the left are two pictures of a fish scale seen through a microscope.
In the upper picture the pigment is dispersed within each melanophore (pigment
cell), which gives the fish a dark appearance. In the lower picture the pigment is
aggregated around the nucleus, which gives the light appearance.

II), medetomidine was added to the melanophores to see how melanophores from
fish exposed to medetomidine reacted to further medetomidine treatment compared
to control. In the second study, described in Paper IV, we also added melanophore
stimulating hormone (MSH) to disperse the melanophores before adding the

medetomidine.

To assess the degree of aggregation, we used an index called the Hogben-Slome
index, where 1 stands for maximum aggregation and 5 for maximum dispergation
(Hogben and Slome 1931). This is a very straight forward method where pictures of
the melanophores are blindly assessed by a second person. We found this method to
be quick and convenient for the large amount of pictures we had. There are other
methods to assess pigment aggregation. One is to use software (e.g. Image J) to
analyse the amount of pigment in each cell. This requires that you can identify the
membrane of each cell, which was not possible in our samples. Spectrophotometrical
assays can also be used, but this requires the same number of cells in each sample,
and thus this method is better suited for cultured cells (Hedberg 2009, Aspengten et
al. 20006).

CYPIA activity

CYP1A is involved in metabolism of many toxicants, and altered activity of this
enzyme has become a commonly used biomarker. CYP1A enzyme activity can be
measured easily using the artificial substrate ethoxyresorufin, which by CYP1A is
converted to a fluorescent product. The rate of product formation, ethoxyresorufin-
O-decthylase (EROD) activity gives a direct measure of CYP1A activity.
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We have measured EROD activity in liver microsomes as previously described
(Fotlin et al. 1994) in a number of studies (Paper III, Paper V, Ekvall 2004; Hilvarsson
et al. 2007b).For the in vitro inhibition studies we used pooled liver microsomes from
B-naphthoflavone treated fish with an initially hich EROD activity, which was then
inhibited by medetomidine. The EROD measurements were performed using a 96
well plate (Yawetz et al.1998). Medetomidine was added in a dilution seties to the
reaction mixture containing microsomes, NADPH and ethoxyresorufin. From the
results one could graphically determine the concentration of medetomidine inhibiting
activity with 50% (IC50 value).

Growth

Growth gives an integrated measure of fish health. We examined if medetomidine
affects growth rate, and therefore we performed a long-term study for totally 54
days (see Paper V). To be able to measure growth, fish were weighed and individually
marked before the experiment started. We decided to feed the fish at the same rate
as at the fish farm, which was 1% of the body weight per day. We added 1 % of the
total initial body weight of all the fish in one aquarium and fed them simultaneously.
We observed the fish to assure that all individuals gained access to the food. In
spite of this there was probably an uneven distribution of food among the fish. As
previously encountered, we had a situation with an extremely aggressive individual in
one aquarium. After removal of this individual, however, all fish had access to food.
Since the amount of food was constant through the experiment, in the end the fish
were actually fed about 0.6 % of the final body weight. We could also see that the
growth rate was higher at the first sampling occasion after 31 days, than at the final
sampling. Growth rate was calculated as specific growth rate as (SGR =100x%(log (final
weight/initial weight))/days) according to Ricker (1979). Because of the daily feeding it
was important to clean the aquaria to assure a good water quality. Over time we began
to notice that the amount of faeces produced varied among the aquaria, also among
aquaria of the same treatment. This difference could not be correlated with any other
parameter. If the experiment was to be repeated, we would probably increase the

food allotment over time along with fish growth.

Levels of plasma growth hormone (GH) were determined in duplicate samples
using a GH radio immune assay specific for salmon (Bjornsson et al. 1994), validated
for rainbow trout. Levels of insulin-like growth factor-I (IGF-1) was measured, using
radio immunoassay according to Moriyama et al. (1994). Leptin levels were assessed

by homologous radioimmunoassay (Kling et al. 2009).

27



ANNA LENNQUIST - STUDIES OF FISH RESPONSES TO THE ANTIFOULANT MEDETOMIDINE

Gene expression

Gene expression analysis was performed using DNA microarray technique, where
the gene expression (mMRNA level) of several thousands of genes can be analysed
simultaneously (see Paper V). Liver samples from the sampling occasion after 31 days
of exposure were selected for the gene expression analysis. mRNA was extracted
from liver frozen in liquid nitrogen, and the purity, quality and concentration was
checked. Through reversed transcription, mRINA was converted to more stable cDNA
(complementary DNA). This was then converted again to biotinylated RNA, with a
biotin molecule attached to some of the bases. During the hybridization process,
where the biotinylated RNA strands line up with the corresponding probes on the
array, fluorescent molecules with high affinity for biotin was added. The expression

of each gene was then visible as a fluorescent spot on the array (Figure 15).

v
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Figure 15. The large scale gene expression analysis was performed using an
oligonucleotid microarray. Liver samples from 31 days of exposure to 5 nM of
medetomidine were used for mRNA extraction. The mRNA was then converted
to cDNA using reverse transcriptase. After this the cDNA was converted to
biotinulated mRNA. During the hybridisation of the mRNA on the microarray
chip, fluorescent molecules with high affinity for biotin were added. Finally the
expression of each selected gene was visible as a fluorescent spot on the array. The
spots could then be analysed according to intensity, and to compare expression
between the treatments.

