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Abstract
Regulators are under immense pressure to assess the impact of ecotoxicants on
environmental and human health andto establish acceptable limits on the release
and registration of chemicals. Thus, the new REACH directive of the European
Commission has recently been implemented, but meeting the demands of REACH
will cause a substantial increase in costs to industry associated with regulatory
ecotoxicity testing. Understandably, there is a great interest in alternatives to animal

testing, which will reduce the cost of regulatory testing. The zebrafish embryotest
has been presented as a viable replacementfor the acute fish toxicity test. However,
in combination with microarray analysis it has potential to refine fish tests for some
chronic toxicity endpoints, due to the increased sensitivity and availability of
mechanistic information offered by the microarray technique. Using an advanced
statistical approach and high quality oligoarrays, key issues of a prospective
regulatory application of microarray-based test methods were explored.
The effects of carrier solvents, DMF and DMSO in the zebrafish embryo test
system were evaluated individually and in combination with the reference ecotoxin
TPP. Results indicated that carrier solvents commonly used in ecotoxicology

experiments may not be without ecotoxicological effect. Within guideline
concentrations, both solvents caused no observable developmental malformations,
but a large number genes were found to be differentially expressed, including
functional gene groups relating to important biological processes. In combination
with TPP, DMF was found to modulate the transcriptome response of embryos to
TPPalone.

Concentration induced responses at the transcriptome level to DMF and DMSO
were also explored. It was demonstrated that gene expression changes at NOEC

concentrations of DMF showed evidence of visual deformities observed at higher
concentrations. In addition a highly non-conventional divergent and biphasic
concentration-responserelationship at the transcriptome level was found. This was

explained by invoking the network properties of gene regulatory effects. However,
functional analysis of the concentration response data showed some evidence of
concentration-specific effects; thus over the low concentration range embryos
displayed responses predominantly involved in high level gene expression

processes and homeostatic responses, whilst at higher concentrations gene
responses were associated with morphological developmentprocesses.

This work highlights the mechanistic and sensitivity advantages that the microarray
technique brings to the zebrafish embryo test and how microarrays may assist with
the demand for alternative test methods. However, issues were identified that are
likely to limit the use of this model as a regulatory test; namely the problem of
detecting of low copy transcripts, repeatability, differences between embryo and
adult gene regulation and difficulty in extracting a functionally meaningful
interpretation from complex gene expression profiles. It is clear that technology for
array based assessment is progressing faster than its implementation within
ecotoxicology. Efforts must be expanded to deploy these technologies in the most
appropriate way, but our understanding of perturbation at the gene and protein
levels of organisation needs to improve to achieve the full potential of microarrays
in ecotoxicology.

Glossary of commonabbreviations
aa-aRNA

aRNA

Cy3
Cy5
cyp19a

DMF/DMFi009
DMSO/DMSO 00

ECs
EST
FDR
FET

amino-allyl antisense Ribonucleic Acid
antisense Ribonucleic Acid

Cyanine 3 fluorescent dye

Cyanine 5 fluorescent dye
cytochrome P450 19a
N,N-Dimethyl Formamide/number denotes DMF
concentration (ul L”')

Dimethyl Sulfoxide/number denotes DMSO concentration

(ul L”’)

median effect concentration
Expressed Sequence Tag
False Discovery Rate

gls

Fish Embryo Toxicity test
general least squares

hpe
hpf

Gene Ontology
hours post exposurestart
hourspostfertilization

GO

Hsp(hsp)

HUFA
IPA
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KEGG
KO
LCs
LDso
LOEC
LOESS
MAD
MSE
MTE
NOEC
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median lethal dose
Lowest Observed Effect Concentration
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Median Absolute Deviation
Minimal Sum of Errors
Minimal Total Error
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Organisation of Economic Cooperation and Development
Registration, Evaluation, Authorisation & Restriction of
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Serial Analysis of Gene Expression
SwissProt database
4-Tert-Pentylphenol
TrEMBLdata base
Vitellogenin protein (mRNAtranscript)

Chapter 1: Introduction
1.1 - The developmentof ecotoxicology
1.1.1 - What is ecotoxicology?
Ecotoxicology was first defined as a “branch of toxicology concerned with the

study of toxic effects caused by natural and synthetic pollutants to the constituents
of ecosystemsin an integrated environment” (Trehaut 1977). However, others focus
on the effect of pollutants on ecosystems (Moriarty 1983) the biota that inhabit it
(Butler 1984) or on the ecology of a specific environment (Chapman 2002).

Ecotoxicology as a research discipline has had relatively short development

period, since it was not until the late 70’s, following the publication of Rachel
Carson’s “Silent Spring” (Carson 1962), that it was recognised as a distinctive area
of scientific enquiry. Despite this some studiesprior to this period, such as the death
of fish caused by lead and zinc mine run-off (reviewed in Callow 1993) should
clearly be regarded as ecotoxicology, but in their time they would have been
considered a branch of medical toxicology.

Ecotoxicological problemsfirst became evident during the Industrial Revolution of
the 18"/19"™ century. The change in culture from a rural base to major
industrialisation caused pollutants to become concentrated in these industrialised
areas and their effects on the environment were increasingly experienced. The

increasing use of petroleum in the 20" century, the developmentoffertilizers and
use of organo-pesticides during World War II led to further serious ecotoxicological

problems, each of which increased the public awareness and concern of such issues
(reviewed in Connell et al. 1999).

1.1.2 - Developmentof the ecotoxicologyfield
During the 1950’s the level of UK Governmentattention given to the identification
of environmental problems began to increase sharply (Squires 1983). Several

international scientific conferences were held during the 1950’s focused on sea
pollution, e.g. The Convention of the High Seas 1958. Simultaneously, research

institutes and universities initiated research programmes to investigate the
toxicological effects of environmental pollutants (Forbes and Forbes 1994). The UK

Governmentestablished research-focused funding agencies, one of which (Natural
Environment Research Council; www.nerc.ac.uk) was directed specifically at
environmental research programmes (Walker 2006) as well as regulatory authorities
that developed testing protocols to establish the safety of chemicals, such as the
OECD (www.oecd.org/home/), European Commission for the testing of pesticides
(ec.europa.eu/index_en.htm)and recently REACH (REACH 2006).

At the same time, analytical techniques were developed, including thin layer
chromatography and gas chromatography technologies which, for the first time
allowed low concentrations of chemicals in the environment to be detected (Walker
et al. 2000). These technological innovations combined with increasing concern
Over environmental condition prompted the start of large-scale and long term
environmental monitoring projects, many that continue today, monitoring and
recording

various

aspects

of

the

environment

(http://www.sepa.org.uk/data/index.htm). This monitoring generated evidence for

marked persistence and strong bioaccumulation of certain organo-chlorine
insecticides (Edwards 1976).
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Figure 1.1 —- The developmentof ecotoxicology research.
The different areas of ecotoxicology research have different focuses and aims but each area relies
on information from other areas, so progressin one area assists another.

In 1962 the publication of Rachel Carson’s “Silent Spring” (Carson 1962) based
around the pesticide issue, catalysed the separation of environmental toxicology
and, subsequently ecotoxicology, from classical toxicology. Carson’s work was
revolutionary since she highlighted the need to look at whole ecosystem effects and
not just those at the single organism level. Since then ecotoxicology has developed
in many directions, which perhaps explains the large assortment of definitions.It is
a broad subject with different areas that have branched out dependant on the
research type, as illustrated in Figure 1.1. Initially research was directed at the
detection of chemicals in the environment and increasing the sensitivity of these
detection methods. Researchers then started to use classical ecotoxicology methods

to investigate the effects of certain chemicals on a single organism/single chemical
basis.

1.1.3 - Classical ecotoxicolgy and its limitations
Classical ecotoxicology focuses on phenotypic changes where whole organism
responses(survival, growth, reproduction) are compared to a worst-case estimate of

environmental exposure. However, this method of research is limited in the
following ways:
High doses in animals are frequently used to assess the effects of low doses
in humans.

In many cases this extrapolation across species and

concentration rangesis unlikely to be entirely representative.
It provides no direct information regarding a toxicant’s modeofaction.
Relevant environmental levels are often much lower than those used in
toxicity tests to induce morphological effects.
Whole organism responses are insensitive for detecting toxicity at low
doses and/orearly time points.
Differentiation between genotoxic and non-genotoxic substances is not
easily assessed.

These limitations mean that potential toxicity and safety of chemicals can be
incorrectly assessed, resulting in over-estimated safety levels or overlooked side
effects, for example, the effects of thalidomide on pregnant women,cigarette smoke
and DTT (reviewed in Smith 2001).

In addition, classical toxicity tests rely heavily on the use of animals as subjects for
analysis. Assays are expensive since they use large numbers of animals and take

time to complete due to the long exposure times required to observe effects
(ECETOC 2005). Today there is an ethically driven commitmentto reduce, refine
and replace (‘three R’s) (Russell and Burch 1959) animal use by developing more
efficient and alternative testing methods, such as replacing the acute fish test with
the zebrafish (Danio rerio) embryo test (Nagel 2002). There is also a move to
improve regulatory decision making, such as the implementation of REACH
(REACH 2006), the new European Commission’s strategy in dealing with

chemicals (REACH 2006; ECETOC 2005).

1.1.4 - REACH legislation
The implementation of REACH,which wasproposed in 2003 and finally cameinto
force in April 2007, has bought about some significant changes to the field of
ecotoxicology. With emphasis on the enforcement of the ‘three R’s’ and the
SOLNAprinciples (OECD 2009) under REACH, the motivation to reduce animal
usage and improve chemical regulations has led to the contemporary technical
approaches to ecotoxicological analysis and understanding.

Under the REACH system, ecotoxicology data requirements for new andexisting
chemicals are determined according to the metric tonnage manufactured/imported
in the European Union per year. Substances that are produced or imported in
quantities of < 1 tonne per year, by any single company, are not covered by
REACH.Substances manufactured or imported in quantities > 1 tonne per year are
required to have accompanying ecotoxicological data. The extent of this data is

determined by which band the chemical falls into, according to the tonnage
produced/imported per year, and in which category the chemical falls within its
band. Testing of substances produced/imported at 1 — 10 tonnesper year are limited

to in vitro tests, while substances produced/imported at > 10 tonnes, but < 100
tonnes per year, only require short-term, acute toxicity data with fish, algae and
Daphnia. Longer-term, chronic ecotoxicological data on fish and Daphnia are only
required for substances produced/imported in > 100 tonnesper year.

Ecotoxicological data for fish can be determined by several standardised tests. The
acute fish toxicity test (OECD 1992a) and the early lifestage fish toxicity test
(OECD 1992b)are the two most commontests carried out for generating acute and
chronic toxicity data respectively. The acute fish toxicity test involves the exposure
of fish to a test substance for a period of 96 hours. Observations of gross mortality
are recorded at (3-6), 24, 48, 72 and 96 hours. Acute toxicity is expressed as the

median lethal concentration that kills 50 % of the population (LCs) over the given
time period. A prolongedfish toxicity test (OECD 1984) over 14 days may be used
in place of the acute fish toxicity test, if a longer observation period is considered
appropriate. The early life stage fish test involves fertilised eggs being exposed until
all the control fish are capable of independent feeding. Hatching success, time to
hatching, survivorship, deformation, abnormal behaviour, weight and length in
chemical treated fish are compared to control treated animals, to determine the
lowest

observed

effect

concentration

(LOEC)

and

non-observable

effect

concentration (NOEC). The fish juvenile growth test (OECD 2000) may also be
used to generate chronic toxicity data. In this test, juvenile fish in the exponential
growth phase are exposed to sub-lethal concentrations of a chemical for 28 days.

The growth of the fish in the different treatment groups is compared to determine
NOECand LOECconcentrations.

1.1.5 - Current trends in ecotoxicology
Alongside the recent legislation developments with REACH, the field of
ecotoxicology has also seen an improved detection of chemicals in the environment
enabling the definition of environmentally relevant concentrations of toxicants
(Durhan et al. 2006; Gagne et al. 2006). In addition, there has been an increasing
interest in the effect of chemical mixtures and a broadening in the types of
compoundsstudied from herbicides and pesticides to pharmaceuticals, personal care
products, and more recently nanoparticle formulations. The constant drive for
alternative ecotoxicology testing methods, along with the more recent introduction
of the ‘omic’ technologies, has resulted in the move from classical ecotoxicology
research

to

systems-orientated,

mechanistic

and

environmentally-relevant

approaches. This shift has required the use of more sensitive test organisms at each
of the trophic levels and more sensitive test systems to detect the onset of
detrimental effects (Nuwaysir et al. 1999; Smith 2001; Seki et al. 2006). Thus,

commonly used endpoints in such studies are no longer just mortality, but include
potentially more sensitive life cycle parameters, suchas fertility, fecundity, growth,
behaviour, as well as molecular biomarkers generated from mechanistic studies. A
brief search of literature databases reveals a trend in ecotoxicological research to
more comprehensive, system-wide approaches. Thus, in the past few years, studies
have been described that encompass the assessmentof effects at the transcriptomic
through metabolomic and proteomic levels, as well as attempts to interpret effects at
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an ecological level including predicted effects on behaviour, population and
ecosystems (Sekiet al. 2003; Heckmann et al. 2006; Heckmann etal. 2007).

1.1.6 - Toxicogenomics
The changing trends in ecotoxicology, combined with technological advances in

genomic technology, and the increased knowledge of DNA sequences and
functional annotation of genes, has led to the widespread application of microarray
technology and other ‘omic’ technologies to ecotoxicology problems. This has led
to the creation of a distinctive field of study, namely toxicogenomics, a term that
wasfirst coined as recently as 1999 (Nuwaysir et al. 1999). The pharmaceutical

industries have whole-heartedly adopted toxicogenomic approaches to screening
drug effects and drug toxicity and companies such as Abbott have invested very
large amounts of moneyinto creating the necessary databases and software for gene
expression analysis (Ryder 2006). The chemical industry has had a slower uptake
perhaps because of a reduced regulatory load compared to the pharmaceutical
industry, which stipulates that all known toxicity be disclosed, but does notcall for
the specific testing as required in drug approvals (Balbus 2005). However,it is
increasingly appreciated that toxicogenomic approaches can eliminate uncertainty,
improve mechanistic understanding and revise risks on existing products where the
industry believes true risks have been overestimated. For example; formaldehyde
and chloroform andtheir links to cancer (Balbus 2005).

This thesis focuses on the value of microarrays in ecotoxicology and in particular

the implications of this technology as an additional endpoint in regulatory
ecotoxicology testing.
11

1.2 - The value of microarrays in ecotoxicology
Microarray technology provides a powerful platform to investigate gene expression
profiles at the whole genome level. Since its development the technology has

promised to revolutionize research fields in whichit has been applied, these include
pharmaceutical development, (Chin and Kong 2002; Ryder 2006) disease diagnosis
(Jochumsenet al. 2009; Yoo et al. 2009), biomarker discovery (Classen et al. 2008)
and more recently, ecotoxicology (Gunnarsson ef al. 2007; Santos et al. 2007). The
use of microarrays in ecotoxicology offers exciting research opportunities to define
at unprecedented levels of detail, the molecular events that precede and accompany
toxicity, thereby shedding light on mechanismsof toxicity that are currently poorly
understood. Moreover, it is hoped that measurement of gene expression responses

induced upon chemical exposure will lead to the development of new approachesto
environmental monitoring, which are both ethically and economically more viable
than

current

practices.

The

two

major

advances

that

microarrays

offer

ecotoxicology testing are; first, an increased sensitivity and second, a moredetailed
appreciation of the molecular mode-of-action.

1.2.1 - Increased sensitivity
The microarray can be used to visualise global gene expression changes in an
organism resulting from exposure to a potential toxin. Toxicity is often preceded,
and results in, alterations in gene expression. In most cases these alterations offer a
more sensitive and characteristic endpoint than phenotypic and survival endpoints.
The application of microarray technology to standard ecotoxicology bioassays
improvessensitivity at both the concentration and exposure timescale level (Figure
1.2). This has allowed toxicity research to be carried out using low concentrations
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that are environmentally relevant (Santos et al. 2007). Prior to microarrays the
effects of toxins at these low levels would often require extrapolation from
exposures at higher concentration.

The use of microarray technology in

ecotoxicology can therefore help to enhance chemical safety guidelines and

legislation. Not only this but increased sensitivity in toxicity testing methods, may
allow early life stage tests to detect effects previously observed only in later life

stage tests. This would assist the constant drive in ecotoxicology testing to find
more reliable, cheaper and ethically acceptable methods that reduce, reuse and

replace (3R’S) the use of sentient animals. Furthermore, microarrays might be
particularly useful for investigating the relationship between acute and chronic

toxicity and identifying secondary effects of a given toxicant by studying gene
expression profiles in relation to exposure length.
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Figure 1.2 —- Mechanismsoftoxicity.

The sensitivity of microarrays will allow detection of toxicity at the primary target stage, both at an
earlier time point and lower downthe concentration gradient than when toxicity is evident using
morphological endpoints.
Diagram taken from (Smith 2001)
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1.2.2 - Determining toxicant mode-of-action
Advances in genome sequencing and data mining combined with ongoing research
in gene function, has in recent years generated well annotated genomes for most
model organisms. Microarray data when combined with an annotated genome
allows ecotoxicological studies to determine the molecular mode of action of
environmental pollutants. Initially, whole genomearrays can be used to identify a
possible mode-of-action of a toxicant, while custom arrays representing particular
biochemical pathways can provide more detailed information once some knowledge
of the toxicants mode-of-action has been established. Mechanistic information is
crucial in ecotoxicology to make more informed regulatory decisions regarding
exposurelevels.

1.3 - Microarray technology
1.3.1 - The origins of microarray technology
The potential for large-scale transcript screening wasfirst realised in 1991 by the
development of techniques for attaching proteins and nucleic acids to the planar
surfaces of glass slides andsilicon chips using light directed chemistry (Fodoret al.
1991). The use of photolithography produced ‘high’ density arrays of 1024 peptides
in 1.6cm? on a solid surface. The array was probed by mouse and goat monoclonal
antibody to give a chequered image showing the different substances binding to
specific squares defined by the printed species. Fodor suggestedthe potential of this
technology to

“explore

molecular recognition processes

in biology”

and

subsequently recognized the possibility of presenting arrays of spots each with a
different binding specificity.
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At the same time two other researchers were also developing this idea. Edwin
Southern from Oxford University, who previously developed the eponymous
Southern Blot technique, had designed a method to produce microarrays using
inkjet printing of the four bases to synthesise oligonucleotides on a glass surface

(reviewed in Harris 2005). Patrick Brown of Stanford University used presynthesised oligonucleotides which were placed onto the surface in arrayed
locations using a home-built robotic printer. Instructions on howto build this device
werelater published on his website (reviewed in Harris 2005).

1.3.2 - Microarrays, gene expression and ecotoxicology
In 1995 the first study using microarrays to investigate gene expression was
published (Schenaet al. 1995). Since then microarrays of increasing sophistication
and density have been used in ecotoxicology research. A data base search for papers
with the topic ‘microarray’ and ‘toxicity’ shows around 10-30 papers per year at the
start of the 1990s that increases to 200+ papers per year mid-decade, which is
maintained to date. The microarray technique has revolutionized the biosciences in
general but has had a particularly marked impact in ecotoxicology, offering huge
advantages in scale of assays that can be performed over classical testing methods
and an enormousrangeof potential applications.

The microarray is not the only approach to gene expression profiling. Northern
Blotting, a technique that allows the detection of specific RNA’s and expression
analysis was developed in 1977 by a group at Stanford University (Alwine ef al.
1977), though it only allowed a few transcripts to be analysed. However, SAGE
(Velculescu et al. 1995) also enabled large-scale, genome wide studies of gene
15

expression.It is a sequenced-based sampling technique unlike the microarray which
is hybridization based. The SAGE technique (Velculescu ef al. 1995) is based on
the use of restriction enzymes to release specific tags from all the mRNA species
represented in an RNA sample. The tags are concatenated and sequenced using
Sanger technology.

Quantitative data output regarding gene expression is

determined by calculating the number of tags for each mRNA sequence normalised

to the total. SAGE provides more quantitative and digital results than microarray
data, and unlike array approachesit requires no prior sequence information. SAGE
allows the continual discovery of new genes and gene variants, but it is much more
expensive to implement than microarrays and it is perhaps for this reason that

SAGE has not been as widely used for gene expression analysis as have
microarrays. A database search (ISI Web of Knowledge 2/11/09) found 49,791
papers with ‘microarray’ in the topic versus 6,060 with ‘SAGE’. In recent years, the
advent of very high throughput DNA sequencing technologies, have released the
constraints of the SAGE approach, yet retained the ‘digital’ quantification and the
ability to discover new gene models as part of the analysis. To date very few
publications have emerged butit is likely to eclipse microarray analysis within a
few years, and also become an important tool in ecotoxicological research. In this
study, however, the focus is on the value of microarray data in ecotoxicology and in
the following chapters we aim to assess this by using microarray data as an
additional endpoint in the zebrafish embryotest.
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1.4 - The zebrafish (Danio rerio) embryotest
1.4.1 - The zebrafish (Danio rerio) as a model organism
The zebrafish (Danio rerio) is a small, tropical, fresh water, benthopelagic cyprinid
fish (Figure 1.3) which is native to India and has becomeoneof the most important
model organismsto study biological processesin vivo.

Figure 1.3 - Zebrafish (Danio rerio).

Females (upperfish) can be easily differentiated from males (lower fish) by their rounded bellies
and the lack of a reddish tint along the silvery longitudinal lines.
Image from (Braunbecketal. 2005).

The zebrafish first became popular in the 1980’s whenStreisinger selected it as a
vertebrate model for genetic research (Walker and Streisinger 1983; Streisinger e¢
al. 1986). Streisinger worked over the next decade to devise techniques to raise,
breed and mutagenise the fish. His colleague, Charles Kimmel, found the zebrafish
to be an excellent model for studying developmental processes (Kimmel ef al.
1995). The zebrafish allowed the simultaneous application of experimental
embryology and extensive genetic manipulations and can be considered as the
vertebrate equivalent to Drosophila and Caenorhabditis elegans.
17

The classical

vertebrate models (chicken and frog) lend themselves well to embryological
manipulations while the mouse lends its self well to genetic manipulations, but
neither is suitable for both as is the zebrafish (reviewed in Kahn 1994).

The zebrafish embryo is an ideal model organism due to its rapid synchronous
development, robustness, large size and transparency, making possible the direct

observation

of

xenobiotic-induced,

morphological

abnormalities

during

development. These same characteristics lend this species to ecotoxicological
analysis. Normal development from fertilization to hatching is described
extensively in Kimmel’s 1995 paper (Kimmel ef al. 1995) and genetic basis of
development was extensively studied by Driever et al. (1994). Research with
mammalian embryos is regulated by law but prior to the point of independent
feeding, research with zebrafish embryos is not regulated or restricted by law. A
Home Office project license is therefore not required which saves both time and
money.In addition, the adult zebrafish is small in size, produces large numbers of
offspring, has a short generation time (5 months) and is economicalto keepin large
numbers, makingit suitable for large-scale transcriptomic investigations.

1.4.2 - The zebrafish genome
The first genetic map of the zebrafish was published in 1994 by Postlethwait and
colleagues (Postlethwait et al. 1994). A full sequencing of its genome and
identification of genes commenced in 2001 by the Sanger Institute and is still
ongoing. Currently about 1551 million bases have been sequenced and about 449
million remain to be sequenced (www.sanger.ac.uk/Projects/D_rerio).

A World

Wide Web community resource of zebrafish genetic, genomic and developmental
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information is maintained at zfin.org. (www.zfin.org), (Sprague ef al. 2001). This
provides an easily accessible database system for sharing information between
researchers and is integrated with other species databases to help provide
meaningful ways of relating genes to mutations and to facilitate the understanding

of gene regulation. These resourcesare essential for the interpretation of microarray
data.

1.4.3 - The zebrafish embryotest
The zebrafish embryo test is a 48-hour fish embryo toxicity test that was initially
developed, validated and standardized as DIN 38415-6 (DIN 2003) to substitute the
acute toxicity fish tests used in Germany for waste-water assessment and
regulations. The test was later submitted for ISO standardization and guidelines for
a fish embryo test, mainly for use with the zebrafish (Danio rerio). It was also
developed and submitted to OECD (OECD 2006a) with similar intentions ofit

becomingan alternative test method to the 96-hour acute toxicity tests with juvenile
and adult fish (OECD 1992a). In the work described in this thesis, the zebrafish
embryotest method used is a combination of these guidelines. During the test newly
fertilized zebrafish embryos were exposed to varying concentrations of test
chemical in 24-multi-well plates for 48 hours at 26 °C. Zebrafish embryos were then

observed at 24 and 48 hours post-exposure for a suite of lethal and sub-lethal
deformities as test endpoints. After the 48 hours of exposure, embryos were
sampled for microarray processing as an additional test endpoint.

The 48 hour exposure period of the zebrafish embryo test covers several embryonic
stages, these are; the cleavage period, blastula period, epiboly, gastrula period,
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segmentation period and the pharyngula period. The embryos are only exposed to a

toxicant once collected from the parent fish, approximately 1 - 2 hpf. Therefore,
fertilization and the initial cleavages (Zygote period) are not covered by the embryo
test time window. Exposure to the toxicant commences approximately when the
embryois at the 4 - 8-cell stage, the cleavage period. During the cleavage period the
blastomeres divides synchronously, at regular intervals until the embryo reaches the
128-cell stage, approximately 2.25 hpf where it then enters the blastula period.
Duringthe blastula period, the blastomeres continue to divide but the orientation of

the cleavage planes become less regular and divisions less and less synchronous.
The yolk syncytial layer is formed at the 1000-cell stage and epiboly commencesat
approximately 4.6 hpf, in the late blastula period. Epiboly is characterised by the
spreading and thinning of the blastoderm cell mound over the yolk cell and

continues into the gastrula period, which the embryo enters approximately 5.25 hpf.
During the gastrula period, the embryo undergoesgastrulation in parallel to epiboly.
Gastrulation is the process in which the three primary germ cell layers and

embryonic axes are formed. Towards the end of gastrulation, the embryo undergoes
the first stage of brain development, a distinct thickening of the dorsal ectoderm that
signifies the formation of the neural plate. The development of cells into somites,
notochord and specific neurones in the hindbrain are defined by their position
within the neural plate. At a similar time, the embryo also develops a distinct
thickening at its caudal end, the tail bud, defining those cells that will contribute to

the developing tail. Once gastrulation is complete, the embryo enters the
segmentation period in which the somites and neural tube are formed and the brain
differentiates into distinctive sub-divisions. During this period the embryo also
elongates along its anterior-posterior axis and there is further development of the
20

tail bud. Rudimentary primary organs become apparent and body movements
appear. By the end of the segmentation period and onset of the pharyngula period
(24 hpf) the embryo has a well-developed, hollow central nervous system with an
anterior brain displaying all major subdivisions and somatogenesis has been
completed. During the final stage of embryonic development covered by the
zebrafish embryo test (pharyngula period), the embryo develops the pharyngeal
arches that give rise to the jaw andgills. During this period the pigmentcells, fins
and cardiovascular system also develop and the first behaviour traits become
evident. Most of the morphogenesis in the developing zebrafish embryo has been
completed by the end of the pharyngula period. The zebrafish embryotest therefore
covers some of the most important developmental stages of the zebrafish, stages
that are very susceptible to disruption by exposure to exogenoussubstances.

1.4.4 - Combining the embryotest with microarray analysis
Although embryotest results have been shown to correlate well with conventional
acute fish toxicity tests (Lange eft al. 1995; Braunbeck et al. 2005; Wedekindetal.
2007), the embryotestis relatively insensitive compared to results from chronic fish
tests and by itself rarely reveals information regarding the molecular mechanisms
underlying a toxic effect. Studies have shown that genome-wide gene expression

analysis as an additional endpoint of the embryo test can reveal mechanistic
information and can increase test sensitivity (Voelker et al. 2007). It is also
suggested that this combination of methods may be exploited in order to develop of
replacement methodsfor chronicfish test (Voelker et al. 2007).
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1.5 - Research objectives
The following chapters describe experiments designed to evaluate the use and value
of transcript screening by microarrays in ecotoxicological research in combination
with the well-developed ecotoxicity assay; the zebrafish embryo test. The aim of
this thesis was to show how this combination improves the existing zebrafish
embryo test by increasing the test sensitivity and providing novel mode-of-action
information.

In Chapter 2, the effects of solvent vehicles, DMF and DMSO in zebrafish embryo
were evaluated. The main objective of this study was to identify potential issues of
using carrier solvents in regulatory fish toxicity testing. By using microarray data as
an additional endpoint for the zebrafish embryo test it was expected that the study
would demonstrate the increased sensitivity and molecular mechanism data
available, than from survival and morphological endpoints alone. The aim wasthat
this information would help in identifying solvent induced effects in toxicity tests,
which in turn would lead to improved protocols for aquatic toxicity testing of
poorly soluble substances.

In Chapter 3, the effects of increasing DMF and DMSOconcentrations upon gene
transcripts of zebrafish embryos were explored. The main aim ofthis study wasto
investigate how gene expression changed over a concentration range, and if it
conformed to preconceived hypotheses. The objective was also to see if
developmental deformities induced by exposure to high concentrations could be
predicted from the microarray data taken from exposure to lower concentrations. An
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understanding of how concentration affected gene expression response was
considered crucial to potential application of microarrays to regulatory ecotoxicity
tests.

In Chapter 4, the effects of mixtures of DMF and the know weak oestrogen, TPP on
zebrafish embryos were explored. The main objective of this study was to
investigate how the effects of the solvent induced carrier could interfere with the
outcomeof toxicology studies with TPP. A secondary aim wasto investigate if any
oestrogenic effects could be detected in microarray data analysis of the developing
zebrafish embryo, prior to any sexual differentiation. Current knowledge of fish
embryo exposure to endocrine disruptors is limited.

The overall aim of this thesis was to explore several important issues relating to a
perspective regulatory application of microarray based test methods, and whose
resolution was necessary to advance the use of microarrays in ecotoxicology.
Ultimately, the thesis aim to show that microarrays have an important place in the
ecotoxicology field.
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Chapter 2: The effects of solvent vehicles, DMF

and DMSOon zebrafish (Danio rerio) embryos
2.1 - Introduction
2.1.1 - The issue of using carrier solvents

Regulatory guidelines for aquatic ecotoxicity testing were originally developed for
the testing of water-soluble and relatively stable chemicals. To assess the toxicity of
chemicals abovetheir solubility level or in case of chemicals with poor solubility,
instability or high lipophilicity (e.g. some pesticides), special test requirements are
often needed to maintain the exposure concentration. The recommended procedures
to dissolve such chemicals avoid the use of carrier solvents, since the solvents
themselves might exert adverse effects on the test organism, promote microbial
growth due to the additional source of carbon and/or cause oxygen depletion of the
test medium due to bio-degradation of the solvent. However, for some chemicals
the use of a carrier solvent is unavoidable. Regulatory bodies like the OECD
(Organisation of Economic Cooperation and Development) have therefore
established guidance documents (OECD 1992a)for the testing of sparingly soluble
substances and recommend a safe maximum solvent concentration of 0.1 ml L’!
(OECD 2007). These recommendations are supported mainly by historical data for
acute toxicity (reviewed in ECETOC 1996) and may not comply with current and
future testing requirements. A growing interest in chronic effect data, and thus a
stronger focus on sub-acute effects at lower toxicant concentrations, demands a
critical reassessment of the potential impact of the use of solvents in ecotoxicity

testing. There is some evidence in currentliterature that even at the presumed‘safe’
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level, a solvent can adversely affect test endpoints (Hallare et al. 2004; Hallare er
al. 2006; Hutchinsonet al. 2006).

2.1.2 - Selection of carrier solvents: DMF and DMSO
DMF (N,N-Dimethyl Formamide) and DMSO (Dimethyl Sulfoxide) are widely
used and considered ‘safe’ carrier solvents for aquatic toxicology tests (OECD
1992a; ECETOC 1996). However, both DMF and DMSO have beenreported to

have a deleterious effect on fish, even when used within the ‘safe’ OECD guideline
levels for carrier solvents (0.1 ml L"'). This equates to 95 mg L" and 1.10 mg L"!

for specific gravity equivalents for DMF and DMSOrespectively.In a fish full life
cycle test employing fathead minnows (Pimephales promelas) the carrier solvent,
DMFwasreported to promote excessive biological growth in the test vessels, to
reduce fecundity and to cause increased plasmavitellogenin levels in female fish
(reviewed in Hutchinsonef al. 2006). In a prolonged zebrafish embryo test, DMSO
(0.1 ml L’') was shown to inducestress proteins, specifically Hsp70 (Hallare etal.

2006).

DMFand DMSOalso havecontrasting toxicological properties. DMFis reported to
be toxic (Scailteur and Lauwerys 1987; Fiorito et al. 1997) while DMSO a safe
substance (Santos ef al. 2003). This is reflected in their LDso and LCso values.
Acute LDs9 for DMF and DMSOintherat by oral administration is 2,800 mg kg"
and 3,330 mg kg" respectively (MSDS: Sigma - Aldrich 2006; MSDS: SigmaAldrich 2007). The LCso for fathead minnow (Pimpephales promelas) 96 hr is

10,400-10,800 mg L” for DMF (MSDS: Sigma- Aldrich 2007) and 34,000 mg L'
for DMSO (MSDS: Sigma- Aldrich 2006).
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DMF
DMFis an organic solvent that is highly miscible with water and therefore an
important industrial solvent that is widely used in the manufacture of plastics,
synthetic leather, pharmaceuticals and pesticides. Due to its widespread use in
industry and therefore potential exposure risk, substantial information exists
regarding the toxicity of DMF. However, there is evidence that DMF may be
weakly oestrogenic in fish (Hurk and Slof 1981; Ren ef al. 1996) and therefore may
confound aquatic toxicity tests for so-called endocrine disruptors. Endocrine
disruptors are environmental chemicals suspected to interfere with the endocrine
system of organisms, and are thus of great ecological and regulatory concern and
currently popular chemicals in ecotoxicology research (Ashby ef al. 1997; Caliman
and Gavrilescu 2009; Diamanti-Kandarakiset al. 2009).

Rainbow trout fry exposed to DMFduring sexual differentiation showed alterations
to the expected sex ratio and gonadosomatic index (Hurk and Slof 1981). In this
study some broods of fish were predominately female and in others predominately
male. The author suggested that DMF mayaffect genes involved in steroidogenesis,
though no evidence wasoffered. Further evidence for DMFaffecting the endocrine
system comes from Ren ef al (1996). DMF was intraperitoneally injected to
rainbow trout causing increases in both vitellogenin mRNA (vtg) levels and in
oestrogen receptor gene expression (Renef al. 1996). Increased vitellogenin protein
(Vtg) level is widely considered a molecular marker for exposure to oestrogenic
endocrine disruptor chemicals (Tyler ef al. 1999). An increased plasmaVtg level in

females, but not males was recorded in control carrier solvent (DMF) exposed
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fathead minnows (Pimephales promelas) in a full life cycle study by Caunter and
Williams 2001 (reviewed in Hutchinsonetal. 2006).

The study by Ren et al. (1996), led to DMF being included on list of endocrine
disruptors (Lech 1997) despite the limited amount of investigation and the presence
of several confounding issues. These issues were highlighted by Ashby ef al.

(1997), who argued that DMF should not be classed as an oestrogenic endocrine
disruptor as DMF has a very different chemical structure from other known
oestrogenic endocrine disruptors. By classing DMF as oestrogenic, Ashby proposed
it would illustrate an absence of understanding of the critical chemical features
required for oestrogenic endocrine-disrupting activity. They also suggested that
increased Vtg could arise from DMFactivating the oestrogen receptor by inducing a
change in its conformation instead of directly binding to it as other oestrogens do.
There is evidence that DMFaffects the oestrogen receptor conformation (Sasson
and Notides 1988). In the Sasson and Notides study, DMF caused inactivation of
the oestrogen receptor in a time dependant mannerin calf uterine cystol byaltering
the oestrogen binding mechanism. Ashbyef al also argue that the increases in vtg
shown by Ren ef al. 1996 may not necessarily translate into a rise in protein Vtg
level and therefore it is not a reliable indicator of endocrine disruption. In addition
Ashbyet al. pointed out that in the Ren et al. 1996 study only one fish was used per
test concentration, the method of exposure (intraperitoneal injection) was very
different from normal aquatic toxicology exposure methods and vtg induction only
occurred at high DMF doses. The arguments from Ashby e/ al. (1997) were
acknowledged and defended by Lech (1997), who suggested that it was
inappropriate to include DMFonlists of endocrine disruptors since the relationship
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of vtg induction observed could be unrelated to endocrine activity. It is therefore
important to establish whether DMFhasany endocrinedisrupting effects.

DMSO
DMSOis an amphipathic molecule with a highly polar domain and two apolar

groups, making it soluble in both aqueous and organic media. Due to these physiochemical properties DMSOis an important solvent used in industrial processes,
biological research and as a component ofpaint stripper. It has also been widely
used in medicine as a topical analgesic, anti-inflammatory, diuretic, vasodilator,
muscle relaxant and cryoprotectant (Jacob and Herschler 1986). DMSOis classed
‘not hazardous’ under the Dangerous Substances Directive (67/548/EEC) and due to
the presumed ‘safe’ nature of DMSO it had been commonly used as carrier
solvent in aquatic toxicity. However, some studies have shown that DMSO can
modulate endocrine-disruptor biomarker responses, e.g. in salmon hepatocytes
where oestrogen receptor, Vtg and zone radiate proteins were increased following
exposure to DMSO (Mortensen and Arukwe 2006). DMSOhasalso been reported
to cause Hsp70 induction when it was used as a carrier solvent for exposing
zebrafish embryos to diclofenac (Hallare et al. 2004) and Daphina magna (Haapet
al. 2008). It is therefore important to establish whether DMSOisa suitable carrier

solvent for aquatic toxicologytests.
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2.2 - Aim of Study
The main objective of this study was to identify potential issues of using carrier
solvents in regulatory fish toxicity testing. To this end, we use the zebrafish embryo
test in combination with microarray technology to assess the sub-lethal effects of
DMF and DMSO onthe zebrafish embryo at the transcriptome level, to identify

potential deleterious effects of using these solvents in regulatory testing. Special
emphasis wasput on assessing potential oestrogenic activities of DMF and DMSO.
Newly fertilised zebrafish embryos were exposed to low concentrations of DMF

(0.025 & 0.1 ml L") or DMSO (0.025 & 0.1 ml L”) for 48 hours and the
development of the embryos assessed using a suite of developmental deformities,
24 and 48 hoursafter initiation of the exposure. Subsequently, RNA was extracted
from 48-hour exposed and control embryos and then analysed by dual channel
zebrafish oligonucleotide microarrays. By using microarray data as an additional
end point for the zebrafish embryo test we expected to demonstrate the increased
sensitivity and molecular mechanism data available, than from survival and
morphological end points alone. This information will help with interpreting and
identifying solvent-induced effects in toxicity tests, which in turn will lead to
improved protocols for aquatic toxicity testing of poorly soluble substances.

2.3 - Materials and Methods
2.3.1 - Zebrafish
Breeding stocks of AB strain zebrafish were maintained in the zebrafish aquarium
system at the University of Liverpool and bred in-house from stocks originating
from the University of Sheffield, University College London and Max Planck
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Institute (Tiibinghen, Germany). All breeding zebrafish used in the studies were

between 5 and 12 monthsofage.

Zebrafish aquarium system — Liverpool University
The Liverpool zebrafish aquarium system consisted of a maximum offorty-eight
10 L tanks, seventy-two 3 L tanks and a hundred andsix 1 L tanks on a contained
re-circulating water system. The tanks were, self-cleaning Aquatic Habitats™ made
of polycarbonate (Aquatic Eco-Systems, Inc., Apopka, USA) and housed on four
stainless steel racking systems. Each racking system had four shelves capable of

holding two rowsof tanks back-to-back.

Water was re-circulated through the system by pumping water from a central
reservoir (1000 L), through ultravioletfilters to individual tanks via an inflow tube.
The flow rate to each tank was controlled independently. Waste water exited the
tanks via an overflow into a central gutter, which directed the water into two coarse
mechanical filters, located below each of the racking systems. Filtered water was
then pumpedto a separate water processing system consisting of a pressurised sand
filter to scrub the water of fine particles and a 500 trickle-through biofilter
containing FloCore™ (Xamax Industries Inc., Seymour, USA) substrate for
bacterial colonies. Processed water was then returned to the central reservoir. The
central reservoir was equipped with a large air-stone to provide sufficient aeration
and six-eight Nitra-Zorb™ (API™, Mars Fishcare Inc., USA) bags to reduce nitrate
build up. A diagram of the system is given in Figure 2.1.
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Figure 2.1 — Liverpool University zebrafish aquarium schematic.

Pumps
Diagram from Sawle 2008.

Coarse Filters

Fish Tanks

Water for the zebrafish system was taken from the main aquarium water supply.
This supply originated from local mains water that had been aged and vigorously
aerated, using a series of Venturi aerators (Venturi Aeration, Pelham, U.S.A.) in a

8000 L tank to allow volatile water treatment chemicals, such as chlorine, to escape.
The main aquarium water supply was checked weekly for pH, chlorine,
chloramines, copper and phosphate levels using API™ (Mars Fishcare Inc., USA)
or Nutrafin (Hagen®)liquid test kits.

Water quality in the zebrafish system was checked on a weckly basis for pH,
ammonia(NHs3), nitrite (NO2), nitrate (NO3), general hardness (Gh), and carbonate
hardness (Kh) using API™ (Mars Fishcare Inc., USA) or Nutrafin (Hagen®)liquid
test kits. The pH was maintained between 6.9 - 7.4, ammonia below 0.5 ppm,nitrite
below 0.5 ppm,nitrate below 60 ppm, general hardness between 107-143 ppm and
carbonate hardness between 53-90 ppm. Occasionally, nitrate levels were found to
be over the 60 ppm limit. A weekly exchange of '/; of the water in the system with
water from the main aquarium supply was found to be sufficient to reduce nitrate
build up. However, whenthe fish load increased nitrate levels were raised above the
limit even with a weekly water change, so Nitra-Zorb™ bags (API™, Mars
Fishcare Inc., USA) were introduced and re-charged weekly.

Water temperature was checked daily and maintained at 28 °C + 1 °C. Initially
water temperature was controlled by regulating ambient air temperature, using air
conditioning in conjunction with two independently controllable thermostatic space
heaters. However, a constant water temperature was hard to maintain, especially
with large fluctuations in environmental temperatures due to the season or time of
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day. Therefore a heater controlled by a CAL 9500P digital programmable process
controller (CAL Controls, Brighton) was installed into the central reservoir after

this study was completed but prior to the studies reported in the following chapters
of this thesis. This new heater maintained the water temperature to + 1 °C.

The photoperiod was set to 14 hours of light and 10 hours of dark to simulate day
and night in the aquarium room, to maintain the zebrafish in breeding condition.
Lights turned on at 8:30 am, off at 10:30 pm and were adjusted for GMT/BST
changes.

Feeding
Fish were fed twice daily on weekdays and once a day on weekend days and
holidays. Morning weekday feeds were Artemia salina naulplii and afternoon ones a
dry mix made up of crushed TetraMin® flake (Tetra Werke, Melle, Germany)
mixed with ZM fry feed and granular feed (ZM Ltd, Winchester). At weekends and
holidays zebrafish were only fed with the dry mix.

Artemia cysts were obtained from ZM Ltd (Winchester). Cysts were de-capsulated
prior to culture to reduce the chance of introducing bacteria into the aquarium
system and to prevent gut obstructions in the fish, caused by the non-digestible
capsule. To de-capsulate; Artemia cysts were first soaked in aquarium water for 1
hour to re-hydrate. Secondly, cysts were soaked in household bleach (nonperfumed, uncoloured) and continuously stirred until they had turned an
orange/brown colour. The bleach was washedout and the de-capsulated cysts rinsed
with 0.1 % sodium thiosulphate to neutralise the chlorine. Finally de-capsulated
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cysts were washed with aquarium water until no scent of bleach remained. Decapsulated cysts were then immediately used for culture or thoroughly drained and
stored in air-tight containers at 4 °C for up to 5 days.

To culture Artemia, de-capsulated cysts were suspended in 6 L of salt water
(33 g L'', 10.20 - 10.88 mOsm L'') and vigorously aerated to maintain the cysts in
suspension. After 24 hours 1 ml of HUFA (highly unsaturated fatty acid)
enrichment emulsion (ZM Ltd, Winchester) was added to the culture to boost the
nutritional value of the Artemia. Artemia were harvested after 48 hours and rinsed

with aquarium water before feeding to the fish.

Temporary system
Zebrafish were kept in the above system for the duration of the project except for a
period of two months (July/August 2007) when essential maintenance was being
carried out on the zebrafish aquarium. During this period, zebrafish were moved to
a temporary tank system consisting of five large tanks, ranging in volume from 100
to 150 L. Two of these tanks were connected on a bespoke recirculation system
with course mat and brushfilters and a bio-filter. The remaining three tanks had
water re-circulated and filtered independently by EHEIM external filter-pumps
(EHEIM GmbH & Co., KG, Deizisau, Germany). Environmental conditions and
feeding in the temporary set-up were maintained as for the main zebrafish system.
Occasionally, the pH was found to drop below 6.9 and a solution of 50 g L'' sodium
bicarbonate wasusedto correctit.
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Embryocollection
Breeding stocks of zebrafish used for embryo collection were kept in 10 L tanks as
mixed sexes in a ratio of two males:one female with 9-12 fish per tank. Similar
stocking densities were used while zebrafish were in the temporary set-up. Surplus
amounts of female zebrafish were kept in ‘all female’ tanks and used to replace
females in the mixed sex breeding tanks whenegg laying declined.

Eggs were collected by placing an ‘egg box’ into each mixed sex tank the evening
before eggs were required. Egg boxes were constructed from used P1000 pipette tip

boxes. An internal compartment with a false mesh bottom sat inside an external
compartment. Glass marbles and plastic plants were placed on the false mesh
bottom to provide a substrate for fish to spawn on and to weight the box down
(Figure 2.2). Eggs would fall through the mesh and into the external compartment
where they could not be scavenged by other zebrafish.

Plant ————___

, Internal compartment
Marbles ——

\ f

DOOOO

Mesh =" "= 2 e242 "<2 2. = =

External compartment

Figure 2.2 — Schematic diagram of an egg box.

This was used to collect zebrafish eggs. When placed in the breeding zebrafish
tanks, zebrafish would spawnover the marbles and the eggsfall through the mesh
into the box where they were protected from being scavenged byotherfish.
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Zebrafish typically spawn within 30 minutes of the onset of daylight. Therefore
eggs were collected by removing egg boxesfrom the tanks at 9:00 am the following
morning, 30 minutes after the lights came on.

The internal compartment was

removed and the eggs strained out by pouring the box contents through a 0.56 mm
Artemia sieve (Hobby, Dohse Aquaristik KG, Gelsdorf). Eggs were then washed
firstly, with aquarium water and secondly, with embryo medium to remove food,
faeces and other detritus. Eggs were then transferred into a collecting vessel with
pre-warmed (26 °C) and aerated embryo medium. Make up of embryo medium is
given below.

The 2 °C difference between the water temperature the eggs were laid at and then
incubated at was not considered an issue. The zebrafish aquarium water temperature
was maintained at 28 °C as it was found the zebrafish spawned better than when
maintained at 26 °C, the temperature for the standardised Zebrafish embryo test.
Once eggs were collected and washed with aquarium water, they were left for a few
minutes in static aquarium water. This allowed a gradual temperature drop so when
finally rinsed with embryo medium they were not temperature shocked. Variations
in incubation temperature of early developing zebrafish embryos have been shown
not to affect the developmental rate (Kimmelet al. 1995).

2.3.2 - Zebrafish embryotest protocol
The zebrafish embryo test protocol used in this study was in accordance with the
currenttesting:
e

OECD 212 ‘Fish, short-term toxicity test on embryo and sac fry stages’

(OECD 1998).
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e

DIN 38415-6 German standard methods for the examination of water, waste

water and sludge. Part 6: Determination of the effect of non-acute toxicity
of waste water on the developmentof fish eggs (DIN 2003).
e

OECDDraft Guideline for the testing of chemicals. Fish embryo toxicity

(FET) test (OECD 2006a).
The method was modified to comply with requirements for gene expression
profiling experiment designs. The modifications included running 5 replicate plates
per treatment to ensure there was a suitable level of statistical power in the
microarray analysis. Only sub-lethal concentrations of the test chemical could be

used, as embryos were required to bealive at the end of the test period for sampling.
A method of sampling the embryosafter the 48 hour exposure period was added to
the embryotest protocol to allow high quality RNA to be extracted for microarray
analysis.

Preparation of control medium and solventtest solutions
Embryo medium (ISO-water) was used in the embryo test as the control solution
and to make up the test solvent solutions. The embryo medium was made up
according to ISO 7346-3 standards (ISO 1996). Stock solutions (40 x) of the
individual salt solutions were made up, using diH,O produced using a Milli-Q®
Plus ultra pure water purification system (Millipore, Billerica) as follows: Calcium
chloride (CaClp.2H2O) — 0.08 M, magnesium sulphate (MgSOq4.7H2O) — 0.02 M,
sodium bicarbonate (NaHCO3) — 0.03 M and potassium chloride (KCL) — 0.003 M.
Chemicals were obtained from Sigma-Aldrich® (St Louis, MO, USA). Stock
solutions were stored at 4 °C for up to 6 months.

a

Embryo medium was made up fresh, when required for a test, the evening prior to
egg collection. Firstly, a 1 x embryo medium solution was made with 25 ml of each
stock solution plus 900 ml of diH0. Secondly the 1x solution was diluted 1:5 with

diH2O to give the '/; x embryo medium. The embryo medium was warmed and
maintained at 26 + 1 °C and aerated overnight.

Analytical grade DMF (Acros Organics, Thermo Fisher Scientific, U.K.) and
analytical grade DMSO (Sigma) were used to make upthe test solvent solutions the
morning of the embryotest, prior to egg collection. Pre-warmedand aerated embryo
medium was usedto dilute the solvents to the desired test concentrations (0.025 or
0.1 ml L"') Once made,test solutions were mixed thoroughly and maintained at 26

+ 1 °C along with control embryo medium.

Zebrafish embryotest set up
Eggs were collected as described on page 35. The ‘lights-on time’ in the aquarium
wastaken as the timeoffertilisation (0 hpf). Collected eggs were counted to ensure
there were sufficient numbers for the embryo test. The total number of eggs
required for each test was determined by the numberof good quality,fertilised eggs
needed + 20 %.

It was important to expose embryos to toxicants as soon as possible after
fertilisation. As zebrafish embryos age they becomeless susceptible to toxicants,
particularly if exposed after 1 hpf (Gellert and Heinrichsdorff 2001; Sawantefal.
2001). This is thought to be due to changes in membrane permeability of the yolk
and blastoderm (Hagedorn et al. 1997b) and hardening of the chorion (Gellert and
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Heinrichsdorff 2001). We therefore sought to expose the embryosto the toxicant no
later than 1 hpf. This time point is widely in coherence with the 2 - 8 cell stage of
the embryo (Kimmelef al. 1995).

Polystyrene (50 mm diameter) Petri dishes (Fisherbrand, Fisher Scientific, U.K.)
were filled with pre-warmed (26 °C) and aerated embryo medium ortest solvent
solutions and labelled. Collected eggs were divided evenly between these plates
using a 20 mlplastic transfer pipette. Approximately 10 % more eggs were placed
in the control dish to ensure enough embryos were available for plate controls.
Every effort was made to ensure a minimum amount of embryo medium was
transferred with the eggs to minimise dilution of toxicant solutions. Petri dishes
were covered and incubated at 26 + 1 °C in the zebrafish aquarium room.