We used an oligonucleotid microarray and the platform Geniom (febit, Heidelberg,
Germany). The array was based on the rainbow trout gene indices EST database
version 7.0 (http://compbio.dfciharvard.edu/tgi/) (Quackenbush et al. 2001). The
microarray design is desctibed in more detail in paper V and in (Kristiansson ez al.
2009).
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The probes included on the microarray were selected as followed:

e Rainbow trout transcript of the wo-adrenoceptors and the down-stream
pathways.

e Rainbow trout transcripts associated with growth and metabolism.

e Drug targets reported in (Gunnarsson et al. 2008).

e Genes associated with the pathways in Pharmacogenetics and
Pharmacogenomics Knowledge database (PharmGKB) (Hernandez-
Boussard et al. 2008).

e Rainbow trout homologs of genes described in the Comparative Toxicological
Database.

e Homologs to all Cytochrome P450 annotated in zebrafish Danio rerio.

In total 15205 probes were selected by these criteria, and the rest of the array was
filled up with random well-annotated rainbow trout probes. The microarrays were
generated by iz situ synthesis. Each biochip consists of eight individually-accessible

microarrays.

The statistical analysis of the results from the array was performed as described in
Paper V, using the language R. The data was normalised to remove technical artefacts
and a comparison of gene expression between treatments was made using moderated

t-statistics.

The results were further explored using the gene ontology database GO Gorilla
(http://cbl-gotilla.cs.technion.ac.il/), for identification of biological processes,
functions or cellular components with a possible difference in gene expression

between the treatments.

Glutathione and glutathione dependent enzymes

Glutathione is a small molecule of great importance in the antioxidant defence
system. Glutathione can be measured using the molecule DTNB (5,5’-dithiobis-(2-
nitrobenzoic acid)), which binds to the sulphydryl group of reduced glutathione to
form a colored molecule that can be measured. Glutathione levels were measured
in the liver cytosolic fraction using the method of Baker et al. (1990) adapted to a
microplate reader by Vandeputte ez al. (1994).

The glutathione dependent enzymes were mearsured using enzyme kinetics,
where the accumulation of a coloured enzyme product over time was measured
spectrophotometrically. Glutathione-S-transferase (GST) activities were measured in

the liver cytosolic fraction using 1-chloro 2, 4-dinitrobenzene (CDNB) as a substrate,
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according to the method described by Habig et al. (1974) modified by Stephensen
et al. (2002). This method measures multiple forms of GST, both conjugating and

reducing forms, which is a limitation of the method.

Glutathione reductase activity was measured in the liver cytosolic fraction
according to Ctibb er al. (1989). Oxidized glutathione was added to the reaction
solution and the formed reduced glutathione reacted with DTNB as described above.
All these methods are well described and have previously been used in these species.

Behaviour

Two different behavioural studies in fish have been performed, one in Atlantic
salmon (Ekvall 2004), and one in three-spined stickleback (Hilvarsson ez al. 2007b).
In the Atlantic salmon study, fish were exposed to medetomidine for one and two
days and were held in individual aquaria. The tests conducted were an appetite test
and a mirror image stimulation (MIS) test, used to assess aggressiveness (Johnsson et
al. 2003).

For the appetite test the fish were given one pellet every five minutes, in total
three pellets, and it was noted whether the fish took the pellet or not. For the MIS
test, a mirror was placed on one of the sides of the tank and covered by a PVC sheet.
Immediately before the observations commenced the PVC sheet was removed. The
fish’s behavioural response to the mirror image was visually monitored for a period
of 10 min. The behaviours recorded were: SAM (swim against mirror), FD (frontal
display), LD (lateral display), I (inactive) and S (swimming). The distance from
the mirror was also noted. Aggression was then measured as seconds performing
aggressive acts (SAM, FD, LD).

In the three-spined stickleback test (Hilvarsson er al. 2007b) fish were held in
threes in aquaria and were exposed to medetomidine for 7 days before the behavioural
studies were performed. After seven days, each aquarium was filmed on two separate
occasions for 20 minutes each time. Films were later analysed using the software
EtholLog. The first period was filmed in the morning and was used to evaluate the
spontaneous swimming activity of one randomly selected fish per aquarium. Time
spent swimming was recorded during the 20 minute trial period. At the start of the
second period, which was filmed in the afternoon, each aquarium received 300 mg
of frozen red mosquito larvae and response time (time until the first fish, out of
the three, struck the food) to food was registered. Following filming the remaining

mosquito larvae were collected and weighed and food consumption was calculated.
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Studies of cytotoxicity

The cytotoxicity of medetomidine was evaluated in a zebrafish hepatoma cell-
line, ZFL. The test used was a conventional LDH test (Roche), measuring cell leakage
of lactate dehydrogenase as measure of viability. Cells were cultivated in 96 well plates
and exposed to medetomidine for 48 hours. The LDH leakage was measured using
an enzymatic reaction where LDH converted formazan salt to yellow tetrazolium salt.
The activity of LDH could then be measured spectrophotometrically.
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FINDINGS AND DISCUSSION

Paleness and melanophore function

Paleness is one of the ecarliest
effects of medetomidine in fish,
appearing from relatively low
concentrations (figure 106). Body : :
paleness appears within 30 minutes G B
after exposure to 0.5-50 nM of fE8delaiige]|
medetomidine,  depending  on i
species (table 2). Medetomidine has
earlier been used as a tool in pigment

cell studies (Katlsson et al. 1989).
In a study of medetomidine as a Figure 16. Paleness is one of the earliest
effects of medetomidine in fish. Here are
i.p. injected live turbot.

0.5umolkkg

sedative in rainbow trout, fish did
not regain colour until after 5 days
(Horsberg et al. 1999). In zebrafish, medetomidine induced paleness has been used as
a marker for « -adrenergic function (Ruuskanen et al. 2005). Within the Marine Paint
project, paleness and the ability to adapt to a new background colour has been studied
in early life stages of turbot and lumpfish, showing a dose-dependent impairment of
the ability to colour adapt (Hilvarsson et al. 2007; Bellas et al. 2005). Table 2 shows the
fish species investigated within Marine Paint and the concentrations where paleness

has been observed.