At about 3 hpf normally developing fertilised eggs were separated from unfertilised
and abnormally developing eggs under a stereomicroscope (Nikon SMZ 1000 or
Leica M28). Fertilised eggs could be easily distinguished from unfertilised ones.
Unfertilised eggs show no or abnormal cell division (Figure 2.3b) while normal
fertilised eggs at 3 hpf have entered the 1000 cell stage (Figure 2.3d) after 10
rounds of cleavage (Kimmelet al. 1995). Care was taken to select embryosthat at
this stage appeared to be developing normally (Figure 2.3d-e) with no abnormal
inclusions within the egg and without displaying uneven divisions (Figure 2.3b-c).
Eggs with damaged or dirty chorions were also discarded (Figure 2.3a). The
fertilisation rate was estimated to be 80 %, to comply with OECD guidelines it had
to exceed 50 %. The developmentof control-exposed embryos comparedto solventexposed

embryos

was

also

checked
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to

avoid

possible
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cell divisions. c) Eggs with un-even cell

high stage (3.3 hpf).

cell stage (3 hpf). e) Fertilised eggs at the

division. d) Fertilised eggs at the 1000

Figure 2.3 — Eggs rejected for the
Zebrafish embryo test (a-c). Eggs
selected for the embryotest(d-e).
a) Dirty egg. b) Unfertilised eggs with no

bias in the test by selecting against any solvent effects occurring at 3 hpf. No
solvent effects were visible at 3 hpf.

For the actual test, embryos were exposed in 24-well polystyrene, sterile, nontreated, flat bottomed, multi-plates (NUNC™, Thermo Fisher Scientific, U.K.) with
one single fertilized egg assigned to each well containing 2 ml of test solution.
Selected embryos were transferred from the Petri dishes to the exposure plates,

using disposable plastic 1 ml transfer pipettes with cut-off and smoothed tip ends
(see below for details). The exposure plates had been prepared with test solutions

(control and solvent solutions) the morning of the embryotest, either before or after
egg collection. Test solutions were pre-warmed (26 °C) and aerated before being

dispensed into the exposure plates. After preparation the plates were kept with lids
on at 26 °C. Each plate was divided into 4 plate control wells (column A) and 20
test wells (columns B — F). Five replicate plates were run for each treatment(i.e.
control or a solvent concentration) and a randomised block design was used to
numerically order the plates (Figure 2.4).

Figure 2.4 — Diagrammatic representation of a randomized block design for 25 plates.
Each box represents one 24-multiwell plate and the colour corresponds to the treatment. The 15

plates are split into 3 blocks (columns), with one of each treatment in each block in a random order.
The plate orderis given by the top left numberin each box.
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Embryos were transferred to the wells by a modified transfer pipette (3 inch

pastette, Alpha Laboratories, Hampshire. UK). The tip was cut off and the cut edge
passed briefly through a flame to remove any rough edges that could potentially
damagethe embryos. Byresting the pipette tip on the surface of the test solution in

the well, an embryo could then fall through into the well under gravity, taking very
little solution with it and avoiding dilution of the test solution in the well. Once
filled, the plates were covered by a sealing membrane (Breath Easy, Sigma) and

incubated in the zebrafish aquarium room for 48 hours at 26 + 1 °C on a controlled
photoperiod (14 hr light:8 hr dark). The whole plating out process took
approximately 2 hours.

Care was taken to minimise variation in the test system due to temperature changes,
and plate position during incubation. All embryo plating out, observing and
sampling was carried out in the temperature controlled (26 + 1 °C) zebrafish
aquarium room.Plates were filled and positioned in the incubation area according
to the randomised plate order (Figure 2.4).

Oxygen content and pH ofall test solutions were recorded before and after
exposure. Pre-exposure measurements were taken from the remaining pre-warmed

and aerated control and test solutions once the multi-well plates had been filled.
Post exposure measurements were taken from the combined volume of the test
wells. Oxygen content of control and solvent test solutions were 100 % (8.40 — 8.98
mg L”) at the start of test and > 92.5 % at the end of the test with pH oftest
solutions within the range, 7.26 — 7.34 at start of test and 7.28 — 7.45 at end oftest.
These parameters complied with OECD guidelines for the zebrafish embryo test
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(pH 6.8 - 8.0, start oxygen saturation > 90 % (7.4 mg L") and end saturation > 50 %

(4.1 mg L”)).

Observations
Embryos were observed after 24 and 48 hours post exposure start (hpe) under an
inverted microscope (Nikon Diaphot 200 or Leitz Labovert FS) for lethal and sublethal deformities according to the codes given in Figure 2.5. Additional
abnormalities were also noted. Plates were observed according to the randomized

plate order to minimise any variables due to observation time. Observation took
between 5 -12 minutes per plate depending on the number of deformed embryos.
Survival of control embryos at 24 and 48 hpe was 90 % for both, making the test
valid under OECD guidelines which state that control embryo survival must > 90

%.

Sampling
After 48 hpe observations embryos were sampled in plate order for microarray
processing. The age of the embryosat this time point was approximately 52 - 53
hpf. Embryos from each plate were pooled together to make one sampleperplate.
The internal plate controls and dead embryos wereleft in the test plates and later
discarded. For sampling, the embryos weretransferred into 1.5 ml sterile Eppendorf
tubes, the carried over liquid was removedas far as possible and then the embryos
were snap frozen in liquid nitrogen and stored at -80 °C. For each sample, a
minimum of 15 live embryos were required to ensure a sufficient RNAyield.
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Endpoints assessed that are consideredto belethal, will be recordedas:
e

K_

Coagulated egg (after 24 and 48 h)

e

S_

No formation of somites after 24 h

e

C_

No detachmentofthe tail from the yolk after 48 h

e

H_

No heartbeat after 48 h

Other developmental endpoints to be assessed and considered sub-lethal:
e

A_

Noformation of the eyes (lens placode) after 24 h (48 h)

e

T

No spontaneous myotomal contraction ofthe tail after

e

B_

Noestablishment of blood circulation after 48 h

e

P

Lack of pigmentation after 48 h

e

O

Developmentof pericardial oedemaafter 48 h

e

R_

Abnormal heart rate (as beats per minute)

24h/no spontaneous body movement(discernible about
every 20 second)after 48 h.

Figure 2.5 — Code for microscopic developmental endpoints.
Microscopic malformations in zebrafish embryos at 24 and 48 hpe were recorded according

to this code. The classification of lethal and sub-lethal endpoints was as set out by this
coding.
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Embryotest data analysis
Counts for affected and lethally affected embryos in each plate were extracted from
the observations recorded at 24 and 48 hpe. This gave five replicates for each
treatment at each time point. Affected embryos were any embryos showing
developmental deformities that were considered lethal or sub-lethal. Lethally

affected embryos were ones showing lethal deformities as listed in Figure 2.5.
Throughvisual inspection of the percentage counts it was evidentthat there were no
significant differences between the control and treated embryos. To confirm this, a

two sample, two way, Wilcoxon Rank Sum test was performed to test for any
differences in counts from control and treated embryos. The Wilcoxon test was
carried out in the R environment using the ‘wilcox.test? command from the stats
package (R Development Core Team 2008). The R environment is discussed on
page 55.

2.3.3 - Microarray preparation
RNA wasextracted from the frozen embryo samples, quality checked, amplified
and CyDye™labelled prior to being hybridised to a zebrafish oligonucleotidearray.

Trizol RNA extraction

Trizol® solution (500ml) was madeup in-house by adding the following reagents in
the following order: phenol solution, 190 ml (Sigma-Aldrich), Glycerol, 25 ml
(BDH chemicals), Guanidine thiocyanate, 59.3 g (Sigma-Aldrich), Ammonium
thiocyanate, 38.1 g (Sigma-Aldrich), 3 M sodium acetate pH 5, 16.7 ml (BDH
chemicals) and DEPC water to 500 ml. The Trizol® solution wasstored at 2 — 4 °C
for up to 6 months.

45

To extract RNA from embryo samples, frozen embryo samples were transferred to
15 ml falcon tubes and homogenized (Ultra Turex T-25 Basic homogeniser, IKA®,
Labortechnik, Germany) in 1 ml Trizol® (made in-house). Homogenized samples
were then incubated at room temperature for 10 minutes before being centrifuged
(5804-R Eppendorf centrifuge) at 4 °C (10 mins, 11,000 rpm) to collect insoluble
material. Chloroform (0.2 ml) (Sigma-Aldrich) was added to the supernatant in a
new tube, mixed thoroughly, incubated for 3 minutes at room temperature and then
centrifuged at 4 °C (15 mins, 11,000 rpm) to separate the mixture into three phases;

a lower phenol:chloroform phase (proteins), an interphase (DNA) and an upper
aqueous phase (RNA). The upper aqueous phase wastransferred to a new 15 ml

tube without transferring any of the interphase. An equal volume of isopropanol
(BDH Chemicals Ltd) was added to the transferred aqueous phase, mixed
thoroughly and then incubated at -20 °C for 1 h. Post incubation samples were
centrifuged at 4 °C (10 mins, 11,000 rpm) to collect the RNA in gellike pellet.
The supernatant was discarded and the pellet washed twice with 75 % ice cold
ethanol (molecular grade EtOH, Sigma-Aldrich, RNase free H2O, Ambion). The
RNApellet was air dried in an air incubator (Gallenkamp) at 37 °C and resuspended in 70 pl RNase free water (Ambion)prior to the pellet becomingtotally
dry. RNA samples were then purified using the RNeasy® MinElute™ Cleanup kit
(Qiagen)

according

to

the

manufacture’s

instructions.

The

optional

8-

mercaptoethanol (Sigma-Aldrich) addition to the RLT buffer was performed.
Extracted RNA wasstored at -80 °C until required.
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RNAquality control
Total RNA concentration, 260:280 nm and 260:230 nm absorption ratios of each
sample were determined using a NanoDrop® ND-1000 Spectrophotometer (Thermo
Scientific, USA). A 260:280 ratio of around 2.00 was considered to be RNA.

Variation from this value indicated protein contamination or RNA degradation.
Samples with 260:280 ratios < 1.90 were discarded. This resulted in the removal of

3 samples. Samples with 260:230 ratios < 1.6 were not acceptable to take on for
amplification due to the presence of impurities interfering with down stream

processing. If a sample had an acceptable 260:280 ratio but a 260:230 ratio < 1.6 it
was subjected to an additional clean up step using RNeasy® MinElute™ Cleanup
kit (Qiagen, Sussex, UK). Concentration and 260:280 and 260:230 ratios were remeasured and the samples kept or discarded accordingly. Six samples required an

additional clean-up step after which 5 were considered of good enough quality for
microarray analysis. After RNA quality analysis each treatment had at least 4
samples to proceed with for RNA amplification.

RNA amplification
Prior to hybridisation, RNA samples were amplified using the SuperScript™
Indirect RNA Amplification System kit (Invitrogen™, U.K.). The kit is based on
the isothermal RNA amplification protocol developed in the Eberwine laboratory
(Vangelder et al. 1990). SuperScript™ III Reverse Transcriptase was used to
synthesize first-strand cDNA primed with an anchored oligo(dT) primer containing
a T7 promoter. Second-strand cDNA wasthen synthesised and the cDNA purified.
The cDNA template was then amplified via in vitro transcription, using T7 RNA

polymerase under optimum conditions. This generated anti-sense RNA (aRNA)

47

molecules complementary to the original mRNA targets, and incorporated aminoallyl UTP into the aRNA in place of some UTP (4:3 ratio aaUTP:UTP) to give
amino-allyl aRNA (aa-aRNA). This allowed the later conjugation of sulfonated
indocyanine

dyes

Buckinghamshire,

Cy3
U.K.).

and

Cy5

(Amersham

Amplification was

Bioscience,

GE

Healthcare,

carried out according to the

manufacture’s instructions starting with 1000 ng of total RNA perreaction. The in

vitro transcription reaction was left overnight for 14 hours in an air incubator
(Gallenkamp) and the optional DNase I step was performed. All steps were

performed back-to-back with no freezing of cDNAprior to purification.

The aa-aRNA was purified using PureLink™ Spin Columns (Invitrogen™)

supplied in the aa-aRNA purification module that accompanied the amplification
kit.

Purified

aa-aRNA

samples

were

then

analysed

on the NanoDrop®

spectrophotometer for concentration and the 260:280 nm and 260:230 nm ratios.
For the one treatment where all 5 samples were amplified, the 4 samples with the
best 260:280 and 260:230 ratios were chosen. For all the other treatments only 4
samples were amplified. All amplified samples taken through for microarray
hybridisation had 260:280 ratios greater than 1.9. The 260:230 ratios varied from
1.18 - 1.96. The amplified amounts of aa-aRNA from the starting RNA varied
between 7.4 1g and 160.8 pg. aa~-aRNA samples were stored at -80 °C until required
for labelling and microarray processing.

Sample labelling
Directly prior to hybridisation aa-aRNA samples were labelled using Cy3 or Cy5
dyes (Amersham Biosciences). The labelling reaction with CyDyes™protocol and
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reagents supplied with the Invitrogen™amplification kit were used to label the aaaRNA samples. A volume of each sample containing 5 ug of aa-aRNA wastaken

and dried down in a vacuum centrifuge (Eppendorf Concentrator 5301, Eppendorf,
Germany) to < 1 pl. CyDyes™ were made up by adding 45 pl DMSO(labelling
grade, supplied in kit) to each dye vial (large size, to label 1.0 mg). Dyes were
thoroughly mixed by vortex and protected from the light. 2 x Coupling Buffer (5 1)

(supplied in Invitrogen™amplification kit, (proprietary formulation)) was added to
each dried down aa-aRNA sample, followed by 4 ul of Cy3 or Cy5 dye and mixed
thoroughly. The dye mixture was incubated in the dark, at room temperature for 30

mins and purified through PureLink™ Spin Columns (supplied in Invitrogen™
amplification kit) according to the protocol that accompanied the Invitrogen™
amplification kit. Any unused dye wasstored at - 80 °C for up to four days.

Labelled samples were dried down in a vacuum centrifuge to 50 yl and analysed on
the NanoDrop for concentration, 260:280 ratio and dye incorporation. Typical
recovery rates for labelled aa-aRNA were between 2.0 and 4.5 pg. Dye
incorporation varied between 130 - 260 pmol ug’! for Cy3 and 106 - 195 pmol pg"
for Cy 5. This was calculated from the pmol ul! dye incorporation reading
determined by the Nanodrop® Spectrophotometer. Exposure of CyDyes™ and Cy
dye labelled samplesto light was limited as muchas possible during labelling and
the following hybridisation process to minimise dye decomposition. Labelled
samples were immediately used for hybridisation.
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Hybridisation
Labelled aa-aRNA (1 pg) from each sample to be co-hybridised to an array were

mixed together and dried down in a centrifuge to 9 ul. The combined samples were
then fragmented using an RNA fragmentation kit (Ambion, Applied Biosystems,
Cheshire, U.K.) according to the manufacture’s instructions. This kit was designed
to fragment the labelled aa-aRNA to sizes between 60 - 200 nucleotides.
Fragmentation of amplified RNA is recommended prior to hybridization on

oligonucleotide printed microarrays to reduce secondary structure formations, thus
improving hybridization kinetics and the signal produced (Southern et al 1999).

After fragmentation, samples were combined with 90 pl of pre-warmed (65 °C)
Nexterion® Hyb buffer (Schott, Stafford, U.K.). This gave a make up of 90 % of
Nexterion® Hyb in the final hybridisation mixture, as recommended by the
manufacturer. The samples were then denatured by heating to 100 °C for 2 mins in a
thermocycler (Gene Amp® PCR System 9700, Applied Biosystems, UK), spun to
collect, and then applied to a pre-prepared microarray slide by slowly pipetting all
the sample under a 22 x 60 mm lifterslip (Implen, Germany), allowing capillary
action to draw the sample up to coverall the array. Arrays were then incubated for
16 hours at 65 °C in a pre-heated and humidified hybridisation chamber (Genetix,
Hampshire, U.K.).

2.3.4 - Microarrays
All microarrays used in this study were oligonucleotide arrays printed in-house by
the Liverpool Microarray Facility. The probes included on the array were 65 mer
oligos from the Zebrafish OligoLibrary™ designed by Compugen (Jamesburg) and
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an additional 400 custom probes designed by the research groups of Professor
Charles Tyler, University of Exeter, and Dr. Peter Kille, Cardiff University. The
oligos were synthesised by Sigma-Genosys (The Woodlands, Poole, Dorset, U.K.).
The final array consisted of 17,328 spots of which 16,578 were probes that
accounted for 16,327 expressed sequence tags with individual Genbank IDs. The
remaining 750 spots were control probes. Arrays were printed according to the
manufacture’s protocol onto Nexterion® Slide E slides (Schott, Stafford, U.K.) with
a BioRobotic MG2 contact printing robot (Biorobotic, Cambridge, U.K.). Arrays
were stored at room temperature in a desiccator until required.

After printing, slides were washed to remove any unbound oligonucleotides and
contaminants (e.g. spotting buffer) and then blocked using Nexterion® Block E
(Schott, Stafford, U.K.) to reduce non-specific binding during hybridisation. The
manufacture’s protocol for pre-washing and blocking was followed. Slides were
then dried by centrifugation at 200 x g for 5 minsandstored in a desiccator for no
more than 5 daysprior to use. Slides were prepared for hybridisation by removing
any dust with an inert compressed gas spray (Sigma-Aldrich) and then placing a
lifter slip over the marked array area. Lifter slips were briefly cleaned with 100 %
ethanol (Sigma-Aldrich) and lenstissue prior to use.

After hybridisation, slides were removed from the hybridisation chamber and the
lifter slips removed by immersing and shaking the slide in a pre-heated 2 x SSC,
(0.3 M NaCL, 0.03 M sodium citrate, pH 7) 0.2 % SDS solution. Slides were then
washed in pre-heated 2 x SSC, 0.2 % SDS for 15 mins, then in pre-heated 2 x SSC

for 15 mins, then twice in pre-heated 0.2 x SSC for 10 minsandfinally in 0.2 x SSC
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for 5 mins. Slides were protected from light and dustat all times where possible. All
wash solutions, except for the final wash were pre-heated to 42 °C. Slides were
rinsed between washes with the next solution they were to be washed in, to avoid

carry over of wash solutions. Slides were dried by centrifugation at 200 x g for 5
mins, and either scanned immediately or stored in the dark at 4 °C until scanned.
Slides were always scanned the same day as they were removed from the
hybridisation chamber.

An annotation file was available for the array. The construction of this annotation
file is described fully by Sawle (2008). The final annotation file mapped 12,656
Genbank IDsto SwissProt entries (4753), TrEmbl entries (5543) or Entrez gene [Ds
(2360). This accountedfora total of 12,907 of the 16,578 probes.

Microarray experimental design
The experimental design for this microarray study was generated with advice from
Professor Ernst Wit (Lancaster University) (personal communication). 10 arrays
were run in a loop design using 4 replicates per treatment, all of which were dye
swapped to give a total of 20 arrays (8 replicates per treatment) for analysis (Figure
2.6). Each treatment waslinked directly to the control and all other treatments.
Replicate samples were assigned to arrays at random and arrays were run in a
random order.

Microarray scanning
Scanning of the microarrays was carried out using a ScanArray® Express HT
scanner (PerkinElmer® Life Sciences, Boston) using ScanArray® Express

a2
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Figure 2.6 — Experimental loop design used for microarray hybridisations.

Each arrow represents a hybridisation and the direction of the arrow denotes which
sample is labelled with which dye. Arrow tail = Cy3 — arrow head = Cy5. Four
independent samples were available for each treatment with one being used for each dye
swap pairing.
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software. The scanner had an inbuilt system for balancing the Cy3 and Cy5

channels. As the slides showed a uniform appearance on the quick scan the
quantification area for auto balancing was set to approximately %4 of the slide

covering the length of the array. This reduced the pre-scanning quantification time
and therefore array decomposition. PMT (photo-multiplier tube) levels were varied
and voltage kept constant.

Quantification
Quantification of scanned images was undertaken using Bluefuse for microarrays

(Bluegnome, Cambridge, U.K.). The Bluefuse software fully automates the
quantification process. In the first stage of this process, grids were placed

automatically onto the scanned images. It was found necessary to visually check
grid placement and the grids were adjusted manually if required. Occasional grid
misalignment occurred due to fluorescent artefacts on some array images. In a
second step, Bluefuse performs background correction using advancedstatistical

modelling technology to separate signal from noise, hencea true signal intensity of
every spot can be estimated. Post quantification, the software provides output
images and data sheets for every array containing estimated signal intensity of each
spot along with a number of metrics to measure spot quality. The most useful of
these metrics are “confidence” and “quality”.

The confidence metric is designed to emulate the manual flagging of spots in a
consistent manner. It combines measurements of the consistency of the ratio of
signals within the spot on a pixel by pixel basis, the signal to noise ratio for the

spot, the circularity, uniformity and area of the spot relative to the expected area;
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returning a metric between 0 and 1. The quality metric provides information on
larger scale effects and where the signal in one channel is very low so that the ratio
can not be measured, leading to a low confidence. It combines measurements of
noise caused by scratches or other artefacts, overlap between spots, and analysis of
the background quality around the spot for artefacts. The returned metric is either a
1, if the spot is considered reliable or 0 if it is considered un-reliable.

2.3.5 - Microarray data analysis
The

quantified microarray data was

subjected to

data quality checking,

normalisation, removal of control probe data, linear model analysis and false
discovery rate correction to extract gene lists of significantly differentially

expressed genes in treated compared to control zebrafish embryos. The R
programming environmentwasused for the majority of the data analysis.

The “R” programming environment
The R environment(version 2.7.0) for statistical analysis was used for data analysis
and the production of graphical figures. R is an open source implementation of SPLUSand provides an integrated suite of software facilities for data manipulation,
calculation and graphical display. It includes an effective data handling and storage
facility, graphical facilities for data analysis and display, a well-developed and
simple, object based programming language and a large, coherent, integrated
collection of add-on packagesthat provide additional functionality (R Development
Core Team 2008). Thelatest versions of R and add-on packagesare available freely
at http://www.r-project.org/. Further packages are available from the Bioconductor

website, http://www.bioconductor.org/ which is an open source and open
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development software project, primarily centered around the R environment, to
provide tools for the analysis of genomic data (Gentleman ef al. 2004).

Loading array data into R
BlueFuse output files and the array GAL file were read directly into R using
functions from the limma package (Smyth 2005). The slide annotation file was also
read into R to enable extraction of probe annotationsin the order of the analysis.

Array quality control
Initially, input and output array images were visually inspected on Bluefuse for
smears, background, dust, scratches and other artefacts. The quality and confidence
metrics from Bluefuse quantification were also inspected and plotted for each array.
Those deemed poorby these measures were repeated.

Following this initial step of quality control, a variety of plots were generated with
the raw data to further assess the quality of the arrays. MA plots were used to assess
linear and non-linear differential responses of the Cy3 and Cy5 channels in each
array. In an MAplot, the log ratio (M)ofthe individual dye intensities of each spot;
logy (Cy5 intensity) - log. (Cy3 intensity), is plotted on the y axis against the
average log intensity (A) across the two channels for each spot; (log, (Cy5
intensity) + log» (Cy3 intensity)) on the x axis. An example is given in Figure 2.8d.
It is assumed that most spots are not differentially expressed (i.e. will not show any
difference in the two channels) and therefore the majority of spots will lie along the
M = 0 axis. However, due to lower signal to noise ratios at low intensities the data
commonly spread away from the M=0 axis at low intensities. Ideally, this spread
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should be equal above and the below the axis. Deviations from this horizontal line
and equal spread above and below it indicate differing responses of the Cy3 and
Cy5 channels.

Some MAplots for the studies showed negative average log intensity values. This
arouse due to these spots being weaker than the backgroundintensity (corrected for
in Bluefuse). It was therefore necessary to manually alter intensity values to 1 (spot
intensity = background noise) for any spots with negative Cy3 and/or Cy5

intensities in the raw Bluefuse outputfiles before continuing analysis.

Scatter plots of Cy3 intensity vs. Cy5 intensity were also plotted to assess whether
the Cy3 and Cy5 channels were behaving in a comparable manner. However MA
plots were considered more powerful for assessing channel variations as the human
eye and brain are better at processing horizontallines than diagonallines.

Boxplots were generated of the log» ratio of intensities for all arrays. These allowed
a comparison ofthe distribution of intensity ratios between arrays. Finally, density
plots of individual channelintensities for each array were generated. These allowed
a comparison of the spread of intensities between the two channels on one array,
and between arrays when super-imposed upon eachother.

Normalisation

Data was normalised in the R environment using the marray package, available
from the Bioconductor website (Yang ef al. 2007b). Data was first subjected to
within array print-tip group intensity LOESS normalisation, followed by between
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array global scale normalisation using median absolute deviation (MAD). MA plots,
boxplots and density plots were generated for print-tip normalised data and MAD

normalised data to verify the effectiveness of the normalisation.

Linear model analysis to determinedifferential gene expression
Prior to linear model analysis, control probe intensity values were removed from the
post normalised data. Differential gene expression was then analysed using a gls
(generalized least squares) linear model (see equation below). Each different
exposure treatment wastreated as an independent condition. The basic linear model
used for this study wasas follows: (€: noise)

Ye= ag.Control + bg.DMSO2s5 + Ce- DMSO }j00 + dy.DMF25 + €s. DMF j00 + &,

A design matrix was then constructed to relate the microarray data to the treatments
in the linear model. The control column in this matrix was removed to allow all
other treatments to be compared to the control treatment. A covariance matrix for
arrays where the same RNA hadbeenused,(i.e. for dye swaps) was constructed and
filled with values using residuals of the above linear model. This was then written
into the gls linear model to compensate for any covariance effect. The gls linear
model was run modelled on the design matrix (with dropped column) and weighted
towards the covariance matrix using the control as a comparator to determine
differential gene expression. The final model wasa follows:
= Im.gls (yg ~ X,W)
X = design matrix (dropped column)
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W = covariance matrix

Annotated R coding for this model is available on the supplemental CD
(Supplement A). The following comparisons were made:

e

DMSO>;~ control

e

DMSOhj00 ~ control

e

DMF>;5~ control

e

DMFi09~ control

Fold change, p-values and standard error values were extracted from the linear
model for each treatment group in comparison to the comparator treatment. False
discovery rate (FDR) was controlled by using the q-value FDR method, introduced
by Storey ef al. (Storey 2002; Storey 2003; Storey and Tibshirani 2003; Storey efal.
2004) that was originally termed “positive false discovery rate” (pFDR). This
method usesthe entire set of test to estimate the proportion of truly null tests within
the data set, termed 20. From this value it is possible to estimate the total number of
‘true positive’ tests and a FDR value for each test along with an appropriate test
statistic, termed the q-value. The q-values and 20 value for each comparison data
set were calculated from the model p-values using the qvalue package (Dabney et
al. 2004) in R. Two genelists were then extracted for each comparison.Forthe first
list, a stringent q-value cut off point of 0.1 was used. The resulting lists allowed the
most significant differentially expressed genes in each comparison data set to be
inspected. For the secondlist, a less stringent cut-off point was used as the gene
lists would undergo functional analysis. For functional analysis, a high FDR is
tolerable as the data undergoes furtherstatistical testing. A too stringent FDR cutoff would cause the loss of vital information from the data. Initially, the FDRs for
these gene lists were determined using the 20 method described in Storey and
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Tibshirani (2003). However, these FDRs (=0.15) were deemedtoo stringent as the
resulting significant gene lists were severely limited and the type II error rate was
very high (Table 2.4). Therefore, an FDR control method based on minimising the
total error rate was used. This method was based on an approach by Sinhaet al.
(2005) and had been adapted by Sawle (2008). Briefly, the relationship between
Type I and TypeII error and the FDR wasplotted for each comparison. Whilst it is
desirable to include as manytrue positive tests in the data set for functional analysis
(minimizing the TypeII error rate) it is also likely to be disadvantageous to include
too many null tests (Type I error). Two means of minimizing both error rates were
defined: Minimum Total Error (MTE) — the FDR at which the percentage of the
whole data set that have been erroneously identified is minimal; Minimum Sum of

Errors (MSE) — the FDR at which the sum of the Type I and TypeII errorrates is
minimal. MTE and MSE were determined for each comparison. MTE cut off qvalues were determined to be between 0.28 — 0.36, while the MSE were between

0.36 — 0.57. A q-value of around 0.3 is considered an acceptable FDR for functional

analysis (personal communication — Professor Ernst Wit), therefore the MTE values
were chosento control the FDRin the genelists extracted for functional analysis. A
more detailed explanation of this MTE methodis available in Sawle (2008).

Onceextracted, both gene lists for each comparison were subjected to duplicate
probe removal. Duplicate GenbankIDs were found and removed manually from the
lists. If there was a fold disagreement, i.e. one probe showedinduction and other(s)
showedrepression, then all probes corresponding to that GenbankID were removed
from the genelists. If duplicate probes agreed on the fold change direction then the
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probes with the lower fold changes were removed. From this point in analysis each
differentially expressed probe will be referred to as a gene.

Tables of the most significant differentially expressed genes in each treatment were
constructed, using the gene lists with the 0.1 FDR. These tables were edited to
present the top 25 annotated genes according to fold change. Additional genes of
interest from the 0.1 FDR genelists were also included.

2.3.6 - Post model analysis
The gene lists extracted for functional analysis were processed using the
bioinformatics resources KAAS (KEGG Automatic Annotation Server) (Moriya et
al. 2007) found at; http://www.genome.jp/tools/kaas/, and the Gene Ontology

Annotation Database (Ashburneret al. 2000). These tools were used to help identify
particular pathwaysand processes that were differentially regulated in the zebrafish
embryo, as a result of exposure to DMF or DMSO. Clustering tools were also
employed to produce heatmapplots for each treatment.

Clustering
Clustering was based on the MTE genelists which were adapted slightly to allow

for clustering. This adaptation was that if one gene was deemed differentially
expressed in the MTEgenelist of one treatment, then the fold changesfor that gene
in the other treatments werealso included in the clustering genelists, irrespective of
them being deemedsignificant or not. The genelists for clustering were subjected
to hierarchical clustering by Euclidean distance in R using functions ‘dist’

and

‘hclust’ available in the stats package (R Development Core Team 2008). The data
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clustered was log»fold change data. Heatmaps were plotted to compare the solvents
and concentrations using the function ‘heatmap.2’ from the package Gplots
(Warnesef al. 2009).

KAASanalysis
KAASprovides functional annotation of genes by BLAST comparisonsagainst the
manually curated KEGG (Kyoto Encyclopedia of Genes and Genomes) GENES
data base, resulting in KEGG Orthology assignments and automatic pathway

mapping for identified genes. The KEGG GENES database is one of several
databases

that

form

the

KEGG

reference

knowledge

base

(http://www.genome.jp/kegg/). KEGG is a knowledge base that links genomes to
biological systems and environments by a process of mapping (Kanehisa and Goto
2000; Kanehisa et al. 2006; Kanehisa etal. 2008). It consists of several databases to
describe gene and protein function (KEGG), chemical involvement of endogenous
and exogenous substances (KEGG LIGAND), molecular interaction and reaction
networks (KEGG PATHWAY), and hierarchies and relationships of various
biological objects (KEGG BRITE). KEGGalso includes an annotation language,
KEGGOrthology (KO), which defines ortholog groups corresponding to nodes of
the KEGG PATHWAYand KEGG BRITEdatabases. The KEGG GENESdatabase
is a collection of gene catalogues for all complete and some partial genomes
generated from publicly available sources, mainly NCBI RefSeq. Each entry
contains gene annotation, organism name, KO annotation, consensus contigs of

EST data and sequences similarities, with best hit information for identifying
ortholog/paralog clusters and conserved gene clusters. The content of this database

allows KASS to match FASTA formatted lists of EST sequences to KO annotation,
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allowing automatic pathway mapping through the KEGG PATHWAY and KEGG
BRITEdatabases of matched sequences.

Each gene-list for functional analysis was split into up-regulated and downregulated files. Corresponding EST sequences were extracted from the array probe
sequence file and uploaded to KASS, using the single directional best hit method
and Homo sapiens and Danio rerio as reference organisms. The outputs for each
upload were visually inspected for KEGG orthologies with the mosthits registered,

or were of interest due to the literature concerning DMF and DMSOtoxicity.
Selected orthologies were further inspected using the automatic pathway mapping
function of KASS. In addition, the KEGG annotations for hits within selected
orthologies were also inspected and fold change for hits extracted from the relevant
significant genes mastertable.

Gene Ontology Analysis
The

Gene

Ontology

Annotation

Database

(http://www.ebi.ac.uk/GOA/)

is

maintained by the Gene Ontology Consortium (http://www.geneontology.org/). The
consortium has developed a controlled vocabulary of terms to describe gene
products, known as gene ontology (GO). These terms have been used to annotate
proteins from UniProt (http://www.uniprot.org/) and the International Protein Index
to make up the Gene Ontology Annotation Database. GOis dividedinto three major
ontology groups: Biological process, molecular function and cellular component.
These groups allow a gene to be described in three different ways: The biological
events it is associated with, the biochemical activity of the gene product, and the

sub-cellular location the gene product is associated with. The major ontologies are
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further subdivided into more specialist terms, which are then divided again and so
on to create diacyclic graphs relating all GO terms together. These graphs are

similar to hierarchy trees except that a child term can have multiple parent terms
and can appear on more than one branch.

Functional analysis ofsignificant gene lists was carried out by mapping all genes on
the list with UniProt Identification annotations to their GO IDs. The GO data was
then analysed for gene ontology groups that were significantly over represented in
each genelist. As with KAAS, the genelists were split into up-regulated and downregulated files and analysed separately, allowing the direction of regulation to be
identified in significant ontology groups. GO analysis was also carried out with the
complete significant gene list for each treatment to avoid the oversight of ontologies
which were only over-represented when both up- and down-regulated genes were
considered together.

The Fisher’s exact test was used to test for over represented gene ontology groups
using a methodoriginally described by Zeeberg ef al. (2003) and adapted by Sawle
(2008). The most recent version of the Gene Ontology Annotation UniProtfile
(“gene_association.goa_uniprot.gz’”, released 21* May 2009) was downloaded from
the

site

Institute

Bioinformatics

European

In

(ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/UNIPROT/).

addition,

a_

recent

ontology file containing a complete list of GO terms and their relationships was
downloaded

from the

(gene_ontology.1_2.obo,

Gene
16"

Ontology
June

consortium
2009,

in

OBO

currently

v1.2

format

available

at

http://www.geneontology.org/GO.downloads.ontology.shtml#ont). Using these two
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files, a table was constructed in R to mapall UniProt accessions onthearray to all
the GO terms and their parent terms with which they were annotated. Using this
table, a one tailed Fisher’s exact test was carried out to determine, which particular
GO terms were over-represented in the gene lists comparedto the level of presence
of each GO term on the array. GO terms were deemedsignificant if the p-value
from the test for over representation wasless than 0.01. Significant GO groups were
inspected for any groupsrelating to oestrogenic function or ontologies of interest
considering the literature. AmiGO version 1.7 (http://amigo.geneontology.org/cgibin/amigo/go.cgi), the official browser and search engine for GO (Carbon et al.
2009), was used to investigate interesting ontologies for annotation and its parentchild tree structure.

2.4 - Results
2.4.1 - Embryotest
There were no significant differences between DMF and DMSO exposed embryos
and control treated embryos (P > 0.05) in terms of developmental abnormalities.
Results are summarised in Table 2.1. The majority of affected embryos were
coagulated (i.e. dead) with the exception of two embryos. One embryo of the
DMSO); treatment showed no detachedtail at 24 hpe and no bloodcirculation, yolk
sac oedemaandtail malformations at 48 hpe. The other embryo was in the DMF100

treatment and had developed pericardial enlargement after 48 hpe. These
developmental abnormalities were deemed to be due to spontaneous malformation
as they have also been seen in control exposed embryosin other zebrafish embryo

tests run in our laboratory. In addition 2/500 embryos showing malformation is well
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within the average occurrence (2 %) of spontaneous malformation. The majority of
coagulated eggs were observed at 24 hpe, with several in the control treatment,
suggesting that most mortalities were not due to the solvent treatment. The highest
rate of mortality was observed in the control treatment, indicating that the low
solvent concentration may have induced a hormesis effect in the embryos.
Table 2.1 - Summary of visual observations from the zebrafish embryotest.

Effect data includes both lethal and sub-lethal affected embryos and mortality data only those
embryos with lethal deformities as determined by Figure 2.5. The Wilcox test was carried out on

48 hpe effect data comparing solvent treatments to the control.

Mean % Effect

Control
DMSO,;
DMSO00
DMF,;
DMF00

Mean % Mortality

24 hpe

48 hpe

24 hpe

48 hpe

10.0
6.0
6.0
2.0
2.0

10.0
6.0
7.0
3.0
3.0

10.0
6.0
6.0
2.0
2.0

10.0
6.0
7.0
3.0
2.0

Wilcox test p-value

0.4338
0.4447
0.1585
0.1585

2.4.2 - Microarray data analysis
Array quality

The quality metrics ‘quality’ and ‘confidence’ from the Bluefuse data were plotted
for each treatment as boxplots (Figure 2.7a-b). The variance for the DMSO);
‘quality’ and ‘confidence’ data was noticeably much smaller than for all the other
treatments, indicating a lower quality of arrays for DMSO; that for the others. The
distribution of both metrics was highest in the DMFj00 treatment, suggesting the
DMFjoo arrays were of a higher quality than the arrays of the other treatments. The
distributions of the two metrics for DMF2;, DMSOj09 and Control were similar.

The raw data from Bluefuse, expressed in a variety of plots to assess array quality
are shown in Figure 2.8. The boxplots (Figure 2.8a) show Cy3:Cy5 ratio
distributions for each of the 20 arrays. None of these distributions appeared
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Figure 2.7 - Quality and confidence metrics of arrays.
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abnormal. However, a batch effect was evident, as there were some marked

differences in the distributions of the three different array batches (arrays 1-2, 3-14
and 15-20) in the boxplots. The batches were run on different days but the same
protocol and reagents used. The third batch set (arrays 15-20) appeared of better

quality with less variation and dye bias than arrays from the first two sets. If there
was no dye bias then a boxplot would centre around 0 on the y axis. Deviation
above 0 indicates Cy5 bias, and below 0, Cy3 bias. Interestingly, the last six arrays
of batch 2 (arrays 9-14) are all dye swaps ofthe first six arrays in batch 2 (arrays 38). It is interesting to see that when the dye a sample is labelled with is swapped, the

dye bias for the majority of the dye swaps changes from a Cy3 bias to a CyS bias.
This suggested that the samples themselves can affect the dye bias, not just the
batch effects and the decomposition of the more susceptible Cy5 dye. In addition,
all arrays for DMSO»s were run in the first two batches. None of the better quality
arrays contributed to the DMSO»; data which may explain why the Bluefuse metrics
(Figure 2.7a-b) were so muchlowerfor this treatment compared to the others.

The density plots for all arrays (Figure 2.8b) portrayed a bias towards Cy5. This
apparent bias wasintroduced by four of the arrays that showed an extremely strong
Cy5 signal (density maxima > 0.6) compared to the majority of arrays (density
maxima < 0.5). Three of these four arrays, had high levels of background and array
artefacts caused by the lifter slip edge that particularly fluoresced in the Cy5
channel. The individual density plot (Figure 2.8e) showed slight dye bias towards
Cy3. This was alsoreflected in the dye bias plot (Figure 2.8f) and MA plot (Figure
2.8d) particularly at the lower intensities. Visual inspection of all individual array
density plots and Cy dye bias plots showed bias towards Cy3 in some(11 arrays)
69

and Cy5 in others (9 arrays). There was no evidence howeverof preference to a
particular channel for any of the five different treatments.

All MA plots showed an appropriate distribution of control spots and probe spots
above and below the M=0line. The majority of arrays showed skewing of the data
in the lowerintensities towards Cy3 or Cy5 channel.

The print-tip LOESS plots showed within array spatial variation between print-tip
blocks (Figure 2.8c). At the lower intensities the skew of data varied from block to
block. The effect of the print-tip LOESS normalisation is seen by comparingprinttip plots in Figure 2.8c and Figure 2.9c. Following print-tip LOESS normalisation,
there was no difference between blocks.

Print-tip LOESS also rescales the spot Cy3, Cy5 values with in each array to
remove any dye bias, resulting in the distributions of the Cy3, Cy5 ratios being
centred around 0 and normally distributed. This is seen by comparing the boxplots
and density plots in Figure 2.8a-b and Figure 2.9a-b pre- and post-print-tip LOESS.
The MAplotpost print-tip LOESS normalisation (Figure 2.9d) also showed no sign
of dye bias with the spots lining up nicely against the M=0line.

The effect of the Global MAD normalisation is most noticeable in the boxplot
(Figure 2.10a). Variation in the inter-quartile ranges and whiskersis the samefor all
the arrays. Changes to the other plots (Figure 2.10b-d) were not as noticeable.
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General linear model analysis
The variation of probes between replicate arrays was similar for all treatments

compared to the control. This is illustrated as coefficient of variance boxplots in
Figure 2.11. The DMFi00 treatment had a slightly larger spread than the other

treatments. However,it is very slight and unlikely to have any affect.

From the general linear model analysis of the array data, a large numbers of probes
were determined to be differentially expressed from the controls in all treatments.

The number of probes showing differential expression in each treatment as
determined by the 20 values is given in Table 2.2. DMF2s exposure resulted in the
highest number of probes, with 6133 probes (= 37 %) regarded as ‘true positives’.
DMF0led to 3265 (= 20 %) probesas‘true positives’, which is approximately half
the number of differentially expressed probes for DMF25. For DMSO, the number
of ‘true positives’ increased with the concentration, with DMSO»; having 4525 (=
27 %) and DMSO having 5968 (= 36 %) probestruly positive.

Table 2.2 — The numbers ofdifferentially expressed probes for each comparison with
corresponding z0 value from q-value calculation.
Comparison
DMSO,~ control
DMSO joo~ control
DMF,;~ control

To
0.727
0.640
0.630

True Positives
4525
5968
6133

DMF i009 ~control

0.803

3265

This hierarchy of response wasalso visible when comparing the numbers of probes
and genes found tobesignificantly differentially expressed in each treatment at the
two FDRcut-off points (0.1 and MTE). The numbers are summarised in Table 2.3
along

with

the

determined

MTE73

values’
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The plot has been limited in the y axis. The maximum outlier was for the DMSO100

treatment at 880679. The boxes represent the 25" and 75" percentiles (Turkey’s method),

the black line within the boxes is the median, and the whiskers extend to 1.5 x the inter-

quartile range. Thethick black lines are spots representing multiple outliers.
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Table 2.3 - Numbers of probes and genesfoundsignificant (Sig) for each genelist.
Treatment

MTE

DMSO,;
DMSOjo
DMF,;
DMFoo

0.329
0.279
0.285
0.367

0.1 cut-off
Sig probes
Siggenes

234
1368
1385
8

234
1331
1369
8

MTEcut-off
Sig probes
Siggenes

3438
5260
5800
1745

3418
5149
5704
1712

DMSOshowsa concentration related increase while DMF showsa concentration
related decrease in the numbers of genes responding. Logically, if zebrafish
embryos respond strongly to a treatment a large number of genes will be
differentially expressed compared to the control treatment. Likewise, a weak

response will result in a small number of differentially expressed genes. If this
hypothesis is adopted, then the above results show that the DMFjo99 and DMSO)s5

treatment induced the strongest response. The concentration related differences
between DMF and DMSO indicate dissimilarities in the gene response induced by
the two solvents.

When the p-values for each treatment are plotted as histograms (Figure 2.12a-d),
they all show a positive skeweddistribution of the p-values across the test statistic.
This shows that DMF and DMSO atboth concentrations cause differential gene
expression in the early developing zebrafish embryo in comparison to control
exposed embryos. If the solvents had no effect then the frequency of p-values in
each column of the histogram would be roughly equal, giving the graph ‘flat
plateau’ appearance. The stronger response of the DMF; and DMSOj99 becomes
evident since the frequency of p-values 0 — 0.05 is higher for DMF2s5 (Figure 2.12c)
and DMSOj99 (Figure 2.12b) than for the DMFi09 (Figure 2.12d) and DMSOb;5
(Figure 2.12a) treatments.
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Figure 2.12 - Histogramsof p-values from the gls linear model for the
comparison of each treatment to the control treatment.
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Unfortunately, only a few significant genes for DMFjo9 were found at the 0.1 cutoff value, as shown in Table 2.3. This was due to the true positives for DMF100

treatment being widely spread throughoutthe test statistic (p-value). This is clearly
evident in Table 2.4, which shows how the number of probes called significant
change with increasing FDR rate (q-value cut-off) for each treatment. DMFj99 has
fewer probes showing extremesignificant and high type II error at low FDRcut-off
values compared to DMF; and DMSOjoo. Type II error (false negatives) falls
steadily for DMSOj99 and DMF>»s as the FDR increases however for DMF j9 type II

error does notstart to fall until an FDR of 0.3. True positives also appear to be
widely spread along the range ofthetest statistic for DMSO5 than for DMF2s and

DMS0Oj09 for which true positives are more bunched towards the end with the most
significance. Plots in Figure 2.13a-d show this graphically for each solvent
treatment.

Venn diagrams, comparing the two solvents and the two concentrations (Figure
2.14), show that only a small proportion (13 - 21 %) of the total number of
differentially expressed probes are commonto both the treatments compared. When
considering all four treatments together only 3 % (309/9980) of differentially
expressed probes were commonto all the treatments (data not shown) and between
4 - 21 % of probes uniqueto individual treatments. This is summarizedin the table
in Figure 2.14.

Whenfold changesare taken into consideration, the hierarchy of response observed
in numbers of differentially expressed genes alters. Figure 2.15 shows the
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True
Positives

4525
5968
6133
3265

Treatment

DMSO,;
DMSO499
DMF,;
DMFi909

13
522
466
0

Called
Significant

1.0
0.91
0.92
1.0

Type
II
Error

FDR: 0.05

234
1368
1385
8

Called
Significant

0.95
0.77
0.77
1.0

Type
Il
Error

FDR: 0.1

801
2399
2417
68

Called
Significant

0.82
0.60
0.61
0.98

Type
II
Error

FDR: 0.15

1326
3376
3530
158

Called
Significant

0.71
0.43
0.42
0.95

Type
II
Error

FDR: 0.2

2912
5689
6177
997

Called
Significant

0.36
0.05
0.69

Type
I
Error

FDR: 0.3

Table 2.4 —- Numbersof probes found to be differentially expressed and typeII error for each solvent treatment
comparedto the Control treatment at various FDR levels.

4919
8575
8818
2095

Called
Significant

0.36

Type
II
Error

FDR: 0.4
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b) DMSO 09 ~ Control
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Figure 2.13 — Statistical distribution graphics
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Figure 2.14 - Venn plots for MTE cut-off gene lists and table showing numbers of
unique probesfor each treatment comparison to the Control.
All 16578 probes are represented in the venn plots, those notdifferentially expressed in either of the

treatments are given outside the circles. % of shared genes was calculated by: number of probes
shared by the two treatments/total numberof probesdifferentially expressed in the two treatments. A
total of 9980 different probes were foundto bedifferentially expressed (DE)in all the treatments.

80

distribution of fold changes for genes in the MTEgenelists for each treatment. The
maximum up- and down-regulated fold changes and proportions of genes showing

fold changes greater than 2 and 4 fold are given in Table 2.5. Logically, a larger
induction or repression of genes will equate to a stronger response from the exposed
organism than smaller fold changes. From the boxplots in Figure 2.15 and Table 2.5
the DMF io treatment appears to induce the strongest response out of the four
treatments. The other three treatments seem to induce a similar strength of response
whenfold changeis considered.
Table 2.5 - Maximum up- and down-regulation fold changes and proportions of genes
with fold changesgreater than 2 and 4.
The MTE genelists were used to generate values. Bracketed numbers = no of probes
Treatment

Maxfold down-

Maxfold up-

Total > 2 fold

Total > 4 fold

DMSO;;
DMSOj00

-6.1
-5.7

4.9
9.8

12% (403)
7% (447)

0.6% (19)
0.4% (19)

DMF;5

-21.1

26.0

11% (632)

1.2% (68)

DMF100

-39.4

27.8

25% (436)

7.3% (126)

regulation

regulation

The larger fold changes induced by the DMF jo treatment are also evident in the

volcano plot (Figure 2.16d). The volcano plot depicts p-value against fold change,
and shows the DMF 09 treatment to cause larger fold changesat the less significant
p-value level. The DMF25 volcano plot (Figure 2.16c) shows many probes with
more significant p-values but also small fold changes. The DMSO25 and DMSOj00
volcano plots (Figure 2.16a-b) show a similar spread of fold changes but the
DMSO yjone has a greater numberof probes with more significant p-values. When
taking fold change into account the concentration related response that was seen
when looking at the numbersof differential expressed genes is no longer evident for
DMSO. The two concentrations appear to give a very similar response.
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Clustering
The hierarchical clustering revealed different responses of the two solvents. This is
clearly evident in heatmap plot (Figure 2.17). In the plot, DMF2; and DMSOj00
cluster into one group and DMF 99 and DMSO}; into another. However, despite the

treatments being clustered in this way, unique patterns in the probe cluster can be
identified for each solvent, indicating somesort of ‘chemical signature’.

Genelists (0.1 FDR cut-off)
Lists of the top differentially expressed genes according to fold change (FDR cut-

off, q-value < 0.1) in each treatment where annotation was available are presented
in Tables 2.6 — 2.9. In the DMF); genelist (Table 2.6) a couple of genesrelated to
oestrogen sensitive pathways were of particular interest: The more than 2-fold
down-regulated genes cyp19ala and dmrt1 and the more than 2-fold up-regulated

genes dmrt2a and fem-1. This suggests that DMFcan affect the expression of genes
involved in the reproductive and sex-differentiation pathways. However, no further
indication for this suggestion was found in the 0.1 cut-off gene list for DMF i090 or
for either DMSOtreatment.

For DMF5 and DMSO 9 (Tables 2.6 and 2.9), the heat shock protein gene, hspa8

was found up-regulated by approximately 2-fold compared to the control treatment,
whereas there was no effect on heat shock protein genes seen in the DMF 19 (Table
2.7) and DMSO3s (Table 2.8) treatments.
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Figure 2.17 — Hierarchical clustering of the MTE genelists by Eluclidean distance
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Table 2.6 — Top 25 genesdifferentially expressed for DMF.5 with q-value < 0.1.

UniProt

Q7T3S5
Q9Z1S0
P04929
013146
Q4QRE3
P06238
Q7ZVY5
Q15431
Q8VC12
Q9Y4E6
Q90413
Q8IV61
Q96N03
P51791
P43004
Q98TU4
Q6PI52
Q61543
Q6NZWO
Q08CK2
Q4R8Y9
POC218
Q7SYL3
Q6PFJ7
P20444
P17221
P83758
Q90473
042145
P83758
Q90473

Genbank ID

AF321830
BI889711
BI980436
AJ005027
U34662
BI326783
BI896442
BI877542
AW420002
AF188125
AB049402
BG727126
AW422729
AI558287
BG892485
AF329633
AF 180890
BI984150
AF114427
AW154202
BI890917
AI416261
BI882056
BI891534
BM181735
CA496787
AF080622
AB062116
AW019476
AF209095
BM103922

fefr4

hspa&
cyp19ala
dmrtl
hspa8

zgc:152990

calmla
glgl
ccdce102a

vipr2

rasgrp3
c20orf102
clen3
slcla2

b3gnt5a
bublb
None
epha3
Cfb
a2m
Cs
sycp1
urocl
wdr7

Gene name

SP — SwissProt, TR — TrEmbl.