In the rainbow trout exposure studies for 31 and 54 days paleness was quantified
from pictures of each fish as described in the method section. This revealed a significant
difference in paleness in rainbow trout exposed to 0.5 nM of medetomidine for 31
days. But, after 54 days, only the fish from the 5 nM treatment were significantly paler
than control. This may indicate desensitization over time, which is discussed later. In
the earlier mentioned studies by Bellas and Hilvarsson (Bellas ez a/. 2005; Hilvarsson et
al. 20072), paleness after short term exposure was to a large extent reversible. We have

not performed any recovery studies after our medium and long term exposutes.

Inwvitro studies of the pigment cells from exposed fish where performed to further
investigate the effects on pigmentation. Several types of chromatohopores exist,
for example melanophores (black and brown pigment), irridophores/leucophores
(white/metal), xantophores (yellow), and erythorphores (red). The melanophore is

the most common type, and it is responsible for much of the dorsal pigmentation in
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Species Year of the study Paleness appears from

Lumpfish, fry 4 nM
Cyclopterus lumpus 2005, 2002 (colour adaptation impaired)

Atlantic cod, juvenile

Gadus morhua 2004, 2005 5.0 ymol/kg fish, 50 nM

Turbot, fry 4.2 nM
Psetta maxima 2005, 2006 (colour adaptation impaired)

Turbot, juvenile

Psetia maxima 2004, 2005 0.5 pmoll/kg fish, 0.5 nM
Rainbow trout, juvenile 2003, 2004, 0.5 1M

Oncorhynchus mykiss 2005, 2006, 2007 ’

Atlantic salmon, fry 2003 5.0 M

Salmo salar

Three-spined stickleback, adult 2005 50-100 nM

Gasterostus aculeatus

Two-spotted goby, adult 2004 50 nM

Gobiusculus flavescens

Table 2. Summary of observed paleness in different fish species exposed to
medetomidine.

many species as well as for distinct patterns. The melanin pigment in melanophores
is contained within vesicles, melanosomes, and transported via the microtubule
network. In fish, this transport is under both neural and hormonal control, where the
neural control is the more rapid. The pigment can be either dispersed throughout the
cell, which gives a dark appearance, or it can be aggregated around the nucleus, which
gives a pale appearance (reviews by Bagnara and Hadley 1973; Fujii 2000; Aspengren
et al. 2008).

The neural regulation of pigment movement within melanophores is accomplished
by sympathetic postganglionic nerve fibers. In several species this has shown to
be mediated via o -adrenoceptors (Andersson et al. 1984; Svensson et al. 1993;
Aspengren et al. 2003). Noradrenaline binds to the receptor and induces a decrease
in cAMP (see the chapter on medetomidine in the introduction), which in turn
induces aggregation. The hormones involved in pigment movement are melatonin,
melanophore concentrating hormone (MCH) and melanophore stimulating hormone
(MSH). All these hormones binds to G-protein coupled receptors and regulate
cAMP levels. Additionally, isolated melanophores respond to light with dispersion.
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Figure 17. Signal pathways for melanophore aggregation and dispergation. It has
been suggested that the same signals stimulating physiological colour change
also induces morphological colour change during long term acclimatisation.
MCH is melanophore concentrating hormone, MSH is melanophore stimulating
hormone, cAMP is cyclic AMP.

The signaling pathways for this response are not completely understood (Aspengren
et al. 2008) (figure 17). This control of pigment movement is called physiological
colour change. During long time adaption, morphological changes occur. Long term
adaptation to a white background induces apoptosis of melanophores, while long
term adaptation to a black background increases the number of melanophores. The
mechanisms behind apoptosis and differentiation are suggested to be the same as
during the physiological colour change (Uchida-Oka and Sugimoto 2001; Sugimoto
2002; Sugimoto et al. 2005).

In the study with medetomidine exposure for 17 days (Paper II), we investigated
how the melanophortes responded to further medetomidine treatment and found that
melanophores from medetomidine exposed fish were desensitisised to medetomidine
in a dose-dependent manner. In the second study, after medetomidine exposure for 54
days (Paper IV), we additionally investigated the response to melanophore stimulating

hormone (MSH). In this study there was also a tendency towards desensitization,
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but overall the melanophores were well functioning. Additionally, we investigated
the density of melanphores and found that it did not differ between the treatments,
which suggest that the colour change at least to some extent is reversible, even though
the sensitivity may be lowered. It would be interesting to investigate the suggested
desensitization further. It is well known that G-protein-coupled receptors can be

internalised in membrane vesicles and “deactivated” during exposure to an agonist
(Takano and Yaksh 1993; Clark et al. 1999; Tsao et al. 2001).

Flexible colouration is important for camouflage as well as for communication
and UV-protection. Hatchery reared fish released into the wild are more vulnerable to
predators than wild fish, being conspicuous in the natural environment (Donnelly and
Whoriskey 1993). An experiment with two species of juvenile flatfish also showed
that fish mismatched to the sediment were more vulnerable to predation. More
surprisingly, when fish had the possibility to chose sediment, sediment preferences
were rather weak, suggesting that coloration is not so well integrated into behavioural
decision making processes (Ryer ez al. 2008). Albinism among fish is quite common in
hatcheries, but very rarely seen in the wild, which has also been explained by increased
predation risk (Bolker and Hill 2000). An example of a natural cause of impaired
pigmentation is infection. Rainbow trout infected by eye-fluke becomes darker than

healthy fish, and is mote susceptible to avian predators (Seppili et al. 2004, 2005).