0.05
0.08
0.06
0.05
0.09
0.07
0.02
0.06
0.03
0.06
0.10
0.08
0.05
0.09
0.06
0.05
0.09
0.04
0.09
0.07
0.04
0.05
0.08
0.05
0.03
0.07
0.02
0.08
0.09
0.03
0.06

Q-value

6.77
6.63
6.06
-5.98
-4.89
4.89
4.59
4.35
-4.35
4.32
-4.29
-4.11
-3.97
-3.89
3.89
3.86
3.68
3.51
-3.48
-3.39
-3.27
3.18
3.18
3.16
-3.16
2.58
2.53
2.43
-2.30
-2.04
1.49

Fold

Protein kinase C alpha type (EC 2.7.11.13) (PKC-alpha) (PKC-A)
Sex-determining protein fem-1 (Feminization of XX and XO animals protein 1)
Doublesex- and mab-3-related transcription factor 2a
Heat shock cognate 71 kDaprotein (Heat shock 70 kDaprotein 8)
Cytochrome P450 19Ala (EC 1.14.14.1) (Aromatase) (CYPXIX) (Oestrogen synthetase)
Doublesex- and mab-3-related transcription factor1
Heat shock cognate 71 kDaprotein (Heat shock 70 kDaprotein 8)

Sphingomyelin phosphodiesterase 4 (EC 3.1.4.12) (Neutral sphingomyelinase 3)

E3 ubiquitin-protein ligase Siah2 (EC 6.3.2.-) (Seven in absentia homolog 2-like) (Siah-2)

Probable ATP-dependent RNA helicase DDX20 (EC 3.6.1.-) (DEAD boxprotein 20)

Excitatory aminoacid transporter 2(Sodium-dependent glutamate/aspartate transporter2)
Pituitary adenylate cyclase-activating peptide (Fragment)
Calmodulin (CaM)
Golgi apparatus protein 1 precursor (Golgi sialoglycoprotein MG-160) (E-selectin ligand 1)
Coiled-coil domain-containing protein 102A
Zge:152990
Trophoblast glycoprotein precursor

Chloride channelprotein 3 (CIC-3)

Uncharacterized protein C20orf102 precursor

RASguanyl-releasing protein 3 (Calcium and DAG-regulated guanine nucleotide exchange factor)

Synaptonemal complex protein 1 (SCP-1) (Cancer/testis antigen 8)
Probable urocanate hydratase
WDrepeat-containing protein 7 (TGF-beta resistance-associated protein TRAG)
Fibroblast growth factor receptor 4 precursor (EC 2.7.10.1) (FGFR-4)

Citrate synthase, mitochondrial precursor (EC 2.3.3.1)

Alpha-2-macroglobulin precursor (Alpha-2-M)

Ephrin type-A receptor 3 precursor
Cfb protein

UDP-GIcNAc:betaGalbeta-1,3-N-acetylglucosaminyltransferase 5A
Mitotic checkpoint serine/threonine-protein kinase BUB1 beta
Histidine-rich glycoprotein precursor

Description
SP
SP
SP
SP
TR
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
TR
SP
SP
SP
TR
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP

Database

C.elegans.

Danio rerio

O.mykiss

Danio rerio
Danio rerio
Danio rerio

Danio rerio
M.musculus
P. lophurae.
Danio rerio
Danio rerio
R.norvegicus
Danio rerio
H.sapiens
M.musculus
H.sapiens
Danio rerio
H. sapiens
H.sapiens
M.musculus
H.sapiens
Danio rerio
Danio rerio
M.musculus
Danio rerio
Danio rerio
M.fascicularis
Danio rerio
Danio rerio
Danio rerio
M.musculus

Organism

Additional interesting genes are highlighted in grey. Fold is fold change comparedto the control treatment. Red text - up-regulation, green text - down-regulation.
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nfil3
kbp
dmgdh
none
rpl37
ykl071w

Q68EL6
Q91756
Q9UII7
P62799
Q9D823
P36086
Q11204
000231
P80426
P51482
P14543
P02565
Q6DH22
Q9W7M8
042363
Q9DEY3
P85001
P35505
Q7SXP4
093390
Q00013
P09174
000339
Q503D8
Q12901

U43671
BI428829
AI878458
AW826795
BM182563
AI497222
AW116215
BI705544
BI704253
BG308435
BF717973
AI958455
AI497342
BM182911
Y 13653
AF308598
AF165817
AW116125
BI886653
AI396633
BI839240
AW282022
AI722408
AI793428
AI884171

znf155

tlp19

matn2

pde6g

mppl

cep290
fah
sfrs11
sparc

atplala3

apoal

tmsb

zgc:109930

tfl
arr3
nid1
myh3

psmd11

st3gal2

Gene name

UniProt

Genbank ID

0.12
0.05
0.14
0.11
0.10
0.14
0.13
0.12
0.14
0.15
0.15
0.11
0.13
0.11
0.09
0.11
0.14
0.14
0.11
0.11
0.14
0.11
0.05
0.11
0.14

Q-value

-6.82
-6.77
-4.53
3.84
-2.50
2.48
-2.30
-2.17
-2.16
-2.11
-2.06
-2.03
-2.01
-1.88
-1.85
-1.78
-1.77
-1.65
1.64
-1.56
1.49
1.49
-1.49
-1.37
1.32

Fold

Zgc:110680 (Thioredoxin-like protein)
Zinc finger protein 155

Matrilin-2 precursor

Retinal rod rhodopsin-sensitive cGMP3',5'-cyclic phosphodiesterase subunit gamma

55 kDa erythrocyte membraneprotein (p55) (Membraneprotein, palmitoylated 1)

SPARCprecursor (Secreted protein acidic and rich in cysteine) (Osteonectin) (ON)

Splicing factor, arginine/serine-rich 1-like protein 1

Fumarylacetoacetase (EC 3.7.1.2) (Fumarylacetoacetate hydrolase) (Beta-diketonase)

Zgc:109930
Thymosin beta
Apolipoprotein A-I precursor (Apo-AI) (ApoA-I)
Cation-transporting ATPase
Centrosomalprotein Cep290

Myosin-3 (Myosin heavy chain 3) (Myosin heavy chain, fast skeletal muscle, embryonic)

Nidogen-1 precursor (Entactin)

Arrestin-C (Conearrestin)

Serotransferrin-1 precursor (Serotransferrin I) (Siderophilin I) (STF I) (STF1)

26S proteasome non-ATPase regulatory subunit 11 (26S proteasomeregulatory subunit S9)

CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase

Dimethylglycine dehydrogenase, mitochondrial precursor
Histone H4
60S ribosomalprotein L37
Uncharacterized protein YKLO71W

Glutamate receptor U1 precursor (XENU1) (Unitary non-NMDAglutamate receptor)

Nuclear factor interleukin-3-regulated protein

Description

SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
TR
SP
SP
TR
SP
SP
SP
SP
SP
SP
SP
TR
SP

Database

Table 2.7 — Top 25 genesdifferentially expressed for DMF 19, q-value < 0.15.
Fold is fold change comparedto the control treatment. Red text - up-regulation, green text - down-regulation. SP — SwissProt, TR — TrEmbl.

H.sapiens

Danio rerio

H.sapiens

M.musculus

H. sapiens

Cjaponica

Danio rerio

M.musculus

Danio rerio

Danio rerio

Danio rerio

Danio rerio

Danio rerio

Gallus gallus

H.sapiens

R.pipiens

Salmo salar

H.sapiens

M.musculus

S.cerevisiae

M.musculus

X. laevis

H.sapiens

X. laevis

Danio rerio

Organism
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UniProt

Q04475
Q8VC12
A7MBS3
Q7ZUV2
P35556
Q91YNS5
000472
P62253
Q7ZVY5
Q91756
057460
Q05084
QONPC3
Q6NXA4
P62799
093429
Q6NYZ4
Q02388
P14543
Q5TC63
Q9XSC9
P25285
094925
012990
Q14315

Genbank ID

L05383
AW420002
U55863
BI890456
BI883759
BG727682
BI673398
BM181650
BI896442
BI428829
AI877922
BF157380
BI672471
BI889440
AW826795
BM154556
U57656
AI601501
BF717973
AI942926
AW019798
AW116373
BI473490
AJ005690
BI671622

flnc

jak1

gis

amt

ten2

grtp1

nid1

col7al

plala

cenblip1
ilf3
none
tf

ical

cs
kbp
tll

ube2g1

ell2

uap1

fbn2

katnb1

zp3b

urocl

b2m

Gene name

0.09
0.09
0.05
0.06
0.09
0.08
0.08
0.10
0.08
0.10
0.10
0.08
0.05
0.10
0.10
0.08
0.08
0.06
0.05
0.10
0.05
0.10
0.07
0.08
0.09

Q-value

-4.11
-3.71
3.61
-3.56
3.39
-3.25
-3.23
-3.20
3.20
-3.01
-2.93
-2.89
-2.79
-2.75
2.73
2.60
2.50
-2.38
-2.33
-2.28
-2.22
-2.22
-2.20
-2.19
2.19

Fold

Filamin-C (Gamma-filamin) (Filamin-2) (Protein FLNc) (Actin-binding- like protein)

Tyrosine-protein kinase Jak1 (EC 2.7.10.2) (Janus kinase 1) (Jak-1)

Aminomethyltransferase, mitochondrial precursor
Glutaminase kidney isoform, mitochondrial precursor

Transcobalamin-2 precursor (Transcobalamin II) (TCII) (TC II)

Phospholipase Al member A precursor (EC 3.1.1.-)
Collagen alpha-1(VII) chain precursor (Long-chain collagen) (LC collagen)
Nidogen-1 precursor (Entactin)
Growth hormone-regulated TBC protein 1 (TBC1 domain family member6)

Serotransferrin precursor

Interleukin enhancer-binding factor 3 homolog
Histone H4

E3 ubiquitin-protein ligase CCNBIIP1 (EC 6.3.2.-) (Cyclin-B1- interacting protein 1)

Islet cell autoantigen 1 (69 kDaislet cell autoantigen)

Dorsal-ventral patterning tolloid-like protein 1 precursor (EC 3.4.24.-) (Mini fin protein)

Glutamate receptor U1 precursor (Unitary non-NMDAglutamate receptor subunit 1)

Citrate synthase, mitochondrial precursor (EC 2.3.3.1)

Katanin p80 WD40-containing subunit B1
Fibrillin-2 precursor
UDP-N-acetylhexosamine pyrophosphorylase
RNApolymeraseII elongation factor ELL2
Ubiquitin-conjugating enzyme E2 G1 (EC 6.3.2.19) (Ubiquitin-protein ligase G1)

Zp3b protein

Probable urocanate hydratase (EC 4.2.1.49) (Urocanase)

Beta-2-microglobulin precursor

Description

SP
SP
TR
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP

Database

Table 2.8 — Top 25 genesdifferentially expressed for DMSO,, with q-value s 0.1.
Fold is fold change comparedto the control treatment. Red text - up-regulation, green text - down-regulation. SP — SwissProt, TR — TrEmbl.

H.sapiens

Danio rerio

H.sapiens

Bos taurus

Bos taurus

H.sapiens

H.sapiens

H.sapiens

Danio rerio

P.olivaceus

X laevis

Danio rerio

H.sapiens

H.sapiens

Danio rerio

X. laevis

Danio rerio

H.sapiens

H.sapiens

M.musculus

H. sapiens

Danio rerio

Danio rerio

M.musculus

Danio rerio

Organism
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calmla
atp2a11
calmla

Q6PI52
AOJMP4
Q6PI52
QOD2W2
00872
Q8JH70
Q9I8VO0
Q4R8Y9
Q9W7M8
Q8VC12
Q7SYD3
Q8NS5L8
Q7SXV7
Q6NX10
P08670
Q62234
Q8UV70
073819
000472
013146
Q98TU4
Q7ZSX3
Q8AX99
Q8K1Q0
043395
088751
Q90474
90473
Q90473
Q90473
Q803X9
P70083
Q6DGS3

AF180890
BM185985
BE201395
BM155941
AW116863
AI617729
AI618133
BI890917
BI673169
AW420002
AF047837
BM025881
AW171247
AA605664
AI584977
AW115565
ALS591401
BI889697
BI673398
AF164763
AF329633
AF205258
AI584535
AI601346
AW165240
BI706816
AF068773
BM103327
BM103327
BM103922
AW116780
BI877663
AF252546

cabp1
hsp90aal
hspa8
hspa8
hspa&
cacng]
atp2al
camk2da

prpf3

ptfla
ottdarp
nmtl

ell2
epha3
vipr2

gnal4

nitrlf

myom1

actn3
c9orf23
wu:fi40b08
slc25a4
vim

pvalb2
tpbg
tmsb
urocl

mybpcl
aldoc

tnni2

Gene name

UniProt

Genbank ID

SP — SwissProt, TR — TrEmbl.

0.10

0.03
0.06
0.06
0.02
0.08

0.09
0.08
0.06
0.06
0.07

0.06
0.07
0.08
0.10
0.04

0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.03
0.03
0.05
0.02
0.05
0.05

Q-value

9.92
8.00
6.68
6.50
5.28
4.44
4.14
-3.58
-3.56
-3.41
3.29
-3.27
-3.25
3.20
3.18
3.16
-3.16
-3.12
-3.12
-3.07
3.01
-2.97
2.95
-2.93

Fold

U4/U6 smallnuclear ribonucleoprotein Prp3 (Pre-emRNA-splicing factor 3)
Calcium-binding protein 1 (CaBP1) (Caldendrin)
Heat shock protein HSP 90-alpha
Heat shock cognate 71 kDa protein (Heat shock 70 kDaprotein 8)
Heat shock cognate 71 kDa protein (Heat shock 70 kDaprotein 8)
Heat shock cognate 71 kDa protein (Heat shock 70 kDaprotein 8)
Calcium channel, voltage-dependent, gammasubunit1
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1(Calcium pump1)
Calcium/calmodulin-dependent protein kinase type II delta-A chain

Alpha-actinin (Novel actinin)
Glycylpeptide N-tetradecanoyltransferase 1 (Peptide N- myristoyltransferase 1)

RNApolymeraseII elongation factor ELL2
Ephrin type-A receptor 3 precursor (Tyrosine-protein kinase receptor ZEK1)
Pituitary adenylate cyclase-activating peptide (Fragment)
Pancreas transcription factor 1 subunit alpha (Pancreas-specific transcription factor 1a)

Guanine nucleotide-binding protein alpha-14 subunit

Novel immune-type receptor If, allele 2

Myomesin-1 (Skelemin)

Vimentin

Wu:fi40b08 protein (Fragment)
Solute carrier family 25 (Mitochondrial carrier; adenine nucleotide translocator)

Alba-like protein C9orf23

Probable urocanate hydratase (EC 4.2.1.49) (Urocanase)
Actinin alpha 3

Trophoblast glycoprotein precursor
Thymosin beta

Fructose-bisphosphate aldolase C (EC 4.1.2.13) (Brain-type aldolase)
Parvalbumin-2 (Parvalbumin beta)

Myosin-binding protein C, slow-type (Slow MyBP-C)

Calmodulin (CaM)
Fast muscle troponin I

Cation-transporting ATPase

Calmodulin (CaM)

Description

SP
TR
SP
TR
SP
SP
SP
SP
SP
SP
TR
SP
TR
TR
SP
SP
TR
SP
SP
SP
TR
SP
TR
SP
SP
SP
SP
SP
SP
SP
TR
SP
SP

Database

rerio
rerio
rerio
rerio
rerio

Danio rerio

M.nigricans

Danio
Danio
Danio
Danio
Danio

R.norvegicus

Danio rerio
M.musculus
Danio rerio
H. sapiens
Danio rerio
Danio rerio
H.sapiens
M.musculus
Danio rerio
X. laevis
H.sapiens
Danio rerio
Danio rerio
Danio rerio
Danio rerio
R.norvegicus
H.sapiens

Mfascicularis

Danio rerio
Danio rerio
Danio rerio
Danio rerio
H.sapiens
Danio rerio
Danio rerio

Organism

Table 2.9 — Top 25 genesdifferentially expressed for DMSO,with q-value s 0.1.
Additionalinteresting genes are highlighted in grey. Fold is fold change comparedto the control treatment. Red text - up-regulation, green text - down-regulation.

In the DMSOjo9 (Table 2.9) gene list, Calmodulin was strongly up regulated
between 6 and 9 fold together with several other genes (cabpl, cacngl, atp2al,
camk2da) involved in calcium transport that showed smaller fold changes.
Calmodulin was also shown as being up regulated for DMFs (Table 2.6).

In the DMSO);genelist (Table 2.8), ubiquitin related genes (ube2g1, ccnblip1) and
several mitochondrial precursors (gls and amt) were found to be down-regulated,
with the exception of one mitochondrial precursor (cs) that was up-regulated.

2.4.3 - KEGG analysis
The results from KEGGanalysis are given in Tables 2.10 — 2.11. Approximately
17-20 % of submitted sequences were matched to KO annotation. From the two

tables it can be seen that a wide range of functional categories involved in a variety
of processes were effected by DMF and DMSO exposure. Most functional
categories showed a combination of up-regulated and down-regulated genes. There
were no unique functional categories affected by the two solvents and therefore a

toxicity mode of action for DMF and DMSO wasnotobvious from the KEGG data.

However, particularly interesting was the functional category, lipid metabolism in

the DMF KEGGtable (Table 2.11), where 3 genes in the androgen and oestrogen
metabolism pathway were shown to be suppressed in the DMF2s treatment. The
three genes, hydroxysteroid dehydrogenase, glucuronosyltransferase (ugt) and
cytochrome p450j9q (cyp19a) are involved in the formation and breakdown of
oestrone and oestradiol. The pathway map from KEGG showingaffected molecules
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Table 2.10 — KEGG analysis results for differentially expressed genes in the DMSO
treatments comparedto the Control.
The coloured numbers represent the numbersofidentified probes in each KEGG ontology, found upregulated or down-regulated for each of the DMSO treatments.

Process

Functional category

DMSO,;

1.Metabolism

1.1 Carbohydrate metabolism
Glycolysis / Gluconeogenesis

suppressed

Oxidative phosphorylation
1.3 Nucleotide Metabolism

5

5

3

45

Pyrimidine metabolism

5

3

8

3

21

6

6

8

15

1

5

15

6

0
0
2

4
2
3

2
1
3

12
6
9

il
8
5
6
6

11
6
2
2
*

9
15
5
in
6

13
13
4
6
11

5
a

8

8
2

4

6
T

7
4

6

4

10

12

6

8

11

7
7
3

9

3
10
7

3

5

3

17

0
3
4
2

a
3
4
6

6
3
8
3

10
8
10
13

6
4

a
5

3
4

2
4

5
10

6
4

Z
6

8

4

13

8

16

18

27

25

10

11

7

50

4

8

6

ail

2.1 Folding, Sorting and Degradation

Ubiquitin mediated proteolysis

Ribosome

DNAreplication
Base excision repair
Nucleotide excision repair

3.1 Signal Transduction

MAPKsignalling pathway
Wntsignalling pathway
Hedgehogsignalling pathway
TGF-betasignalling pathway
Calcium signalling pathway

3.1 Signalling Molecules and Interaction

Neuroactive ligand-receptor interaction
Cytokine-cytokine receptor interaction
Cell adhesion molecules (CAMs)

4.1 Cell Motility

Regulation of actin cytoskeleton
4.2 Cell Communication
Focal adhesion

Adherensjunction
Tight junction
Gap junction

4.3 Circulatory System

Cardiac muscle contraction

4.4 Endocrine System
Insulin signalling pathway
GnRHsignalling pathway
Melanogenesis
Progesterone-mediated oocyte maturation
4.5 Immune System
Antigen processing and presentation
T cell receptor signalling pathway

B cell receptorsignalling pathway
Chemokinesignalling pathway

4.6 Development
Axon guidance
4.Human diseases

induced
13

2.3 Replication and repair

4.Cellular processes

DMSOvw

4

2.1 Translation

3.Environmental
information processing

DMSOv,00

1

Purine metabolism

processing

suppressed

1

1.2 Energy Metabolism

2.Genetic information

induced

2

Citrate cycle (TCA cycle)

5.1 Cancers

Pathways in cancer

5.2 Neurodegenerative Diseases
Alzheimer's disease

Parkinson's disease

Huntington's disease

71

3

DMSO,,;

3
4
2

4
6

6

6

2
8
5

7

i

i

8

5

11

17

2

44

Table 2.11 — KEGG analysis results for differentially expressed genes in the DMF
treatments comparedto the Control.
The coloured numbers represent the numbersofidentified probes in each KEGG ontology, found upregulated or down-regulated for each of the DMF treatments.

Process

Functional category

DMF,;
suppressed

DMF,s
induced

DMFio
suppressed

DMF
induced

1.Metabolism

1.1 Carbohydrate metabolism

3

9

6

1

4

47

3

6

Androgen and oestrogen metabolism

3

0

0

0

Purine metabolism
Pyrimidine metabolism

3
1

17
15

3
2

6
4

5

16

3

7

11
8
il
6
6
8

17
5
20
6
10
12

5
2
4
2
3
2

2
2
8
0
4
5

10
8

11
8

1
1

4
3

9

14

6

2

13
7
5

13
7
11

6
3
4

2
1
a

6
1

5
18

0
5

Insulin signalling pathway

7

11

3

4

GnRHsignalling pathway

6

5

2

3

Glycolysis / Gluconeogenesis
1.2 Energy Metabolism
Oxidative phosphorylation
1.3 Lipid Metabolism

1.4 Nucleotide Metabolism

2.Genetic information
processing

2.1 Folding, Sorting and Degradation

3.Environmental
information processing

3.1 Signal Transduction

4.Cellular processes

Ubiquitin mediated proteolysis

MAPKsignalling pathway
ErbBsignalling pathway
Wntsignalling pathway
Hedgehogsignalling pathway
TGF-betasignalling pathway
Calcium signalling pathway
3.2 Signalling Molecules and Interaction
Neuroactive ligand-receptor interaction
Cytokine-cytokine receptor interaction
4.1 Cell Motility

Regulation of actin cytoskeleton
4.2 Cell Communication
Focal adhesion
Adherens junction
Tight junction

Gap junction
4.3 Circulatory System
Vascular smooth muscle contraction
Cardiac muscle contraction
4.4 Endocrine System
PPAR signalling pathway

3

4

Melanogenesis
4.5 Immune System
Naturalkiller cell mediated cytotoxicity
T cell receptor signalling pathway

B cell receptor signalling pathway

Fc epsilon RI signalling pathway
Leukocyte transendothelial migration

Chemokinesignalling pathway
4.6 Nervous System

Long-term potentiation
Long-term depression

4.7 Development
Axon guidance
5.1 Cancers
Pathways in cancer
5.2 Neurodegenerative Diseases
Alzheimer's disease

Parkinson's disease
Huntington's disease

o2

6

7

0

3

2

0

7

13

3

S
7

6
8

1
3

2
1

7
6

10

4
10

10

Z
4

0
1

4
5

5
7

0
1

2
2

6

10

3

2

25

32

6

10

9

50

7

3
5

4

43
52

1

3

7

4
6

7

1
1

7

3
7
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GenbankID

KO

Gene

Description

Fold

Q-value

Diagram ID

AF063835

K00070

hsd3b

3beta-hydroxy-delta5-steroid dehydrogenase

—- 1.71

0.25

1.1.1.145
5.3.3.1

BF717454

K00699

ugt

glucuronosyltransferase

-1.22

0.18

2.4.1.17

AF226619

K07434

cyp19a

cytochrome P450, family 19, subfamily A

-1.44

0.27

1.14.14.1

Figure 2.18 — Androgen and oestrogen metabolism pathway map taken from KEGG.
The molecules highlighted green are those genes identified in the KEGG analysis of the DMF2s
treatment. Details of these genesare given in the above table. KO —- KEGGontology identification.

aD

and relative fold and q-values for the three molecules, are shown in Figure 2.18.
The fold changes for the three genes are all less then 2-fold. However, ugt and
cyp19a also showed up in the DMF»; top 25 genelist with fold changes greater than
2. The Genbank ID for ugt and cyp19a from the gene lists and KEGG data were
different, indicating that KEGG was unable to match the genelist ugt and cyp19A
oligonucleotide sequences to KO andtherefore they were not included in the KEGG
analysis.

The KEGGanalysis for all the other treatments showed no evidence of oestrogen
specific pathways being affected. However,all treatments disrupted genes involved
in the endocrine system, more specifically the insulin, PPAR and GnRH signalling
pathways and melanogenesis. There are also many genes affected in all treatments
that are involved in signal transduction pathways, like MAPK and Wnt. The
calcium signalling pathway wasaffected in all treatments with many genes being
affected for the DMSOj09 treatment. Interestingly, there was evidence ofthis in the

DMSO} 9 top 25 genelist (Table 2.9). It was also noticed in the DMSO; genelist
(Table 2.8) that ubiquitin related genes were affected. The KEGG analysis further
showed that ubiquitin mediated proteolysis was affected in all treatments. The
KEGGdata also revealed that both solvents affected a large amount of genes
contributing to pathways in cancer and the hedgehog signalling pathway, which is
commonly associated with cancer. A large number of affected genes for
neurodegenerative diseases are also worth noting, since this could indicate a
detrimental effect of both solvents on the nervous system.
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2.4.4 - Oestrogen sensitive genes
To help fully explore any oestrogenic effects of DMF and DMSO, MTEgenelists
were also inspected for differential expression of any know oestrogen sensitive
genes. Those found are shown in Table 2.12. The DMF»; treatment showed the

most number of differentially expressed oestrogen sensitive genes. Vitellogenin
(vtg) expression was affected by all treatments, while cyp19a expression was
affected by all but the DMSO»s treatment. DMF showed someregulation of the
double sex genes and DMSOthe zona-pellucida protein (zp) genes. Some of the
genes showed both up and down regulation of the same gene in the same treatment.

2.4.5 - GO analysis
Tables of all GO terms deemedto be significant for each treatment are available in
electronic form on the supplemental CD (Supplement B). The numbers of
significant GO terms for each treatment are summarised in Table 2.13. GO terms
that were significant and had no further significant child terms are presented in
Figures 2.19 — 2.20 for all solvent treatments compared to the Control treatment.

Table 2.13 - Numbers of GO terms deemedsignificant in each treatment
after trimming (removal of non-significant parent terms).

Treatment

Biological processes

Molecular processes

DMSO,;
DMSO00
DMF>,5
DMF100

23
58
48
26

39
75
64
39

95

96

Q7T3J1

AY281362

DMSO 00

DMSO;;

DMF 00

Q92093

BM036395

Q2PZQ8

P97708

Q05996

AF095457

AW115581

BG302660

—vtgi

Q92093

P97708

042145

BG303586

AW153472

AW019476

cypl9ala

zp3

vtg3

zp2

zp3

zp3

vg

vigil

~—cyp19ala

vtgl

fem-1

Shbg
dmrt3a

dmrt3a

dmrta2b

dmrt3a

dmrt3a

cyp17al

vg

vg

vg

vtgl

_—iugtlal
zp3

cyp19ala

—cyp19ala
_—iugtial
HSD3b
hsd11b3

Gene name

Q9DFT9

AF254638

Q92093

BM036395

042145

QILWN1

BF717943

AW019476

P17221

CA496787

QILWNI1

AI545999
XM_143883

BF717943

P83758

Q64HDO
83758

AF272964

Q9DFI1

Q92093

BI841891

AF272963

Q92093

BG303586

P83758

QILWNI1

BF717943

P83758

Q64550
P97708

AW019592
BM181983

AF080622

042145

AW019476

AF209095

042145
Q64550
Q6GMH6
Q6PUF3

DMF,;

UniProt

GenBank

AF226619
BF717454
AF063835
AI617751

Treatment

0.16

0.28

0.12

0.10

0.25

0.32

0.12

0.20

0.19

0.21

0.20

0.07

0.21
0.22

0.28

0.25

0.03

0.02

0.19

0.13

0.15

0.17

0.16

0.03
0.15

0.09

0.27
0.18
0.25
0.22

Q-value

-1.85

-1.48

-1.50

-1.28

1.58

-1.62.

1.64

-1.61

1.66

-2.70

2.02

2.58

1.80
1.81

2.14

1.30

-2.05

2.54

-1.59

1.59

-1.51

-1.42

1.54

-1.41
1.32

-2.30

-1.45
-1.22
-1.71
1.23

Fold

Cytochrome P450 19A1a (Oestrogen synthetase) (P-450AROM)

Zona- pellucida sperm-binding protein 3 precursor

Vitellogenin precursor(vtg)

Vitellogenin 3 (Fragment)

Zona- pellucida sperm-binding protein 2 precursor

Zona- pellucida sperm-binding protein 3 precursor

Zona- pellucida glycoprotein 3.2

Vitellogenin precursor(vtg)

Novel protein similar to vitellogenin 1 (vtg1) (Fragment)

Cytochrome P450 19A1a (Oestrogen synthetase) (P-450AROM)

Novel protein similar to vitellogenin 1 (vtg1)(Fragment)

Sex-determining protein fem-1

Sex hormonebinding globulin
Doublesex- and mab-3-related transcription factor 3a (Dmrt7a)

Doublesex- and mab-3-related transcription factor 3a (Dmrt7a)

Doublesex-like protein Dmrt4b (Fragment)

Doublesex- and mab-3-related transcription factor 3a (Dmrt7a)

Doublesex- and mab-3-related transcription factor 3a (Dmrt7a)

Ovarian cytochrome P450c17

Vitellogenin precursor(vtg)

Vitellogenin precursor(vtg)

Vitellogenin precursor(vtg)

Novelprotein similar to vitellogenin 1 (vtg1) (Fragment)

UDP-glucuronosyltransferase 1-1 precursor (UGT1A1)
Zona-pellucida sperm-binding protein 3 precursor

Cytochrome P450 19Ala (Oestrogen synthetase) (P-450AROM)

# Cytochrome P450 19A1a (Oestrogen synthetase) (P-450AROM)
# UDP-glucuronosyltransferase 1-1 precursor (UGT1A1)
# Hydroxysteroid dehydrogenase 3B
11-beta-hydroxysteroid dehydrogenase type 3 (Hsd11b3 protein)

Description

Red text - up-regulation, green text - down-regulation. SP —SwissProt, TR — TrEmbl. #- picked up by KEGG analysis.

SP

SP

SP

TR

SP

SP

TR

SP

TR

SP

TR

SP

TR
SP

SP

TR

SP

SP

TR

SP

SP

SP

TR

SP
SP

SP

SP
SP
TR
TR

Database

Danio rerio

R.norvegicus

O.mykiss

Danio rerio

H. sapiens

R.norvegicus

Danio rerio

O.mykiss

Danio rerio

Danio rerio

Danio rerio

C.elegans.

Danio rerio
Danio rerio

Danio rerio

Danio rerio

Danio rerio

Danio rerio

Danio rerio

O.mykiss

O.mykiss

O.mykiss

Danio rerio

R.norvegicus
R.norvegicus

Danio rerio

Danio rerio
R.norvegicus
Danio rerio
Daniorerio

Organism

Table 2.12 - Oestrogen sensitive genes found to be differentially expressed in MTE genelists for the solvent treatments
compared to the Control treatment.

GO.ID

Name

GO:0033036

macromolecule localization

DMF2,__DMFio9

GO:0006511

—_ubiquitin-dependentprotein catabolic process

GO:0006457

protein folding

GO:0006605

protein targeting

GO:0022900

electron transport chain
_—-ve regulation of ubiquitin-protein ligase activity (mitotic cell cycle)

GO:0051437

_—+ve regulation of ubiquitin-protein ligase activity (mitotic cell cycle)

GO:0006084

acetyl-CoA metabolic process

GO:0030218

erythrocyte differentiation
JAK-STAT cascade

GO:0030318

melanocyte differentiation

GO:0044238

primary metabolic process

GO:0006350

transcription

*

GO:0044265

cellular macromolecule catabolic process

GO:0016071

mRNA metabolic process

GO:0009152

purine ribonucleotide biosynthetic process

GO:0006754

ATP biosynthetic process

GO:0040008

regulation of growth

GO:0006913

_nucleocytoplasmic transport

GO:0044057

regulation of system process

GO:0006284

_base-excision repair

GO:0009143

nucleoside triphosphate catabolic process

GO:0000059

protein import into nucleus, docking

*

‘de novo' pyrimidine base biosynthetic process
axon extension involved in development

GO:0034470

ncRNAprocessing
response to hormonestimulus

GO:0008284

positive regulation ofcell proliferation

GO:0006650

glycerophospholipid metabolic process

GO:0007188

G-protein signalling, coupled to cAMP nucleotide second messenger

GO:0031571

G1 DNA damagecheckpoint

GO:0045454

cell redox homeostasis

GO:0042221

response to chemical stimulus
modification-dependent protein catabolic process

GO:0051276

chromosome organization

GO:0006397_

~=mRNA processing

GO:0008380

RNAsplicing

GO:0045595

regulation ofcell differentiation

GO:0006732

coenzyme metabolic process

GO:0006333

chromatin assembly or disassembly

GO:0001558

regulation of cell growth

GO:0006096

Glycolysis

GO:0006418

tRNA aminoacylation for protein translation

GO:0009060

aerobic respiration

GO:0043523

regulation of neuron apoptosis

GO:0006941

striated muscle contraction

GO:0016571

histone methylation

*

*

GO:0048676
GO:0009725

!

*

GO:0006207

GO:0019941

DMSOjoo

*

GO:0051436

GO:0007259

DMSO2,__

*

p-value
< 0.001

©0083 0,005.
0.01 - 0.005

Figure 2.19 - GO analysis for biological process terms.

* indicates term wassignificant but had a significant daughter term.
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GO.ID

Name

GO:0008270
GO:0005524
GO:0005509
GO:0005525
GO:0000287
GO:0003735
GO:0051082
GO:0003743
GO:0004221
GO:0008137
GO:0045296
GO:0003700
GO:0003723
GO:0043565
GO:0005506
GO:0016887
GO:0048037
GO:0060589

zinc ion binding
ATP binding
calcium ion binding
GTPbinding
magnesium ion binding
structural constituent of ribosome
unfolded protein binding
translation initiation factor activity
ubiquitin thiolesterase activity
NADH dehydrogenase(ubiquinone) activity
cadherin binding
transcription factor activity
RNAbinding
sequence-specific DNA binding
iron ion binding
ATPaseactivity
cofactor binding
nucleoside-triphosphatase regulator activity

GO:0009055
GO:0019904
GO:0004842
GO:0042803
GO:0003682
GO:0031072

electron carrier activity
protein domain specific binding
ubiquitin-protein ligase activity
protein homodimerization activity
chromatin binding
heat shock protein binding

GO:0004857

GO:0051015

enzymeinhibitoractivity

—_actin filament binding

es

eee

rho GTPaseactivator activity
folic acid binding
purine ribonucleotide binding
adenyl nucleotide binding
enzyme regulator activity
actin binding
cation-transporting ATPaseactivity

GO:0005089
GO:0019838
GO:0003709
GO:0003918
GO:0030553
GO:0004594
GO:0016788
GO:0046983
GO:0003707
GO:0003708
GO:0046332

Rho guanyl-nucleotide exchangefactor activity
growthfactor binding
RNA polymeraseIII transcription factor activity
DNAtopoisomerase (ATP-hydrolyzing)activity
cGMP binding
pantothenatekinaseactivity
hydrolaseactivity, acting on ester bonds
protein dimerization activity
steroid hormone receptor activity
retinoic acid receptor activity
SMAD binding

*
*
*
=

mRNAbinding

GO:0046915

transition metal ion transmembrane transporter activity

GO:0046527
GO:0005544

glucosyltransferase activity
calcium-dependent phospholipid binding

GO:0051059

_—=NF-kappaB binding

GO:0008307

ee

ee

eae

GO:0005100
GO:0005542
GO:0032555
GO:0030554
GO:0030234
GO:0003779
GO:0019829

GO:0003729

*
*

Rees
*
*

Cee

*

structural constituent of muscle

Sic

GO:0008289

lipid binding

aa

GO:0042623

ATPaseactivity, coupled

Sa

GO:0050662

coenzymebinding

ee

GO:0042802
GO:0005083
GO:0004812
GO:0051213
GO:0005201
GO:0008144
GO:0030291
GO:0051920
GO:0035251

panne

identical protein binding

ee

small GTPase regulator activity
aminoacyl-tRNA ligase activity
dioxygenaseactivity
extracellular matrix structural constituent
drug binding
protein serine/threonine kinase inhibitor activity
peroxiredoxin activity
UDP-glucosyltransferaseactivity

p-value
< 0.001
0.005 - 0.001

Figure 2.20 - GO analysis for molecular function terms.

0.01 - 0.005

* indicates term wassignificant but had a significant daughter term.
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GO analysis of the array data from the DMF»; treatment showed no evidence of

enrichmentof genes involved in androgen and oestrogen metabolism as wasseen in
the KEGG and gene list data. However, the GO analysis for DMSO; showed

GO:0003707 (steroid hormone receptor activity) (Figure 2.20) and GO:0009725
(response to hormonestimulus) (Figure 2.19) to be significantly enriched (P = 9.02
x10° and 0.001 respectively). GO termsthat suggested endocrine disruption or
oestrogenic activities were not significantly enriched in any of the other treatments.

The GO analysis supports someof the observations from the gene lists and KEGG
data The most commonsignificant GO was GO:0005509 (calcium ion binding)
(Figure 2.20) that was enrichedin all treatments except DMSOj09. GO’s related to
ubiquitin-protein ligase activity (protein breakdown) (Figure 2.20), were enriched in
all but the DMFjoo treatment. Ubiquitin assisted protein breakdown was also shown
to be affected in all treatments in the KEGG data and for DMSO); in the genelists.

Effects on the calcium signalling pathways have been previously highlighted for all
treatments in the KEGG data and for DMSOj0o in the top 25 genelists. Finally, the

up-regulation of heat shock proteins seen in the DMF»s genelists is supported by
the GO analysis. GO:0031072 (heat shock protein binding) (Figure 2.20) is shown
to be enriched (P = 0.008) for DMF%s.

a9

2.5 - Discussion
The study is in agreement with the findings of Groth et al. (1994) who recorded an
NOEC-value of 1.1 ml L” for DMF exposed zebrafish embryos. No phenotypic
effects of DMSO or DMF were seen in the embryos after 48 hpe within the
acceptable concentration range for carrier solvents in aquatic toxicity tests, as
recommended by the OECD. However,at the transcriptome level a large number of
genes were found to be differentially expressed in the embryos at the presumed
‘safe’ and ‘no effect’ concentrations of DMF or DMSO,used in this study. The
majority of the differentially expressed genes had small fold changes (< 2 fold),
evident in the volcano plots, (Figure 2.16) and it is questionable whether mRNA
transcript fold changes of this magnitude result in significant disruptions of the
embryonic development through changes in protein expression. However, for both
DMFand DMSOa certain proportion of differentially expressed genes showedfold
changes in excess of 2 fold, with highly significant q-values (Tables 2.5 — 2.9). The
maximum fold-changes (Table 2.5), particularly those for the two DMF
concentrations, and the numbers of differentially expressed genes were even
comparable to the top-fold changes and numbersof differentially expressed genes
seen in zebrafish embryos exposed to reference ecotoxicants at sub-lethal
concentrations (Sawle 2008). This suggests that solvents even within the ‘safe’
concentration range have the potential to cause changes in the expression of genes
and this may well detrimentally affect the embryo.
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2.5.1 - Concentration-dependent response
When considering the number of differentially expressed genes, the DMSO
treatment showed a concentration-dependant increase and the DMFtreatments a
concentration-dependent

decrease.

However,

when

fold-change

values

are

considered, the DMF treatment shows a dose-dependent increase and the DMSO
dose-dependent response was no longer evident. The concentration-dependent
response of the two solvents varies depending on which response parameter is
considered. The questions that need to be addressed are; a) how can differential
gene expression provide a quantitative measure of response, b) what depicts a
stronger response of an organism to a toxicant, and c) are the magnitudes of
response concentration-dependent?

The numberof differentially expressed genes and the magnitude of fold change are
two obvious measures to consider for quantifying the strength of transcriptomic
response. However,in this study different treatments were highlighted as inducing a
greater response depending on which of these measurements is considered. The fold
change data shows DMFj00 exposed embryos have a stronger response than
DMSOj 0 exposed embryos. This response is supported by the literature discussed
in the Introduction to this Chapter. DMF is reported to be moderately toxic
(Scailteur and Lauwerys 1987; Fiorito et al. 1997) while DMSO is regarded as a
relatively safe substance (Santos et al. 2003). The NOEC values determined for
zebrafish embryos after exposure to DMF and DMSO inthe following Chapter also
reflect this. However, the number of differentially expressed genes for these two
treatments does not support this evidence; the DMSOj 9 treatment results in almost

twice the numberofdifferentially expressed genes as the DMFjo treatment does.
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Considering the observations so far it appears that fold change data appears to be
the more adequate measure of the two. With fold change data, the concentration
responses

for DMF

and

DMSO

follow our preconceived hypothesis

of

transcriptome concentration response (increase in concentration = increase in
transcriptome response). In addition to this, the reported toxicity difference between
DMF and DMSO wasevident in 0.1 ml L” solvent concentrations when fold
change values were considered. However, fold change data as a measure of
response does not stand upto scrutiny at the lower 0.025 ml L’' concentration. In
this case DMSO would be considered more toxic than DMF. Therefore, neither fold
change nor gene number measures prove to be a suitable quantitative measure of
response according to our preconceived hypotheses. Two main reasons may be
considered. Firstly, the transcriptome concentration dose-response may not
necessarily follow our pre-conceived hypotheses, which are based on increasing
macroscopic developments effects, as dose increases. Secondly, limitations and
technical issues surrounding the microarray technique can affect fold change values
and the numberof genes found ‘truly positive’ (Kerr and Churchill 2001; Churchill
2002; Yang and Speed 2002; Landgrebeet al. 2006).

Technical issues were controlled for as far as possible with the experimental design,
good quality microarray images, satisfactory normalisations and equal variation
between array replicates. The nature of the statistical model used to determine
differential expression can certainly affect the numbers of genes detected and the
fold change values.Initially, a variety of models were used to determine differential
expression of the different treatments before the final model was selected. Each
model gave different numbers of differentially expressed genes (data not shown)
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but the concentration-dependent responses of the solvents did not change.
Therefore, the response patterns observed for the different treatments can not be
explained by experimental design or array quality and it should be considered that
the transcriptome dose-response deviates from expectations.

At the macroscopic, morphological level, increasing concentration causes
increasing phenotypic disruption to embryonic development (Groth et al. 1994;
Hallare et al. 2006), but this may not hold true at the level of the transcriptome.
This is because gene regulation is complex, involving regulatory interactions
between a potentially very large number of interacting genes. Predicting the
outcomeof a given toxicant-induced perturbation is not straightforward. In addition
changes to gene expression do not necessarily correspond with effects at the protein
level. Finally, embryos might have the ability to mitigate toxin-induced effects at
sub-effect concentrations through homeostatic response. Therefore, it is plausible
that the transcriptome dose-response is entirely different to that at the phenotypic
level. However, it should be considered, that the two concentrations in question are
both very small, with small differences between them and no analysis was
undertaken to confirm the nominal concentrations. Further investigation into the
transcriptome dose-response over a larger concentration range is undertaken in
Chapter 3. If microarrays are to be used as endpoints in regulatory toxicity testing, it
is necessary to have an insight into how the transcriptome response, at the whole
organism level changes over a concentration range. To date, this has not yet been
extensively investigated.
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2.5.2 - Functional analysis
Despite many genes shown to be differentially expressed as result of solvent
exposure, it is necessary to explore the type of genes and gene groupsaffected by
the solvents to help determine what gene pathways are affected and if such
pathwayscan berelated to phenotypic effects or the presumed mode-of-action of
the solvents. Differences in affected gene groups between the twosolvents, suggest
different mode-of-actions.

The findings showedthat each treatment affected a large number of unique genes
(Figure 2.14) and the heat map produced from the hierarchal distance clustering
data (Figure 2.17) showed differences in the chemical signatures for DMF and
DMSO,suggesting that the two solvents affected the expression of different genes
groups. This effect was quantified in the Venn diagrams (Figure 2.14). These
showed that the majority of differentially expressed genes for each solvent
concentration were unique to a particular solvent, and at the same time, some genes

were unique for the different concentrations of the same solvent.

However, functional analysis of the data did not reveal functional responses that
were specific to individual treatment concentrations and/or solvents. The KEGG
data (Figures 2.10 and 2.11) showed similar functional processes were affected by
all treatments, and this was supported by the GO data (Figures 2.19 and 2.20). Thus,

even though the different treatments affected different genes, the resulting
functional effects were very similar and specific modes of action were not evident
for either solvent. One explanation of this outcome is that due to the low
concentrations used, any specific effects of the solvents on gene expression were
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masked behind a more general, unspecific response. In this general response,
calcium, MAPK and Wnt signalling pathways, calcium transport and ubiquitin
mediated proteolysis were found to be some of the most pronounced functional
processesaffected.

The modulation of cytosolic calcium concentrations is essential for many aspects of
zebrafish embryo development, including cardiac and pectoral fin morphogenesis
(Rothschild et al. 2009) and muscle fibre formation (Brennan et al. 2005). MAPKs
have been shown to be key regulators of many gene groups and morphogenesis
during zebrafish embryogenesis (Krens ef al. 2008; Holloway et al. 2009), while
Wntsignalling is involved in the specification of the dorso-ventral axis (Schier and
Talbot 2005) and in neural tissue and brain development (Braun ef al. 2003;
Clements et al. 2009). Ubiquitin-mediated proteolysis, a cellular degradation
method for proteins that are no longer required, is also essential in the control of
embryo development (Bowerman and Kurz 2006). Alterations of these key
processes could cause disruption to embryonic development.

An up-regulation of heat shock protein genes (hsp) was observed in some solvent
treatments. Similar observations were made for Hsp70 in a study where zebrafish
embryos were exposed to DMSOat 100 mg L'' (Hallare et al. 2004). Such increases
in Hsp are commonly associated with a stress response ([wama ef al. 1998).
Therefore, the observed response waseither due to a stress response of the embryos
or alternatively, could be a shift in the rate of embryonic development. Since hsp
are known to be shown to be differentially expressed throughout development
(Krone et al. 2003), an exposure related shift in the speed of embryonic
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development could entail an apparent up-regulation of some hsp genes. The
zebrafish transcriptome changes enormously during embryonic development (Ton

et al. 2002; Mathavan et al. 2005). As for hsp, ubiquitin related and cytochrome
P450 gene expression fluctuates during zebrafish embryonic development (Kishida
and Callard 2001; Mathavanet al. 2005; Johnset al. 2009). It is therefore possible
that the differential gene expression observed in the solvent-treated embryos could
be a result of an exposure-related developmental shift. Whether such an effect
would be classed as detrimental to the embryos is questionable. However, it should

certainly cause concern for using DMF and DMSOascarrier solvents in regulatory
toxicity testing.

2.5.3 - DMF and DMSOasendocrine disruptors
As mentioned earlier, specific gene responses to a xenobiotic chemical can be
masked or superimposed by a more general response, especially at low
concentrations,like in this study. This makesit difficult to tease out vehicle-specific
effects from the large amount of differential gene expression observed in the
different solvent treatments. In such cases, information from the literature can help
to focus the functional analysis of the array data. For DMSO and DMF literature
indicates weak oestrogenic properties (Hurk and Slof 1981; Ren et al. 1996;
Mortensen and Arukwe 2006) and there is indeed some indication from this study,
in the gene lists and the KEGG analysis that DMF affects genes involved in
oestrogen metabolism and sex determination. The enrichment of several GO terms
suggests that DMSO mayalso affect endocrine related genes in zebrafish embryos.
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DMF as an endocrine disruptor
Up-regulation of the protein vitellogenin (Vtg) is a well documented and a robust
biomarker of oestrogen receptor mediated effects (Tyler et al. 1998). In this study
vitellogenin genes (vtg) were not found to be differentially expressed in either of
the DMFtreatments at the 0.1 FDR cut-off. However at a higher FDR, vtg was
found to be up-regulated 2-fold in the DMF i099 treatment, and both up- and down-

regulated (< */- 1.6-fold) in the DMF25 treatment. This latter response could be
explained by DMF having divergent effects on vtg expression in different
embryonic tissues. Indeed, vtg from different tissues may preferentially bind to
different vtg probe sequences on the microarray, therefore, giving rise to the above
findings. vtg was not the only gene in this study to show both induction and
repression in response to the same treatment. Different tissues produce distinctly
different gene expression profiles in response to oestrogen exposure (Callard et al.
2001; Kishida and Callard 2001; Martyniuk ef al. 2007).

It is important to remember that vtg was only observed as being differentially
expressed in the MTE genelists and not the 0.1 FDR gene lists. Therefore these
observations should be treated with some caution and we cannot confidently say
that DMF directly affects vtg expression. Up-regulation of oestrogen receptor-a,
commonly seen in response to oestrogen exposure alongside vtg up-regulation in
sexually mature fish, was not seen in any of the DMF treatments. An absence of
oestrogen receptor activation would support DMF having a negligible effect on
vitellogenin regulation if observed in sexually mature zebrafish. However,
oestrogen receptor and vitellogenin genes may be unresponsive to oestrogen
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exposure at the embryonic stage, prior to sexual differentiation. Currently, very
little is known about the gene expression of reproduction related genes in fish

embryonic development.

Oestrogens can also affect fish at concentrations that are insufficient to produce a
measurable Vtg response (Orn ef al. 2003). Therefore the absence of clear vtg

induction does not in itself rule out DMF having an oestrogenic action. Other
oestrogen-responsive genes have been proposed as indicators of oestrogen
exposure, such as some Cytochrome p450s (Gunnarsson ef al. 2007). Indeed,
cytochrome p450j9, (cyp19a) was down-regulated in both DMF25 and DMFj 9
treatments in the present study. Cytochrome p450s were also reported to be downregulated in several microarray studies that evaluated the effects of oestrogenic
exposure in fish (Kishida and Callard 2001; Hook et al. 2006; Kishi et al. 2006;
Tilton et al. 2006). The cyp19a gene, part of the androgen and oestrogen
metabolism pathway, codes for the protein cytochrome p450 aromatase, which
catalyzes the transformation of testosterone into oestradiol in synthesizing tissues
(Simpson ef al. 1994). The down-regulation of the cyp19a isoform could therefore
reduce oestrogen levels in the zebrafish embryos. Such regulation could be
considered a homeostatic response by the embryo to extrinsic oestrogens, in this
case the solvent. However, there is at least one study that has reported an induction
of cyp19a in response to a model synthetic oestrogen (Filby et al. 2007) whilst
others show no differential expression in cyp19a and/or an induction of cyp19b in
response to synthetic oestrogens (Callard et al. 2001; Fenske and Segner 2004).
Cyp19b was not represented on the zebrafish microarray used in the present study.
Androgens are also known to regulate the cyp19a gene both positively and
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negatively depending on tissue type (Govoroun ef al. 2001). The modulation of

cyp19a should therefore not be used as an indicator of oestrogen exposure. More
importantly, the effect of DMF on cyp19ais inconclusive as to whether DMFhas
an oestrogenic mode-of-action and could even indicate an androgenic effect.
Alternatively, cyp19a down-regulation may be a result of an exposure related

developmental shift as cyp19a accumulates progressively from 24 hpf to 120 hpf in
the zebrafish during early development (Kishida and Callard 2001).