One other important function of melanin pigment in fish is UV protection, in a
similar way as in human skin. When exposed to UV-light, the melanophores of the
species red seabream (Pagrus major) increase in size and number (Adachi ez al. 2005).
Fish coloration is also important in social signaling and affects behavioural patterns,
for example during sexual selection and in social hierarchies (KKodric-Brown 1998;
Hoéglund er al. 2000). One interesting aspect of colour is that fish cultured in a light
environment grow faster than dark adapted fish (Papoutsoglou ez al. 2000). There is
a suggested interaction between melanophore concentrating hormone (MCH) and
food intake, but several studies also show also that melanin production is costly,
taking energy from other body functions (Takahashi er al. 2004). It is likely, that if
medetomidine in nature would appear in doses high enough to induce paleness in

tish, this would have consequences for individual fish survival.

Altered CYP1A activity

As reviewed in Paper I, altered activity of the hepatic detoxification enzyme
CYP1A, measured as EROD activity, is one of the eatliest effects of medetomidine

and it has been observed in a number of species. Paper II] summarises these effects in
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rainbow trout, turbot and Atlantic cod. In addition to this, EROD was measured in
the rainbow trout long term exposure study, Paper V, and in three-spined stickleback
(Hilvarsson er al. 2007b) and Atlantic salmon (Ekvall 2004).

Enzymes within the cytochrome P450 family are involved in the metabolism
of endogenous and foreign compounds in the body. For lipophilic compounds to
be excreted via urine or bile, these need to be transformed into motre water soluble
molecules. This transformation can be divided into two phases. During the first
phase a functional group, commonly a hydroxyl group is added. In the second phase,
conjugation with small, polar molecules makes the compound water soluble and thus
extractable. Cytochrome P450 monooxygenases (CYP’s) are first phase enzymes,
associated with the following reaction (RH is an organic compound undergoing

biotransformation):

RH + NADPH + O,+ H* - ROH + NADP* + H,O

At least 34 isoforms of cytochrome P450 has been described in fish (Arellano-
Aguilar er al. 2009), and activity of the subfamily CYP1A is one of the most
commonly used biomarkers within ecotoxicology. CYP1A is typically induced
by classical pollutant groups such as PAH’s and PCB’s, and is evolutionary well
conserved among species. Activity changes are often dose-dependent and one of the
earliest effects of exposure (Stegeman 1992; Whyte et al. 2000; Arellano-Aguilar et al.
2009).

The suggested regulatory pathway of CYPIA is via a cytosolic receptor, the
Aryl hydrocarbon (Ah)-receptor. The ideal Ah-receptor ligand should be a co-planar
molecule matching a theoretical box model of 12¥14*5 A (Whyte et al. 2000). Once
the ligand is bound, the Ah-receptor is activated, loosing its two additional heat shock
proteins and the AhR inhibitory protein (AIP) and thereafter translocated into the
nucleus. In the nucleus the Ah-ligand complex is associated with a nuclear translocator
(ARNT), and the ARNT/Ah-complex binds to an area of the DNA called xenobiotic
responsive element (XRE), including, among other genes, the CYP1A gene, inducing
transcription (figure 18) (Whyte er al. 2000). Howevet, an increasing number of
substances that are theoretically not able to be Ah-receptor ligands have shown to
induce CYP1A. This has lead to search for alternative ways of induction. Navas and
coworkers have studied a number of imidazole compounds, using both computational
structural studies and rainbow trout hepatocytes. They found that these compounds
are structurally unable to obtain the right form for Ah-receptor ligand binding, and
that they are able to induce CYP1A even when the Ah-receptor is blocked by the
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5. Transformation
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CYP1A

Figure 18. The most established pathway for CYPI1A induction. 1. A ligand
(L) binds to the cytosolic Ah-receptor (AhR) which is then activated, loosing
heat shock proteins (Hsp90) and AhR inhibitory protein (AIP). 2. The ligand -
receptor-complex is then translocated to the nucleus, associating with the nuclear
translocator (ARNT). 3. The ARNT/Ah-complex binds to an area of the DNA
called xenobiotic responsive element (XRE), and transcription of the CYP1A
gene is initiated. 4. The CYP1A protein is then synthesised in the cytosol and 5.
catalyses first phase reactions. It is not clear how medetomidine increases CYP1A
activity.

agonist a-naphthoflavone (Navas et al. 2003, 2004; Babin et al. 2005). However, in one
study using 1-phenylimadazole they found that this induced CYP1A in a similar way
as the classical Ah-receptor ligand -naphthoflavone. This concluded that in spite of

structural similarities, different imidazoles compounds could induce CYP1A through
different pathways (Jos et al. 2007).

Possible alternative ways of CYP1A induction have been discussed. These could
be either totally Ah-receptor independent, involving neural and hormonal signalling
pathways (Delescluse et al. 2000; Konstandi et al. 2005), ot they could be mediated via
the Ah-receptor. This could be via a different binding site, or by altering for example
ATP levels, causing disassociation of the heat shock proteins and thus activating the
receptor (Lesca et al. 1995; Korashy ez al. 2007).

The use of increased EROD activity as a biomarker in field studies and complex

mixture exposures needs to be interpreted with caution. One major reason for this
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is that many pollutants have the ability to inhibit CYP1A activity. Interpretation
may improve with additional data from transcriptional or protein measurements of
CYP1A, chemical analysis of the water or results from other biomarkers (Hasselberg
et al. 2005, 2008).

We found an increased EROD activity in rainbow trout (2 and 14 days) and 7.p.
injected turbot (2 and 5 days) after medetomidine exposure. This increase ranged
from 1.5 to 7 times, which is referred to as a weak induction (Whyte et al. 2000). We
found no significant differences in Atlantic cod and an inhibited activity in turbot
after 14 days. In a study in three-spined stickleback we found an increased EROD
activity after 7 days water exposure (Hilvarsson et al. 2007b) and in Atlantic salmon
a significant increase in EROD activity was observed after 2 days of water exposure
(Ekvall 2004). In the long-term study with rainbow trout, however, we found no
significant effects on EROD activity after 31 or 54 days.