Several other genes that were differentially expressed by the DMF); treatment are
also known to be involved in the androgen and oestrogen metabolism pathway.
These include ugtlal and hsd3b which are known to affect oestrogen levels in
different ways. The down-regulation of ugtlal, which is involved in the breakdown
of oestradiol, could increase oestrogen levels while the down-regulation of hsd3b,
which is involved in the biosynthesis of oestradiol, may reduce oestrogen levels.
The regulation of ugtlal could be a negative feedback response to the DMF)sinduced regulation of cyp19a and hsd3b and a reduce oestrogen level. In addition,
hsd11f, the gene coding for an enzyme involved in androgen synthesis, was upregulated in response to DMF; exposure. Oestrogen exposure has been shown to
down-regulate hsd11f (Filby et al. 2007) while androgen and anti-androgen
exposure up-regulated hsd11f (Filby et al. 2007; Hoffmann ef al. 2008). The effect
of DMF; on the regulation of hsd11B, hsd3b and cyp19a suggest an androgenic
mode-of-action, as oestrogen levels would be reduced and testosterone increased.
However, it should be considered that due to the lack of knowledge aboutthe role
of sex hormones and response to endocrine disruptors in the developing fish
embryo, the evidence of an oestrogenic and androgenic response in DMFhas been
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based on findings from studies using sexually mature fish. Such responses may not
be evident in developing embryos due to differences in gene regulation at these
different life stages. This issue is explored further in Chapter 4 ofthis thesis.

Further inspection of the gene lists (0.1 and MTE), the KEGG analysis and GO
data, revealed the modulation of several more genes and biological processes in the
DMF»); treatment, known to be oestrogen responsive and/or related to sexual

differentiation. Zona-pellucida glycoprotein 3 gene (zp3) has been shown to be upregulated in response to oestrogen exposure in several studies (Hook ef al. 2006;
Kishi et al. 2006; Tilton et al. 2006; Gunnarsson et al. 2007) and is used as a robust
indicator of oestrogen exposure in fish (Gunnarssonet al. 2007). The up-regulation
of zp3 in the present study may therefore suggest DMF to exert an oestrogenic
action, but only at the DMF2s5 concentration and even then, the fold change was

relatively small and it was only significant in the MTEgenelist. Dmrt3a, a member
of the doublesex and mab-3-related transcription factor (dmrt) gene family, was
both up- and down- regulated in the DMF»s treatment. Dmrt genes have been shown
to regulate testicular development (Marchandef al. 2000) and have been shown to
be repressed in response to oestrogen exposure (Marchandef al. 2000; Filby efal.
2007). However, dmrt genes have also been shown to be important regulators in
other developmental processes, such as neurogenesis (Huangef al. 2005; Li etal.
2008). Considering that dmrt3a was both repressed and induced in response to
DMF); exposure, and that at the point of sampling in this study, the embryo wasnot
sexually differentiated, it seems most likely that DMF exposure affected dmrt3a
regulation in developmental processes other than testicular development, such as
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neurogenesis. The KEGG data analysis showed a large number of neurological
signalling pathwaysto be affected.

Transcriptome analyses of breeding zebrafish exposed to oestrogens have shown
biological processes, “protein metabolism’ and ‘mitochondria organisation and
biogenesis’ to be strongly affected (Santos et al. 2007). GO analysis (Figures 2.19
and 2.20) of the DMF data showed ‘mitochondrial energy production’ wasaffected
in both DMFtreatments (GO:0022900, GO:0006754, GO:0009143) and ‘protein
catabolic process’ (GO:0006511) to be affected in DMF25. Genes involvedin ‘cell
cycle progression’ and the ubiquitin system can also be affected by oestrogen
exposure, and have been associated with changes in gamete quality (Santos ef al.
2007). In the present study, the GO analysis revealed that the DMF2s treatment
affected these processes, but not the DMF 09 treatment. These similarities between

the transcriptome response to DMFandthe effects in oestrogen-exposed zebrafish,
corroborates the hypothesis that DMF may have oestrogenic properties. However,
the changes to phenotype and transcriptome in the Santos et al. (2007) study were
observed in sexually mature zebrafish. Therefore, as previously mentioned, changes
to these processes in the transcriptome of the zebrafish embryo may not be
representative of an oestrogenic response at this developmental stage, as the
genomeis likely to be regulated differently at the embryonic than at older life
stages.

In conclusion, the findings of this study do not provide unequivocal evidence that
DMFhasa ‘true’ oestrogenic effect, as was originally proposed by Renet al (1996).
DMFdoes cause differential expression in genes that are commonly affected by
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oestrogenic chemical exposure, but the regulation of these genes could not always
be related to oestrogenic action and some differential expression even suggested
androgenic-type responses. DMFaffected genes involved in steroidogenesis, as was
previously suggested by Hurk and Slof (1981), but this was only evident in the
DMF»; treatment. There was very little evidence that treatment at the higher
concentration, i.e. DMF i009, had any effect on steroidogenesis. This discrepancy over
the very small concentration range cannot be attributed to differences in array
quality and therefore, must be due to the concentration dependence of gene
regulatory effects. DMF mayhavedifferent effects at different concentrations, since
most compoundsact on multiple targets with different potencies (Ji et al. 2009).

The DMFtranscriptome study findings are consistent with the reported endocrine
disruption effects of DMF. The combined oestrogenic and androgenic-type effects
of DMF might explain why some broods of rainbow trout fry were found to be
either predominately female or predominately male in a study using DMF (Hurk
and Slof 1981). Whether broods develop mostly male or female often depends on
small differences between sex hormonal acting exposures, as sexual differentiation
is the most sensitive period for oestrogenic disruption in fish (Tyler et al. 1998).
Increased vtg levels in female fish reported by Ren ef al. (1996) and Caunter and
Williams (reviewed in Hutchinsonet al. 2006) could be caused by DMFincreasing
oestradiol levels through steroidogenesis modulation. Modulation of vtg was
evident in both DMFtreatments although only in the MTEgenelists. Over longer
exposure periods and with sexual maturation, vtg induction in fish becomes more
indicative of oestrogenic exposure.
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DMSOas an endocrine disruptor
There is reason in this present study to suggest that DMSO can act as an endocrine

disruptor at low solvent concentrations, but it does not seem oestrogenic, as has
been suggested (Mortensen and Arukwe 2006). At first, progesterone-mediated
oocyte maturation appeared to be affected in both DMSO concentrations but on
closer inspection of the KEGG data, the cause of this pathway being affected could
be attributed to the MAPK signalling pathway. GO analysis showed ‘steroid
hormonereceptor activity’ and ‘response to hormonestimulus’ to be significantly
enriched in the DMSO); treatment. Closer inspection in AmiGOof these GO terms,

revealed daughter categories of the two significant GO terms that were more
specific for an oestrogen effect: GO:0030284 (oestrogen receptor activity) and
GO:0043627 (response to oestrogen stimulus). Neither of these was significantly

enriched in the DMSO); treatment, which suggests that DMSO may affect genes
involved in hormoneresponses but not specifically oestrogen-related genes.

Zona-pellucida (zp) and vitellogenin genes, both indicators of oestrogen exposure

(Gunnarssonet al. 2007), were found to be differentially expressed in the DMSO
treatments, but only in the MTE genelists. However, in contradiction to a study
with a salmon hepatocyte cell culture (Mortensen and Arukwe 2006) and a response
indicative of oestrogen exposure, vtg was repressed, zp both up- and downregulated and oestrogen receptor isoforms not found to be differentially expressed
in the present study. Cyp19a was down-regulated in the DMSOjop treatment, but as
has been argued previously, this does not suggest an oestrogenic mode-of-action.
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The contradiction between the present study and that presented by Mortensen and
Arukwe (2006) could be attributed to concentration, species, sample matrix and
method differences between the two studies. This study used whole embryos and
microarray technology to measure gene expression changes, while the Mortensen
study used PCR to measure fold changes of specific transcripts in a cell culture
matrix. In microarray analysis of whole body tissues, low copy transcripts may be
undetectable if only present in a few specific cell or tissue types (Vinciotti ef al.
2005). In contrast, PCR analysis enables detection of low copy transcript changes.
DMSO mayhaveinduced oestrogen receptor gene expression changes but it was
not detectable in the microarray data. Alternatively, oestrogen receptors may not be
responsive to oestrogen exposure in zebrafish embryos.

2.6 - Conclusion
In this study, potential toxicological issues have been highlighted associated with
the use of carrier solvents like DMF or DMSO in (eco-)toxicological tests.
Although these solvents may not induce a visually observable (phenotypic or
morphological) effect in zebrafish embryos at concentrations regarded as ‘safe’ by
regulatory authorities, they can induce considerable changes at the transcriptome
level. Whether these changestranslate into changes in protein expression and thus
manifest as phenotype changes, is yet to be explored, but specific functional gene
groups were found to be affected. This could result from exposure-related
developmental shifts, rather than from highly specific gene effects of the solvents
themselves, but either way these results indicate that use of both DMF and DMSO

as carrier solvents in ecotoxicity testing are not without consequences. Within the
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context of suspected endocrine disruption issues, the differential expression

observed for genes involved in oestradiol synthesis and breakdown in oneof the
DMFtreatments is of particular concern. Even if this differential expression has
occurred through other related pathways, and not directly by known endocrine
disruptor (oestrogenic/androgenic) pathways, one should be wary of using DMFas
a carrier solvent, in particular when testing for potential endocrine disruptors. Used
in combination with a known endocrine disruptor, DMF may cause synergistic,
additive, or masking effects, resulting in incorrect conclusions regarding the toxicity

of test compounds.

Further studies using higher solvent concentrations and reference weak oestrogens
were found necessary to address the questions raised by this study and to
confidently analyse specific mode-of-action for DMF and DMSO. Thesestudies are
reported in the following Chapters.
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Chapter 3: Concentration dependentaffects of

solvent vehicles, DMF and DMSO on zebrafish

(Danio rerio) embryos.

3.1 - Introduction
In the previous chapter it was demonstrated that whilst exposure of zebrafish
embryos to low concentrations of the solvents DMF or DMSO resulted in no
detectable phenotypic malformation, the gene expression profile was substantially
altered. Thus determination of individual gene responses appears to offer a much
more sensitive measure of toxicological effect than macroscopic examination.
Amongthe genes affected, were many that were involved in calcium signalling
pathways and ubiquitin mediated proteolysis, suggesting that particular processes
and pathways were more affected than others, with the implication that this would
give rise to cellular responses that were detectable by more conventional cellular
analysis. Moreover, although the two solvents affected different types of genes, the
analysis of genes within functional groupings of pathways and processes suggested
conserved effects across the different solvents. A key question for ecotoxicological
testing protocols is whether the gene regulatory effects of solvent vehicles can
substantially affect the use of microarray approachesfor the determination of modeof-action, or of dose-response of test eco-toxicant, and therefore affect the decisions
made regarding the harmful effects of such toxicants and the control over the
environmental release of them. To help resolve this issue it is necessary to gauge
the sensitivity of gene expression responses to the dose of eco-toxicant and explore
over what exposure rangesignificant effects are detectable.
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A second key question relates to the biological interpretation of gene responses. In
toxicological experiments, phenotypic heterogeneity has been shown typically to
increase with increasing toxicant dose, once an effect threshold is reached (Groth er
al. 1994; Cheng et al. 2000). Below this threshold the physiological response of
exposed organisms will be that of homeostasis or compensation as illustrated in
Figure 3.1. Thus, in addressing the meaning of a complex suite of gene expression
responses, a key question is, where does the transcriptome response for embryos
exposed to guideline permitted levels of DMF and DMSOfall in a model (such as
that in Figure 3.1), in which responses can indicate either protective or pathological

outcomes? Are the exposed embryos in a state of homeostasis and therefore
considered healthy, or in a state of compensation and considered stressed? The
distinction is relatively straight forward with high doses using phenotype andlife
trait assessments, but becomes much more difficult to draw when using the much
more sensitive microarray approach with low doses.

To answerthese questions it is necessary to define in detail how the transcriptome
response of the test system (i.e. zebrafish embryos) changes with exposure to
increasing concentration of solvents. A recent paper demonstrated how much more
informative a transcriptional dose-response profile was compared to a single dose
transcription profile regarding characterizing drug activities (Ji et al. 2009). By
observing transcriptome changes at concentrations generating observable effects
and comparing them to transcriptome changes for sub-effect concentrations, a
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transcriptome response model can be overlaid onto the model in Figure 3.1. This
information can then help define whether the solvent guideline concentrations for
aquatic toxicology testing using DMF and DMSOrequirerevision.

The central dogma (DNA > RNA > protein) dictates that alterations to an
organism’s transcriptional profile will cause changes in the organism’s protein
profile and therefore changes in the organism’s phenotype.

As phenotypic

heterogeneity is shown typically, to increase with increasing toxicant dose it could

be expected that transcription heterogeneity will also increase with toxicant dose.
This may be in terms of the numbers of genes, size of fold changes or by alterations
to more important genes/gene groups. However, given the current understanding
about the regulatory relationships between genes and the ways that cascades of
regulatory interactions can lead to complex outcomes (Bray 2003; Cummings and
Kavlock 2005; Almaas 2007; Barabasi 2009), there may be a far more complex and

even unpredictable relationship between dose and effect when considering
responses of 10’ — 10° genes, many of which interact in a regulatory fashion with
other genes, either at the transcriptional, translational and/or post-translation levels
of organisation.

There are no reported studies that have characterized the dose-responserelationship
across the entire transcriptome, perhaps due to the cost and complexity of
microarray studies. One study has focused on the transcriptional dose-response of
individual key genes (Seidel ef al. 2006) and many studies have investigated the
transcriptome response of individual genes at a variety of doses, but have not

focused on dose-responsepatterns (Liu etal. 2009; Scheil et al. 2009). At the single
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gene level Seidel et al (2006) found that transcriptional activity of several selected
genes displayed an atypical dose response relationship, such that the expressionat

the higher end of effect doses tended to be similar to that of the control than at
lower-range doses. They suggested that the transcriptional response ofcells to high
doses is different to the response at low dose exposure. However, it is self-evident
that characterising responses at the level of a single gene carries less information
than that of a gene assemblage and therefore investigation at this level should be
undertaken.

In this Chapter experiments are described in which zebrafish embryos were exposed
to a wide range of DMF or DMSO concentrations, from low, sub-lethal
concentrations used in the previous chapter, up to concentrations that induced a
high proportion of visual deformities after a 48 hour exposure. Microarray analysis
was used to define the concentration dependant response across the entire
transcriptome. Instead of taking a gene-by-gene view of the transcriptome doseresponse, Gene Ontology categorization was used to integrate the responses of
different groups of genes to indicate the broader pattern of response, at the level of
pathway and biological process. A common argument against microarray datais
that changes in gene expression do not necessarily follow through to changes in
protein expression and consequently phenotype change. At the single transcript
level the probability of this may be quite high but at the Gene Ontologylevelit is
likely to be much less. A comparison of the changes to the proteomeprofile and
transcriptome profile of an exposed organism to a control organism islikely to be
much more similar for significantly enriched ontologies than for a single gene-

protein comparison, and therefore the focus was on this Gene Ontology approach.
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In addition it was desirable to expand on the investigation from Chapter 2 into the

effects of DMF and DMSOon zebrafish embryos at higher concentrations. It was
therefore necessary to review the reported effects of DMF and DMSO in the
literature to assist the microarray data analysis process.

3.1.1 - DMF: Its toxicity and pharmacology
Due to its widespread use in industry and therefore potential exposure risk,
substantial information exists regarding the toxicity of DMF. DMF mayact as an
endocrine disruptor but it primarily affects the liver causing changes to its

morphology and function in humans and animals (Scailteur and Lauwerys 1987;
Fiorito et al. 1997; Ohbayashi et al. 2008). There is evidence that DMF is
teratogenic (Long and Meek 2001), mutagenic (Shieh et al. 2007), embryotoxic
(Hansen and Meyer 1990) and can affect sperm motility (Changef al. 2004). Under
the International Agency for Research on Cancer (IRAC 1999) DMF is not
considered carcinogenic, however, work by Senoh et al (2004) suggests otherwise.
Rats and mice on a two-year chronic inhalation exposure to DMF developed
hepatocellular adenomas and carcinomas at an increased occurrence compared to
the control (Senohet al. 2004).

Chronic exposure of rats and mice to DMFvia inhalation and/or ingestion has been
shown to cause centrilobular hypertrophy and single-cell necrosis of hepatocytes
(Ohbayashi

et al.

2008) along with increased plasma levels of alanine

aminotransferase (Chieli et al. 1995; Ohbayashi et al. 2008). Acute exposure to
DMFat low concentrations also causedalterations to hepatic enzymes and increases

in liver weight. At higher concentrations, levels of serum hepatic enzymes
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increased, and there weresignsof liver necrosis and histological changes (Scailteur
and Lauwerys 1987; Long and Meek 2001).

There are only a few studies on fish exposed to DMF, but reported LCs for 96 h
acute toxicity in fathead minnow, rainbow trout and bluegills were 10600, 9800,
7100 mg L'', respectively (Poirier et al. 1986). Fish appear to be moresensitive to
DMFthan the water flea, Daphina magna, and midges with LCso of 14500 and

36200 mg L”, respectively. In zebrafish embryos DMF can cause oedematous
enlargementof the pericardial space, reduced heart size, rate and blood circulation
(Groth et al. 1994) during incubation from 8 cell stage to hatching. Groth efal.
(1994) recorded a ‘non observable effect concentration’ (NOEC)of 1.1 ml L' (15

mmol L) and an LCso of 9.4 ml L' (121 mmol L’').

A summary of studies reporting the various effects of DMFare given in Table 3.1
and a review of LCs9 values and such toxicity measurements for DMF given in
Table 3.2.

3.1.2 - DMSO: Its toxicity and pharmacology
Dueto the ‘safe’ nature of DMSO there have beenrelatively few studies describing
its toxicity. By contrast, the wide range of medical uses for DMSO hasled to many
studies on its pharmacological applications. As well as endocrine modulation and
Hsp70 up-regulation reported in the previous Chapter, DMSO hasa goodability to
crosstissue barriers such as the blood-brain barrier (Broadwellet al. 1982) and also
acts as an antioxidant, scavenging free oxygen radicals. Underthe Registry of Toxic
Effects of Chemical Substances (RTECS) DMSO is classed as an equivocal
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All exposure routes affected the liver form and function. Centrilobular hypertrophy and
single cell necrosis of hepatocytes, increased plasmalevels of alanine aminotransferase
and increased liver weight were observed.

Rats exposed by inhalation,

DMF

two exposureroutes

orally or a combination of the

(AmtDNA“’”’) compared to non exposed workers. DMF causes mtDNA alterations

Significant increase in frequencies of the common mitochondrial DNA deletion

manufacturing synthetic leather

Increased incidences of hepatocellular adenomas and carcinomas in sometreatment

groups.

Sperm motility in DMF exposed workers wassignificantly reduced compared to the
controls

DMFcan causeliver disease. Enzymelevels significantly higher in exposed workers.
High percentage of liver function abnormalities

g-1 DMF.

DMFinduced vtg mRNAandincreased oestrogen receptor gene expression at 0.559 mg

800 ppm (v/v)
Human exposure to DMFin

Rats and mice exposed
repeatedly to DMF vapour 0 —

DMFin leather factory

factory exposed to DMF
Study of workers exposed to

Study of liver function in
workers of synthetic leather

trout

ALAT(alanine aminotransferase) activity raised in DMF exposed miceat 1000 mg kg”

somites. Pericardial oedema, reducedheart size and heart rate and circulation.

DMF

DMF

DMF

DMF

DMF

Exposure of Mice andrats to
Injection of DMF
IP injection of immature rainbow

(Groth et al. 1994)

Skeletal malformations: shortening and curvature of spine andtail, reduced no of

8 cell hatch zebrafish embryo
8.5 —420 mM

DMFand
degradation

products
DMF

(Sasson and
Notides 1988)

altered oestrogen binding mechanism.

DMFcausedinactivation of the oestrogen receptors in a time dependent manor and

Oestrogen receptorprep.of calf
uterine incubated with DMF

DMF

(Ohbayashi etal.
2008)

(Shieh et al. 2007)

(Senoh et al. 2004)

(Changet al. 2004)

(Fiorito et al. 1997)

(Renet al. 1996)

(Chieli et a/. 1995)

(Hurk andSlof
1981)

Treatment with DMFinfluenced sex ratio and gonadosomatic index (GSI) in rainbow
troutfry.

Periodic exposure to rainbow
trout fry.

Reference

DMF

Effects observed

Experiment

Toxicant

Table 3.1 - Summary of the reported effects of DMF
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LCs
TLm
TLm

96h

96h

48h

DMSO

DMSO

DMSO

Palaemonetes pugio,
embryo
Oncorhynchus kisutch,
yearlings
Carassius auratus, adult

ECs(95 % CI)

Daphina magna, >24 hrs

48h

DMF

DMF

ECs (95 % CI)

LCs(95 % CI)

LC59 (95 % CI)

43 ppt

4.6 % (v/v)

9800(9000 —
10,700) mg L'!
7100(6700 —
7500) mg L'!
10,600(10,400 —
10,800) mg L!
36,200(32,700 —
40,100) mg L'!
14,500(13,300 —
15,900) mg L'!
13000(10,000 —
16,000)u1 L"
22.57g L'!

(Hallare et al. 2004)

> 1000 pg L”

ECs (95 % CI)

48 h static

through

96 h flow

through

96 h flow
through
96 h flow

(Hallare et al. 2006)
(Hallare et al. 2006)

(Ball 1966)

(Benville et al. 1968)

(Rayburn and Fisher
1997)

(LeBlanc and
Surprenant 1983)

(Poirier et al. 1986)

(Poirier et al. 1986)

(Poirier et al. 1986)

(Poirier et al. 1986)

(Poirier et al. 1986)

(Hallare et al. 2006)

> 1.0 % (v/v)
0.01 — 0.1 % (v/v)

NOEC

48 static

DMF

Daphina magna, adult

adult

P.parthenogeneticus,

DMF

DMF

Lepomis macrochirus,
adult

Pimephales promelas,
adult

DMF

Salmogairdneri, adult

96h
Early hatching
Hsp70 overexpression
Hsp70 overexpression

DMSO

(Groth et al. 1994)

(Groth et al. 1994)

Reference

121(117-125)
mmol L?
< 1.5 % (v/v)

Danio rerio, embryo

~96h

15 mmol L”

Concentration

LC59 (95 % CI)

NOEC

till

DMF

Danio rerio, embryo

hatching

Measure

Duration

Toxicant

Organism andlifestage

Table 3.2 - Summary of acute aquatic toxicology studies for DMF and DMSO

TLm — mediantolerance limit

P< 0.05 for DMSO 1000 pg L"' ~ Control,
P <0.01 for DMSO 2000 pg L” ~ Control.

Quenching of Hsp induction at > 1.0 % (v/v)

Reduced heartbeat & weak pigmentation at > 1.5
% (v/v). Crooked body at > 2.0 % (v/v)
P< 0.05 DMSO compareto control

Only exposedfrom cell stage

Only exposed from 8 cell stage. Pericardial
oedemaandreducedheart size above NOEC

Observation notes
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Mice injected with horseradish

DMSO

DMSO

Hsp70 over-expression in DMSO >1000 pg L’! ~ Control. P < 0.05 for DMSO 1000 pg L ~
Control, P < 0.01 for DMSO 2000 pg L"! ~ Control. No Hsp70 over-expression in DMSO —
diclofenac combination exposures. Possible modulation of DMSOeffect by diclofenac
Early hatching >1.0 % (v/v). P < 0.05 DMSO ~ Control. Hsp70 over-expression 0.01 — 1.0 %
(v/v). Quenching of Hsp70 induction at >1.0 % (v/v). Reduced heart beat and weak pigmentation
at >1.5 % (v/v). Crooked body at > 2.0 % (v/v)

DMSOwasa potent modulator of oestrogen receptor isoforms, vitellogenin and zona radiate
protein genes in salmon hepatocytes in a time dependant manner.

Sural nerve in cats bathed with DMSO
solutions (0 — 15 % v/v)

Bovinecartilage explants exposed to
10 % DMSOforvarious time periods

96 h zebrafish embryo exposure to
diclofenac with DMSOas solvent
carrier

96 h exposure zebrafish embryo 0.00 —

Salmonhepatocyte cell culture

Daphina magnaadult exposed to

C57B1/6 mice at varying post-natal

DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

ages (PO — P30) exposed to DMSO

diclofenac and DMSOcontrol 48 h

exposed to 101 L”

2.0 % (v/v)

rat hippocampalculture preparation.

DMSOproduced widespread apoptosis in developing mousebrainatall ages tested with > 0.3
ml kg? DMSO. DMSOcaused neuronalloss at concentration of 0.5 % and 1.0 % in an in vitro

0.6ml L’! DMSO but LOEC with 40mg L"! for diclofenac alone.

Carrier solvent DMSO confounded diclofenac effects. LOEC of 30mg L"! with diclofenac plus

DMSOsignificantly lowered PG synthesis in a bovine cartilage explants culture system

DMSOslowed conduction in C-type nerve fibres at low concentrations (5-7 % (v/v)) and
completely blocked conduction at higher concentrations (=9 % (v/v)).

DMSOcan dose dependentinhibit interleukin production in LPS stimulated human whole blood.

Human blood samples exposed to
DMSO0.008 — 5.0 % (v/v)

DMSO

(Hanslick et al. 2009)

(Haapet al. 2008)

Arukwe 2006)

(Mortensen and

(Hallare et al. 2006)

(Hallare et al. 2004)

1998)

(Matthewsetal.

(Evanset al. 1993)

(Deforgeet al. 1992)

(Saeed et al. 1988)

DMSOcanaffect the prostaglandin synthesis. At 9.0 % (v/v) DMSOstimulated the production
of PGE, by 29 % (P<0.01).

and arachidonic acid metabolism

Effects on human platelet aggregation

Reference

(Broadwell etal.
1982)

Effects observed

DMSOcan crossthe blood brain barrier. Mice injected in tail with horseradish peroxidase. On
own wasnotfoundin brain but with DMSO could penetrate into brain.

peroxidase bolus and DMSO

Experiment

Toxicant

Table 3.3 — Summary of the reported effects of DMSO

tumorigenic agent (MSDS: Sigma - Aldrich 2006). It is also considered a potential
mutagen and teratogen (MSDS: Sigma- Aldrich 2006).