In vitro inhibition studies of medetomidine showed that medetomidine is a
very potent inhibitor of CYP1A activity with median inhibition values (IC50) in
the nanomolar range in rainbow trout, Atlantic salmon and Atlantic cod. Simular

medetomidine inhibition has eatlier been observed in human liver microsomes
(Pelkonen et al. 1991; Kharasch et al. 1992).

Inhibition of CYP1A activity by imidazoles has been explained partly
by interactions between the non-bonded electrons of the imidazole nitrogen
and the hemegroup in the CYP1A protein (Levine and Oris 1997; Hegelund
et al. 2004). Additionally, competitive inhibition at the substrate binding

site. has been shown in human liver microsomes (Kharasch er al 1992).

Several imidazole compounds have shown a biphasic dose-response-curve caused
by a balance between induced CYP1A transcription and enzyme activity inhibition
(Sturm et al. 2001; Hegelund er al. 2004). This could probably also be true for
medetomidine and explain the different results iz vivo and iz vitro, but it remains to be
tested. Balancing between induction and inhibition might also explain that in turbot,
after i.p. injection we observed an increased EROD activity, but after water exposure
we observed a decreased EROD activity. To clarify the effects of medetomidine on
CYP1A in fish, future studies should involve additional measurements of protein and
mRNA levels, and combination exposures, for example combining medetomidine

and well known Ah-receptor ligands or antagonists.

From an environmental perspective the fact that medetomidine is such a potent
inhibitor of EROD activity is probably the most important aspect. Since CYP1A

has an important role in metabolism of xenoboiotics, inhibition of this enzyme
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activity would increase the risk of damages following exposure to other pollutants
abundant in the marine environment. A study by Hasselberg et al. (2008) shows that
exposure to ketokonazole increases the negative effects of xenoestrogens in rainbow
trout, and another study showed that ketokonazole increased bioconcentration of
benzo(a)pyrenes in gizzard shad (Levine et al. 1997).

Growth and metabolism

The growth of an individual integrates many different processes, and may

therefore be a good measure of overall health.

An eatly pilot study in rainbow trout with intra peritoneal injected medetomidine
indicated an effect on levels of growth hormone (GH). Therefore we continued
measuring GH in the rainbow trout studies and decided to perform a study of actual
growth (Paper V).

GH is a pluripotent hormone, involved in almost every important event in the
life of a fish; behaviour, osmoregulation, immune function, reproduction and growth
(Bjornsson 1997,  Bjornsson
et al. 2002). There is no direct
dose-dependent relationship
between GH and growth. The

ypothalamus

fu

dual somatomedin  hypothesis
states that GH exerts its effect
on growth via insulin-like growth
factor-I (IGF-I or somatomedin)
(tigure 19). But this process is also
more complex, involving several
actors, such as the hormone
grehlin. Also, GH has a direct
effect in target tissues (Reinecke
et al. 2005; Bjornsson et al. 2002).
GH is produced in the pituitary

chromaffin cells and released  Figure 19. Medetomidine increases levels of
into the blood stream. The growth hormone in human and rat. Growth
hormone regulates growth via a number
of pathways, but the most important is the
GH-IGF-I axis. We have studied growth and
this control is exerted via growth  growth hormone in rainbow trout, but have not
hormone releasing hormone in  found any significant effects.

release of GH is controlled by
the hypothalamus. In mammals,
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the portal blood vessels, while in fish, there is a direct neural connection between the

hypothalamus and the pituitary.

GH receptors are located in the liver, and in target tissues such as in bones and
muscles. In the liver, GH binding stimulates the release of IGF-1. This is secreted
into the blood to reach target tissues. There is also a local production of IGF-I in
target tissues after GH stimulation (Canosa er al. 2007). IGF-1 regulates the release
of GH via negative feedback and this relationship has shown to be very strong in
rainbow trout (Blaise et al. 1995). GH has also a negative feedback mechanism on it
self (Agustsson and Bjérnsson 2000) .

Noradrenaline and « -adrenoceptors have shown to be involved in GH release.
Clonidine, an o,-adrenoceptor agonist closely related to medetomidine, increases
levels of GH in humans (Gil-Ad et al. 1979), and the Clonidine Growth Hormone
Test (CGHT) is used to diagnose neural disorders such as Parkinson’s and Alzheimet’s
diseases (Herrmann et al. 2004; Pellecchia er al. 2006). Clonidine has also been tested
as a growth stimulating agent in fish farming, and showed to increase growth and GH
levels in Coho salmon (Bates and McKeown 1990). This has also been observed in
goldfish (Lee er al. 2000). Medetomidine has shown to increase GH levels in humans
(Venn ez al. 2001; Scheinin ez al. 1989) and rat (Iddnpdan-Heikkild ez al. 1995).

In the rainbow trout water exposure study described in Paper II, we found no
significant effects on levels of GH or IGF-I, but a trend towards increased GH levels
and decreased IGI-I levels, and thus an increase in GH:IGF-I ratio. The growth study
described in Paper V was performed using individually marked fish sampled after
31 and 54 days. We did not see any significant effects on growth rate, however we

observed an insignificant trend towards decreased GH:IGF-I ratio.

We found also a dose-dependent decease in blood glucose and a decrease in liver
somatic index. In many fish species, including rainbow trout, catecholamines have
shown to increase blood glucose levels (Fabbri e al. 1998). Since medetomidine is
known to decrease noradrenaline levels, this may explain the effect. Glycogen, which
can be converted to blood glucose is stoted in liver hepatocytes (Enes et al. 2009), the
decreased liver size could be due to depleted glycogen storages, however this remains
to be proved.

Because of the insignificant decrease in GH/IGF-I ratio and the observed
effect on blood glucose we can not exclude that under other circumstances; such as
other fish species, life stages or feeding regimes, medetomidine may effect growth.

However, from the studies within this thesis, no such responses can be shown.
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Gene expression

The development of DNA microarray techniques for performance of large scale
gene expression analysis has been very fast during the last decade. Sequencing of
transcriptomes, or Expressed Sequence Tags (EST:s), have also generated increasing
amounts of genetic information available in databases. It is now possible to perform
large scale gene expression analysis in species not fully sequenced, also in species of

interest in ecotoxicology (Denslow ez al. 2007; Steinberg et al. 2008)

A microarray consists of a chip, usually made of glass. On the chip are thousands
of probes for genes spaced out regularly. The length and origin of the probes vary
between different types of arrays. On a cDNA array, the probes typically origin
from cloned cDNA, spotted onto the chip. Commonly samples from two different
treatments, labelled with different dyes, (visible as red and green) hybridise on the same
array. The colour of each spot then tells which one of the samples has the highest
expression of that specific gene. Oligonucleotid arrays contain shorter probes that are
designed in silco and synthesised either ditrect on the chip or spotted on the chip after
synthesis. Only one sample per array is analysed. The results from oligonucleotide
arrays have shown to be more accurate when comparing to RNA measurements using
quantitative PCR, than results from cDNA arrays (Kuo et al. 2000).

The most common use of microarray data is to generate hypotheses. These
hypotheses need to be followed up in studies linking gene expression to phenotypic
trays or modes of action (Aardema and MacGregor 2002; Steinberg et al. 2008).

In our case we performed the microarray study late, when we had already some
knowledge about responses of medetomidine in fish. The reason for this, perhaps
backward strategy, was simply that this study was not possible to perform until
recently, and we wanted to see what additional information could be obtained from

this extensive analysis.

The microarray study used liver from rainbow trout sampled after 31 days of
exposure. We found no genes to be significantly regulated between the treatments.
This was a bit unexpected. Further gene ontology analysis revealed some interesting
areas. Among the biological processes were regulation of bone mineralisation, amine
metabolic process, response to chemical stimulus, developmental growth and glutathione
biosynthetic process. Also the molecular functions oxidoreductase activity and glutathione
transferase activity as well as the cellular component MHC protein complex wete
suggested as altered by the treatment. Among the top 5 genes was adenylate cyclase,
which is involved in the signal pathway of medetomidine. These results are further
discussed in paper V.
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It is possible that a similar gene expression analysis performed after only a few
days of exposure would give very different results. Traditionally, stress responses can
be divided into three phases, an alarm phase, a resistance phase and an exhaustion
phase. During these different phases probably different gene profiles are expressed.
Also, gene responses do not seem to be directly dose-dependent, but the expression
profile may vary for the same substance at different concentrations (Steinberg et al.
2008). It would be very interesting to perform an acute study and to compare the gene

expression results with this long term study.

Oxidative stress markers

In all processes demanding oxygen, there is also formation of reactive oxygen
species (ROS). The most common one is the super oxide radical O,-. The production
of radicals may be enhanced by disease, aging, physical exercise and xenobiotica.
Oxygen radicals may also be produced as a result of phase I metabolism. The oxygen
radicals are very reactive and cause damages on biomolecules, such as proteins, lipids
and DNA. When the antioxidant defence system is unable to scavenge all radicals

formed, the organism is put at “oxidative stress”.

The antioxidant defence system consists of enzymes, vitamins, caretonoids
and low weight molecular substances. One of the most important and abundant
substances is glutathione. It consists of three amino acids, and is itself able to
reduce and detoxify ROS, but is also used by glutathione-S-transferases (GST)
and glutathione peroxidases (GPX) for phase Il conjugation of xenobiotics. Once
oxidised, glutathione can be reduced by glutathione reductase (GR), and re-used as an
antioxidant. Glutathione in reduced (GSH) and oxidised form (GSSG) as well as GR
and GST are used as biomarkers for oxidative stress in ecotoxicological investigations
(Stephensen et al. 2002; Berglund et al. 2007; Carney Almroth et al. 2008; Sturve et
al. 2008). We have measured glutathione reductase (GR) and glutathione (GSH)
or glutathione-S-transferases (GST) in all our studies in rainbow trout (Paper II,
V), Atlantic cod and tutbot (unpublished), and we have not seen any effects on
these parameters from the medetomidine treatment. When analysing data from the
microarray studies there were indications that genes coupled to activity of glutathione
transferases had been altered during medetomidine exposure (Paper V). Possibly these

are other transferases than the ones picked up by the catalytic assay.

One interesting aspect of medetomidine is that it is sometimes used in medicine
as a neuroprotective agent during ischemia and surgery. It has been shown that

medetomidine reduces neural damage during these events. Several studies have shown
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a connection with reduced production of ROS and increases in antioxidants, including
glutathione (Eser et al. 2008; Aslan et al. 2009). The mechanisms behind this are not
clear. It would be interesting to perform a combination study with medetomidine and
a substance known to induce oxidative stress, and see whether medetomidine could

be protective also in fish.

Tolerance to medetomidine?

The results, or lack of significant results, from the gene expression study reveals
the question if fish during long term exposure to medetomidine develop resistance
or tolerance to the substance. Indications of this may be observed when comparing
results from the different studies within this thesis. Altered EROD activity, suggested
as one of the consistent and eatly responses, is no longer observed after 31 and 54
days (paper V). Desensitization, receptor deactivation was suggested as an explanation
for the results from the two melanophore studies. When studying paleness after 31
and 54 days, fish from the 0.5 nM treatment are only significantly pale at the first
occasion and fish from the 5.0 nm treatment are also less pale (insignificant) at the

second occasion.

The development of tolerance to medetomidine is known from mammalian
studies where it has been observed that the level of analgesia or hypnosis
diminishes over time (few days) in spite of the same dosage of medetomidine. It
has been observed in mice that tolerance for analgesia and hypnosis does not occur
simultaneously, suggesting diverse mechanisms behind the tolerance (Reid et al. 1997;
Davies et al. 2001, 2003). Clonidine is well known to induce tolerance in patients.
It has been shown that by having un- continuous administration, i.e. only during
daytime or nigh time, tolerance development is inhibited (El-Mas and Abdel-Rahman
2007). Desensitization is a common phenomenon from G-protein coupled receptors.
These can be detached from the G-protein and internalised in the cell in a clathrin
coated membrane vesicle. Since medetomidine interferes with catecholamines that are
regulated via negative feedback systems it might also be possible that the tolerance to

medetomidine in our study could be due to a shift in noradrenaline turnover.

Tolerance development can also be due to induction of ATP-binding cassette
(ABC) super family of membrane transporters. Induction of these transporters
was first discovered in cancer patients developing resistance towards a variety of
drugs (multidrug resistance, MDR), and has later shown also to be an important
reason for tolerance development in aquatic organisms from contaminated sites
(multixenobiotic resistance, MXR) (Bard 2000). P-glycoproteins serve as a first line
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of defence, being very unspecific, transporting a wide variety of organic compounds
with only a moderate hydrophobicity in common, while MRP proteins transport
mainly phase 1 and 2 metabolites. Multidrug resistance is used as a biomarker and tool
in biomonitoring (Minier e al. 1999, 2000), and several proteins associated with MXR
have been identified in rainbow trout (Fischer et al. 2009). It would be interesting to
investigate if ABC proteins are regulated by medetomidine treatment and thus may

be involved in potential tolerance development.

Behaviour

When evaluating the impact of environmental pollutants, behavioural studies in
fish were first suggested to be used in the 1960°s (Watner ez al. 1966). Behavioural
changes are the combined result of several biochemical and physiological processes in
an animal, and are often of high ecological relevance. Behavioural studies may function
as more sensitive early warning signals than standard test methods. Medetomidine
inhibits noradrenaline release, and substances that interfere with neurotransmitters
are likely to alter behaviour (Scott and Sloman 2004). It was therefore of interest to

perform behavioural studies.

Behavioural responses to medetomidine have earlier been studied in the bivalve
Abra nitida (Bellas et al. 2006), where medetomidine showed to reduce burrowing
behaviour. It has also been studied in the amphipod Corophium wvolotator, where it
shown to reduce mate search behaviour (Krang and Dahlstrém 20006). In fish, studies
of locomotor inhibition in response to medetomidine has been studied in zebrafish
(Ruuskanen et al. 2005), but was investigated only from 1000 nM.

In our studies with Atlantic salmon (Ekvall 2004) we found no significant effects
on the studied behaviours, the concentrations studied were 5 and 50 nM. There were
however dose dependent trends toward lower aggressiveness and lower appetite
(figure 20).

In the stickleback study, a decreased locomotor activity was observed in the
three highest concentrations (50-500 nM). An increasing response time to food with
increasing concentrations of medetomidine was also seen. The fish in the highest
concentration (500 nM) did not seem to show any interest in food during the 20
minutes trial period. There was consequently also a decrease in food consumption by
the fish in the highest concentration and a slight increase in food consumption in fish

exposed to lower concentrations of medetomidine (Hilvarsson ez al. 2007b).

In both of these studies, EROD activity was measured and paleness observed.
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Figure 20. Appetite (left) and aggression (right)

Summary of behavioural studies in Atlantic salmon as percent of control. Appetite
is measured as number of pellets consumed, while aggression is measured as
seconds performing aggressive acts. Error bars show standard errors.

In Atlantic salmon we found a significant EROD induction, indicating that the
behavioural parameters measured were not more sensitive than EROD activity.
However, in the stickleback we saw an increased EROD activity first at 500 nM,
while behaviours were altered already from 50 nM. Paleness was also observed,
and was altered from 5 nM in salmon and from 50 nM in stickleback (unquantified

observations).

The observed behavioural effects of medetomidine can be interpreted as slight
sedation. In the test, aggressiveness was possibly also atfected by the fish appearance,
where the medetomidine exposed fish were clearly pale. We can conclude that altered

behaviours belong to the eatly responses of medetomidine exposure.

Cytotoxicity and viability

We suggest that medetomidine is not cytotoxic. The medium EC50 (50% effect)
value for tests was 150 mg/1, which is corresponding to 750 uM. It was difficult to
dissolve the amount of medetomidine needed to obtain full toxicity using the solvent
DMSO. During our iz vivo studies we have never observed mortality following
medetomidine exposure, but of course that was never our intention. In previous
studies using medetomidine to sedate fish, high concentrations have been used,
without lethal effects. For zebrafish 100 uM was used (Ruuskanen et al. 2005), and for
rainbow trout 25 pM was used (Horsberg et al. 1999). Thus in rainbow trout, the span
between effects on pigmentation and EROD activity and death is more than 50.000

times.
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SUMMARY AND CONCLUSIONS

We have studied the effects of medetomidine

in fish, as part of a large evaluation campaign
investigating aspects of using medetomidine in
antifouling paint. Medetomidine is presently in
use in veterinary medicine as a sedative, and it is

known to be a potent a -adrenoceptor agonist.

Within the scope of this thesis a number

of different studies have been performed. In

total five species of fish have been exposed to
medetomidine either via intra peritoneal injection
or via water for time periods ranging from 1 to 54 days. The studies were designed to
pick up early effects occurring from low, non-sedative concentrations. Additionally,
to better understand some of the responses, isolated pigment cells and hepatic

microsomes have been studied 7 vitro.

The most prominent effect of medetomidine in fish is skin colour lightening. This
effect was observed in all species tested, and was further quantified in rainbow trout
after 31 and 54 days of exposure. It was observed that rainbow trout exposed to 5
nM of medetomidine was significantly paler than control at both sampling occasions,
while after 31 days also fish exposed to 0.5 nM were paler than control. Melanophores
were studied in rainbow trout after 17 and 54 days of exposure. After 54 days of
exposure, the melanophores were functional, and the density of the melanophores
was unchanged. This suggests that the paleness induced by medetomidine is reversible.
However, these two studies also suggest a difference in sensitivity to medetomidine

after long-term exposure.

Medetomidine also showed to be a very strong inhibitor of CYP1A activity
in vitro. An inhibited EROD activity was also observed in turbot after 14 days of
exposure iz vivo. However, increased EROD activity was observed in turbot after
short term exposure iz vivo. Increased EROD activity was also observed in Atlantic
salmon and three-spined stickleback. In rainbow trout, there was an increased EROD
activity after 2 and 17 days, while after 31 and 54 days there were no differences from
the control. These results suggest from a balance between CYP1A protein induction

and enzyme inhibition.
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In rainbow trout exposure experiment for 17 days we observed a non-significant
trend in the levels of growth hormone and insulin-like growth factor 1. Since
medetomidine is known from literature to affect growth hormone in mammals, this
was important to investigate further. However, after 31 and 54 days of exposure we
found no significant effects on growth or growth hormone. However, there were
lowered blood glucose levels and decreased liver size, indicating a carbohydrate

metabolic response to the treatment.

When exploring the changes in gene expression after medetomidine exposure
for 54 days, we found no significant changes, which was a bit surprising. Analysing
gene ontology (GO) terms, we could however identify some biological pathways
suggested to be altered by the medetomidine treatment. These include enzymes
involved in glutathione transferase activity, MHC protein complex and developmental
growth. Among the top 5 regulated genes was adenylate cyclase type 11, which is a key

component in the signal cascade from «,-adrenoceptors.

We have studied glutathione and glutathione dependent enzymes in the majority
of the experiments, without finding any effects. There is literature suggesting that
medetomidine reduces production of reactive oxygen species, something that has

been used within therapy.

In the behavioural studies, we saw trends towards decreased appetite, decreased
swimming activity and decreased aggression. These effects could be explained as a

slight sedation and belong to the eatly effects of medetomidine.

According to the studies in hepatic zebrafish cells, medetomidine has very low

cytotoxicity in fish cells.

Concluding all studies in rainbow trout, it seams like some of the responses
observed after short term exposure, declines over time, suggesting tolerance
development. EROD activity is most regulated after 2 days of exposure, still
significant after 17 days but no different from control after 31 and 54 days. Also, when
quantifying paleness, this effect is stronger after 31 days than after 54 days. The results

from the melanophore study indicate also desensitization over time.

From a risk perspective, the most important effects to consider are suggested to
be paleness and the strong inhibition of EROD activity observed in vitro. Paleness
could be a large problem in intra- and interspecies situations, especially predator-prey
situations, which has been discussed. Inhibition of EROD activity may be a problem
in contaminated areas where decreased detoxification would lead to damages and

bioaccumulation of toxicants. These effects appear from nominal concentrations of
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0.5-5 nM. Overall we can conclude that from these low concentrations only few of

the investigated parameters were clearly affected by medetomidine treatment.

FUTURE PERSPECTIVES

This thesis is an important contribution to the knowledge of effects of
medetomidine in fish, but it is not a complete base for risk assessment. Important
parts outside the scope of this thesis are studies of effects on reproduction and early

life stages, and information about predicted environmental concentrations.

It would be of interest with further studies of medetomidine and CYP1A.
First, CYPIA mRNA levels and perhaps also protein levels after medetomidine
exposure should be investigated. Today it is not clear how imidazoles can induce
CYP1A activity in vivo, and further studies with medetomidine may contribute to
fill this gap of knowledge. It would also be of interest with a combination study
of medetomidine and a classical Ah-receptor ligand, such as -naphthoflavone to
investigate consequences of the inhibitory properties of medetomidine iz vivo. Also
other members of the CYP family, such as CYP3 would be interesting to study.

Our studies of melanophores suggest that colour change is reversible also
after long term exposure, but this reversibility remains to be tested experimentally.
Also, these experiments were performed with scales from fish adapted to a dark
background. It would be interesting to perform dose-response studies to find out
if medetomidine is able to induce apoptosis and at which concentration, and how

responses to medetomidine differ between light and dark adapted fish.

The gene expression analysis revealed no significant changes between the
treatments. It would be of interest to compare this long term study with gene

expression after acute exposure.

There are some indications among the eatly response studies within this thesis,
that during long term exposure, the observed effects decline. This tolerance aspect is
interesting to investigate further, for example by performing time-series studies for

chosen parameters and additional measurements of « -adrenoceptors.

The results from the long term study indicate also effects on carbohydrate

metabolism, an effect that would be interesting to further investigate.

To answer the question if medetomidine is an environmentally acceptable
antifoulant lies without the scope of this thesis. That answer is dependent on leakage

rates and degradation rates for the substance.
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However, I believe that the extensive research and interest in this field today will
generate a spectra of good solutions to limit the environmental impact of antifouling
paints in the future.
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