DMSOcan affect the central nervous system (Evans et al. 1993; Hanslick ef al.
2009). Applications of DMSOat low concentrations (5 % v/v), to cats was shown to
slow conduction in peripheral C-type nerve fibres and at higher concentrations (9 %
v/v) it completely blocked conduction (Evansef al. 1993). This may partly explain
the analgesic properties of DMSO. Aswell as affecting nerve fibres directly there is
evidence that DMSO can cause widespread apoptotic cellular degeneration in the
developing central nervous system of mice (Hanslick et al. 2009).

The anti-inflammatory properties of DMSO are partly due to its modulation of
inflammatory mediators. DMSO can interfere with interleukin (Deforge ef al.
1992), prostaglandin (Saeed et al. 1988) and proteoglycan (Matthewser al. 1998)
synthesis in humans and cows. DMSO also affects loading of calcium by human
erythrocytes, reviewed in Santosef al. (2003).

In zebrafish embryos DMSO caused reduced heartbeat, hypopigmentation and
crooked body defects when exposed to DMSO (< 2.0 % v/v) for 96 hours from
fertilization (Hallare et al. 2006). An increased hatching rate was also observed at >
1.0 % v/v DMSOandover-expression of heat shock protein 70 (Haapet al. 2008) at
low concentrations (0.01 % v/v) which was quenched at higher concentrations (>
1.0 % v/v).
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A summary ofstudies reporting the various effects of DMSO are given in Table 3.3
and a review of LCs9 values and such toxicity measurements for DMSO given in
Table 3.2.

3.2 - Aim of study
The main aim of this study was to investigate how gene expression changed in
zebrafish embryos exposed to increasing solvent concentrations. By relating
changesin both the phenotype and transcriptome of exposed embryos, it was hoped

that the potential mode-of-action could be deduced, concentration-dependenteffects
of the two solvents observed and sucheffects related to solvent effects reported in
the literature. In particular, it was desired to see if DMF affected steroidogenesisat
higher concentrations to support the findings from Chapter 2. By observing
transcriptome changes at higher concentrations it would be possible to gauge the
severity and potential impact on toxicity testing of the gene expression changes
recorded for the presumed‘safe’ solvent concentrations.

3.3 - Materials and Methods
Preliminary embryo tests were carried out to determine at what concentration
exposure to DMF or DMSOresulted in visual deformation of zebrafish embryos.
The parameters of the preliminary tests are summarised in Table 3.4. The main
zebrafish embryo tests were then run exposing zebrafish embryos to DMF (0.002 —
8.0 ml L”) or DMSO (0.025 — 32.0 ml L'). Forlogistical reasons four separate
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Equipment notes

pH

saturation)

(% of atmospheric

Fertilization rate
Exposure within
Light:dark ratio
Survival (Control)
Oxygen saturation

No.of plates

(ml L")

Concentrations

Study Name

100NPincubator
(LMS, Kent, U.K.)

2 hpf
12:12
90 %

concentration)

9 plates (1 per

Prelim DMF
DMSO*
DMF: 5.0, 10.0,
20.0, 40.0
DMSO: 5.0, 10.0,
20.0, 40.0
Control

Start: 7.22 - 7.34
End: not recorded
100NPincubator
(LMS,Kent, U.K.)

87.5%

12:12

90 %
1 hpf

14 plates (2 per
concentration)

Prelim extended

DMF*
DMF: 2.0, 3.0, 4.0,
5.0, 6.0, 7.0
Control

Start: 97-100

microscope (Lecia,
Bucks, U.K)

Staffordshire, U.K)
DMI 4000 B

Start: 6.92 - 7.10

End: 6.5 - 6.75
HeraeusKelvitron
Incubator (Thermo
Scientific,

Start: 6.78 - 6.92
End: 6.36 - 6.40
HeraeusKelvitron
Incubator (Thermo
Scientific,
Staffordshire, U.K)
DMI4000 B
Bucks, U.K)

Bucks, U.K)
Bucks, U.K)

microscope (Lecia,

concentration
60 - 70%
1 hpf
16:8
93 %*
Start: 100 +
End: 100 +
Start: 6.62 - 6.67
End: not recorded
Heraeus Kelvitron
Incubator (Thermo
Scientific,
Staffordshire, U.K)
DMI4000 B

microscope (Lecia,

20 plates (5 per
concentration)”
95%
1 hpf
16:8
88 %
Start: 100 +
End: not recorded

20 plates (5 per

DMSO: 1.0, 2.0,
4.0
Control

DMSO: 0.025, 0.1,
0.5
Control

(Exposure6)

DMSO mediumt

(Exposure5)

DMSOlow+

Start: 7.11 - 7.19
End: 6.15 - 6.29
Heraeus Kelvitron
Incubator (Thermo
Scientific,
Staffordshire, U.K)

DMI 4000 B
microscope (Lecia,

End: 88-97

93 %*

Start: 98 - 100
End: 92 - 97

16:8
99%

1 hpf
16:8

90 %

concentration)

35 plates (5 per

DMFhigh DMSO
hight (Exposure4)
DMF: 2.0, 4.0, 8.0
DMSO: 8.0, 16.0,
32.0
Control

1 hpf

90 %

30 plates (5 per
concentration)

DMF: 0.002, 0.02,
0.1, 0.5,1.0
Control

(Exposure3)

DMFlow+

of control exposed embryos, resulting in poor embryo selection. Plate control embryos were used to makeup the additional 2 control samples. *Shortage of
control embryo medium so only two plate controls perplate.

control embryos for samples.+Based on 60 embryosin three plates. The remaining 2 control plates had an unacceptably high mortality rate due a shortage

*Embryo test carried out at Liverpool University using AB strain fish. tEmbryo test carried out at Jeallotts Hill using petshop boughtfish. “ Based on 56
embryosin 3 plates. Due to a shortage of control exposed embryos, plate control embryos were reducedto 2 per plate and used to make up the shortfall in

Table 3.4 - Parameters of zebrafish embryos tests run for DMF and DMSO doseresponsestudy.

zebrafish embryo tests, each with a control, were undertaken to cover the chosen
range of concentrations. The parameters for these tests are summarised in Table 3.4.
Embryo samples exposed to selected solvent concentrations (DMF: 0.02, 0.1, 0.5,
1.0, 2.0, 4.0 ml L” and DMSO 0.1, 2.0, 8.0, 32,000 ml L') were taken forward for

microarray analysis. The methods described in Chapter 2 for the zebrafish embryo
test and microarray sample processing were used with some modifications as
described below.

3.3.1 - Zebrafish
The preliminary does-response experiments were undertaken at Liverpool
University using the same line of AB strain zebrafish as used for the solvent study
in Chapter 2. The main DMF and DMSO dose-response studies were undertaken at
Jeallott’s Hill International Research Centre, Bracknell using zebrafish purchased
from a local pet shop (Maidenhead Aquatics, Maidenhead, Berkshire, U.K.) and
maintained in an aquarium system at Jeallott’s Hill. The pet shop zebrafish were
approximately 8 — 11 monthsold.

Zebrafish Aquarium System - Jeallott's Hill
The husbandry protocols at the Liverpool University aquarium were presented in

Chapter2. Here the details of the Jeallott’s Hill aquarium are described.

Fish were maintained in 20 litre glass tanks with polycarbonate cover lids, on a
flow-through system (Figure 3.2). All tanks were partially immersed in a heated
water bath to maintain the aquarium temperature at 26 + 1 °C. Each tank wasfitted
with a water inflow tube and outflow siphon tube to maintain the water level, and an
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Figure 3.2 — Schematic of Jeallott’s Hill zebrafish aquarium system
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air-line for aeration. The water inflow wasset at a rate to provide one complete
water exchange for each tank within 24 hours.

Fish were maintained in fish culture water, prepared by mixing mains water with
de-ionised water to give a total hardness of 100 - 250 mg L” CaCO3. The mixed
water was passed through an activated carbon filter and a UVsterilizer. Detailed
analysis of representative samples of the resulting water was conducted onatleast a
biannual basis by Scientific Analysis Laboratories (Braintree, Essex) or the NLS

Starcross Laboratory (Exeter, Devon). Oxygen content and pH were monitored in
the zebrafish tanks on a daily basis, levels of ammonia (NHs), nitrite (NO2) and
nitrate (NO3) were checked once a week, using Tetratest colourimetric tests (Tetra,
Melle, Germany). pH remained within the range of 7.3 - 8.4. Total ammonia
(NH,"/NH3) was maintained below 0.25 ppm, nitrite below 0.3 ppm and nitrate
below 25 ppm.

To maintain the zebrafish in breeding condition the lights in the aquarium wereset
to a 16 hour light and 8 hour dark photoperiod with a 30 minute dawn/dusk
transition period. Dawn started at 7.30 am and full light was reached by 8.00 am.
Dusk started at 11.30 pm and full darkness reached by 12.00 am. Lights were
controlled by an automatic timer which was adjusted with annual GMT/BST
changes.

Fish were fed twice daily on weekdays and once a day at weekends and holidays.
Morning feeds were crushed TetraMin® flake (Tetra Werke, Melle) and afternoon
feeds Artemia salina naulplii. Weekend feeds were either crushed flake or Artemia.
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Artemia cysts (ZM Ltd, Winchester) were cultured in brine and mixed through

vigorous aeration for 48 hours prior to harvest. The hatched nauplii were collected
in a small strainer and rinsed thoroughly with fresh fish culture water prior to
feeding to the fish.

Zebrafish required for egg production were kept in single sex groups in separate

tanks with 20 - 30 fish per 20 litre tank. To obtain fertilised eggs for an embryotest,
adult fish were transferred to false-bottomed spawning tanks at a ratio of
approximately 2:1 (male:female) the evening prior to egg collection. There were
between 12 - 15 fish per spawning tank. Spawning tanks were filled with
temperature-adjusted and aerated fish culture water and placed overnight in a
temperature and light-controlled incubator. The temperature was set to 26 °C and
the photoperiod to 16 hours light, 8 hours dark. Spawning tanks were continuously
aerated through the night by meansofa portable air pumpandair-line.

Eggs were collected the following morning 30 minutes after the cabinet light had
been programmedto turn on.

The false-bottom insert of each spawning tank was

removed andfish transferred into a fresh tank. The spawned eggs were collected
from the spawning tank water by pouring it through a 0.5 mm sieve. Eggs were
rinsed several times with fish water to remove food, faeces and other detritus, then
once with pre-warmed and aerated embryo medium and washedinto a collecting
vessel.
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3.3.2 - Zebrafish embryotest
The Zebrafish embryo test method was as described in Chapter 2 except the multiwell test plates were incubated in a temperature and light controlled incubator
(1OONP incubator, LMS, Kent, U.K. or Heraeus Kelvitron incubator, Thermo

Scientific, Staffordshire, U.K.) instead of the aquarium room. Dueto thisalteration,
the plating out, observation and sampling protocols were modified to minimise
temperature variations during these stages. Plates were kept in the incubatorfor the

maximum time possible. They were removed in blocks of four, according to plate
order, for plating out, observing, and sampling and returned before removing the
next block or four. The petri-dishes containing embryos for plating out were kept

outside the incubator for the duration of the plating out procedure. When outside the
incubator, plates and petri-dishes were placed onto a heat mat (Ultratherm Vivarium
Heater, Habistat, Euro Rep Ltd, Middlesex, U.K.) A thermostat (Habistat MATSTAT, Habistat, Euro Rep Ltd, Middlesex, U.K.) was attached to the heat mat to

maintain the solutions in the plates and dishes at 26 + 1 °C.

Embryotest data analysis
The numbers of dead and affected embryos in each plate were extracted from the
observation records as previously described and analysed in the demo version of
ToxRat® Professional (Version 2.09) (ToxRat Solutions GmbH, Alsdorf, Germany,
http://www.toxrat-solutions.de/) using the OECD203 Fish Acute Toxicity masterbook. Probit analysis was used to generate dose-response curves for effect and
mortality data and estimate ECs) and/or EC2z9 and LCso and/or LCvalues, data

allowing. LOEC and NOEC values were calculated using the Williams Multiple
Sequential t-test Procedure on effect data.
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3.3.3 - Microarray preparation
RNA was extracted from selected samples using RNeasy® Mini Kits (Qiagen,
Sussex, U.K.). Concentration and quality was checked as previously described.
TargetAmp™

1-Round

Aminoallyl-aRNA

Amplification

Kits

(Epicentre®

Biotechnologies, Cambio Ltd, Cambridge) and Superscript™ III reversetranscriptase (Invitrogen. U.K.) were used to amplify the RNA samples. The change

in RNA extraction method and amplification kit from that described in Chapter 2
resulted in several alterations to the sample labelling protocol (detailed below). The

hybridisation protocol described in Chapter 2 remained the same.

RNeasy® Mini Kit RNA extraction
The manufacturer’s protocol for purification of total RNA from animal tissues was
used to extract total RNA from embryo samples in a random order. Embryo tissue
was disrupted using an Eppendorf homogeniser (PelletPestle® motor, Kontes). B-

mecaptoethanol (Sigma) was added to the RLT buffer prior to use. The amount of
RLT buffer used was 600 pl and the RNA was eluted using 50 pl of RNase free
water. Samples werestored at -80 °C until required.

TargetAmp™1-Round Aminoallyl-aRNA amplification
The TargetAmp™kit uses the same method as the Invitrogen™ amplification kit
(described in Chapter 2). However, it was optimised to allow aa-aRNA production
from total RNA within 6 hours. Amplification was carried out following the
manufacturer’s instructions using a Gene Amp® PCR System 9700 thermocycler
(Applied Biosystems, Cheshire, U.K.). RNeasy® MinElute™ kits (Qiagen, Sussex,
U.K.) were used to purify the aa-aRNA according to the protocol laid out in the
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TargetAmp™protocol. aa-aRNA concentrations and quality were determined using
the NanoDrop spectrophotometer and stored until required as previously described.

Fluorescencelabelling of aa-aRNA samples
aa-aRNA was labelled using Cy3 or Cy5 dyes (Ambersham Biosciences. GE
Healthcare, Buckinghamshire, U.K.). A volume of each sample containing 5 ug of
aa-aRNA was taken and dried down in a vacuum centrifuge (Eppendorf
Concentrator 5301, Eppendorf, Germany) to < 4 ul. NaHCO;(1 pl, 0.5 M) (SigmaAldrich, Poole, Dorset) was added and mixed by pipetting. Dye solutions were
made up by adding 80 yl DMSO(labelling grade, from Invitrogen SuperScript™
Indirect RNA Amplification System Kit) per vial of Cy3 and 70 ul DMSOpervial

of Cy5. Each vial of Cy dye contained enough reactive dye to label 1 mg protein.
Differing amounts of DMSO were added to account for the differing fluorescence
properties of the two dyes; the more concentrated Cy5 solution resulted in a
balanced incorporation of both dyes into the aa-aRNA. Dye solutions were
thoroughly mixed by vortex and protected from light. Cy3 or Cy5 dyes (5 pl) were
added to each sample and the samples were incubated at room temperature in the
dark for 1 hour. Hydroxylamine (6 ul, 4 M) (Sigma-Aldrich, Poole, Dorset) was
added to each sample and mixed by pipetting to quench any uncoupled Cy dye.
Samples were incubated for a further 15 minutes in the dark at room temperature.

Labelled samples were purified with RNeasy® MinElute™ kits (Qiagen, Sussex,
U.K.) according to the manufacturer’s RNA cleanup protocol. Samples were then
analysed on the NanoDrop® spectrophotometer and hybridised to the zebrafish
microarrays as previously described.
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3.3.4 - Microarrays
The microarrays used for this current study were as described in Chapter 2. Slides
were prepared and washed both pre- and post-hybridisation as described in Chapter
2, except that the lifter slips were cleaned by washing in 0.2 % SDS, followed by

distilled water and then dried using lens cleaningtissue.

Microarray experimental design
Optimal experimental array designs, dye balanced and biased towards a control
comparison were generated for the DMSO and DMF samples with advice from
Ernst Wit (University of Lancaster, personal communication) and through the use of
the optimal design function (od) from the SMIDApackage (Wit and McClure 2004)
in Bioconductor. The od

function uses an iterative search algorithm called

‘simulated annealing’ (Kirkpatrick et al. 1983) to search for an optimal design from
the enormous numberof possible ways of assigning conditions to a certain number
of arrays.

For the DMF design 33 arrays were hybridised in a dye balanced, loop design with
7 treatments (6 DMFand 1 control). Each DMF treatment had 6 replicates, 3 of
which were compared to the control and the remaining 3 to other DMFtreatments
(Figure 3.3). DMF treatment samples were comparedto control samples taken from
the same zebrafish embryo test. For example, DMF2090 samples obtained from

embryo test number 4 (‘DMF high, DMSO high’) were hybridised with control
samples from test 4, while DMFso9 samples, taken in test number 3 (“DMF low’)

were hybridised to control samples from test 3. A maximum of 5 independent
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Control

DMFioo0

INN

DMFeop

Figure 3.3 — Experimental loop design used for microarray hybridisations for
the DMF treatments.
Each arrow represents a hybridisation and the direction of the arrow denotes which sample is

labelled with which dye. Arrow tail = Cy3 — arrow head = Cy5. A maximum of 5 independent
samples were available for each DMF treatment and 10 independent samplesfor the control.

Samples were chosenat random to be used for more than one hybridisation.
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Control

DMSO32000

/

DMSO 2000

“IN

DMSO sono

DMSO joo

Figure 3.4 — Experimental loop design used for microarray hybridisations for

the DMSOtreatments.

Each arrow represents a hybridisation and the direction of the arrow denotes which sample

is labelled with which dye. Arrow tail = Cy3 — arrow head = Cy5. Samples were chosenat

random to be used for more than one hybridisation.
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samples were available per DMF treatment and 10 (5 per test) for the control.
Samples were chosen at random to be hybridised on more than onearray.

For the DMSO design, 18 arrays were hybridised in a dye balanced, loop design
with 5 treatments (4 DMSOand 1 control). Each DMSO treatmenthad 6 replicates,
3 of which were compared to the control and the remaining 3 to other DMSO
treatments (Figure 3.4). As for the DMF design, DMSO samples were compared to
control samples taken from the same zebrafish embryo test and samples were
chosen at random to be hybridised on more than onearray.

3.3.5 - Microarray data analysis
The methods described in Chapter 2 for microarray data analysis were followed.
Arrays were scanned on a ScanArray® Express HT scanner (PerkinElmer® Life
Sciences, Boston), quality checked and quantified using the Bluefuse software.
Bluefuse data files were loaded into R and the microarray data was normalised
using a within-array, print tip group intensity LOESS normalisation followed by
between array global scale normalisation using median absolute deviation (MAD).
Data quality plots were generated and assessed and the normalisations on the DMF
and DMSO data deemedsuitable.

Linear model analysis to determinedifferential gene expression
Differential gene expression was analysed as previously described using gls linear
model analysis. The following linear models were used and written into a gls linear
model, modelled on the array design matrix and weighted according to the
coefficient matrix; (€, = error)
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©

Yg = ag.Control + by. DMF20 + Co. DMFj00 + dy.DMF 500 + €s. DMF i000 +
f. DMF2000 + ge. DMF4000 + &,

a

ag.Control

+

be. DMSO100

=F

Ce.DMSO2000

+

dy.DMSOgoo0

ats

€s. DMSO32000 + &,

and the following comparisons made:
e

DMF» ~ Control

©

DMSOjo ~ Control

©

DMF io9 ~ Control

©

DMSObr0 ~ Control

e

DMFs9 ~ Control

¢

DMSOgo99 ~ Control

©

DMEFi000 ~ Control

©

DMSO32009 ~ Control

e

DMF4000 ~ Control

©

DMF09 ~ Control

Wherepossible significantly differentially expressed gene lists were extracted for
each comparison at 0.1 and MTE FDRswith the corresponding fold change, p-value
and standard error values. For the DMF) and DMF09 treatments the 0.1 FDR cut-

off was increased to 0.226 and 0.135 respectively to allow the most significant
differentially expressed genes to be extracted. It was not possible to extract gene
lists at the 0.1 FDR cut-off value. The 0.1 FDR genelists were edited to present the
top 25 annotated genes according to fold change. The MTE genelist underwent

further post-model analysis.

3.3.6 - Post-model analysis
The MTEgenelists were subjected to hierarchical clustering, KEGG and GO
analysis as described in Chapter 2, and additionally Ingenunity Pathway Analysis.
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Ingenunity Pathway Analysis (IPA)
IPA™ (Ingenunity® Systems Inc. U.K.) is an all-in-one software package that

allows researchers to model, analyze, and understand the complex biological and
chemical systemsat the core of life science research. The IPA knowledge database
is manually curated and modelled from primaryliterature sources and is frequently
updated. IPA core analysis was used to deliver an assessment of the signalling and
metabolic pathways, molecular networks, and biological processes that were most
significantly perturbed in the MTEgenelists for each treatment comparison to the
control.

IPA supports the zebrafish genome through ortholog mapping of Entrez Gene
identities, however, a human UniProt annotation of the zebrafish microarray was
readily available and was used in preference to the ortholog mapping option. MTE
genelists for each treatment were divided into up- and down-regulated groups. For
each group Human UniProtID lists were uploaded to Ingenunity core analysis and a

comparison wasrun between the different concentrations of each solvent. A second
comparison was run to compare the highest concentration of DMF and DMSO.List,
function and canonical pathway graphics were extracted and edited to present some
of the significantly perturbed categories either up-regulated or down-regulated in
the different treatments.

In IPA core analysis a right-tailed Fisher’s Exact test was used to find overrepresented functions or pathways in each of the uploaded human UIDlists. The
threshold value for significance wasset at 0.05. A multiple testing correction was
not implemented for the threshold value but p-values were taken into consideration
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whenusing ontologies as evidence. The p-values for a given Function, Pathway or
List were calculated by considering: 1) The number of Function/Pathway/List

eligible molecules that participate in that annotation; 2) The total number of
knowledge base molecules known to be associated with that Function, Pathway or
List; 3) The total number of Function/Pathway/List eligible molecules; and 4) The
total number of molecules in the referenceset.

3.4 - Results
In the following results section the findings from the macroscopic inspection of the
zebrafish embryos at 24 hpe and 48 hpe are presented briefly for the preliminary
DMFand DMSOstudies and in more detail for the main DMF (exposures 3 & 4;
Table 3.4) and DMSO (exposures 4, 5 & 6; Table 3.4) studies. The microarray
results are then presented for the treatments taken through to microarray analysis in
the main DMF and DMSOstudies.

3.4.1 - Zebrafish embryo test — visual results
The majority of parameters for all the zebrafish embryos tests undertaken in this
Chapter were within OECD guidelines (outlined in Chapter 2). However, in some
tests the pH and control survival measurements deviated slightly from these
guidelines (Table 3.4). The numberof affected plate control embryosin all embryo
tests was between 1 — 25 % and no plate had > 50 % mortality of plate control
embryos, thus complying with OECD guidelines. In the DMSO medium embryo
test (exposure 6) the fertilization rate was low (60 — 70 %), and although within
OECD guidelines it resulted in an insufficient number of high quality embryos for

some ofthe treatments. As a result only four replicate plates were available for the
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DMS0Oj 000 and DMSOv,o90 treatment and three replicate plates for the control. There

wasalso a shortage of embryos in exposure 4 resulting in only 4 replicate plates for
the DMSOgoo9 treatment. The deviation from OECD guidelines and the embryo

shortage for some treatments was considered to have no effect on the outcomes of
the study and so the embryo tests were considered acceptable for the purpose of the
study.

Preliminary DMF studies
At 10.0 ml L’! and above DMF exposure waslethal to the majority of embryosafter
48 hours. 100 % mortality was recorded in 20.0 and 40.0 ml L'' DMFafter just 24
hours exposure. The few surviving embryos in the 10.0 ml L' concentration
presented combinations of several sub-lethal deformities.

These were yolk sac

oedema, reducedor nocirculation, slow heart beat, kyphosis of the spine and severe
malformation of the head and associated structures. Deformities were evident in
embryos from 7.0 ml L” at 24 hours and from 5.0 ml L' at 48 hours. Probit analysis
gave an ECso of 6.0 ml L' (95 % confidenceintervals 4.6 — 9.8 ml L') and an LCs0
of 9.1 ml L"! (confidenceintervals not determinable).

Main DMF studies
DMFcaused 100 % mortality at 8.0 ml L' after 24 hours and affected 94 % of
embryos at 4.0 ml L'' after 48 hours. Affected embryos showed no or reduced
circulation usually accompanied with a reduced heart-rate (84 %) and/or oedema
(99 %) and some embryos presented unusual yellow pigmentation of the head
(6 %). The movement of DMF4o00 treated embryos was reduced and ‘twitchy’
compared the control embryos. The distribution of sub-lethal deformities in affected
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embryos is shown in Figure 3.5a and images of affected embryos in Figure 3.6.
Embryos appeared predominantly normalin all concentrations < 4.0 ml L'' with the
exception of a few coagulated or deformed embryos. Results of the full DMF study
are summarised in Table 3.5. The oedemareferred to both pericardial and yolk sac
oedema. Oedemainitially appeared to be associated with the yolk sac, however
oedemawas always observedat the anterior end of the yolk sac and therefore it was
likely that pericardial oedema was also present. This was difficult to assess as
embryos were observed in a curled, up pre-hatchstate.

Table 3.5 — Summary ofvisual effect results for DMF study.
*average of 156 control embryos from 8 plate replicates (reduced numberof control embryos due to
a shortage of high quality embryos). All others are from an average of 100 embryosin 5 plates.
Treatment
*Control

DMF,
DMF»
DMF00
DMFsoo
DMFi000
DMF000
DMF 4000
DMEFg000

Mean % Effect
24 hpe
48 hpe
2.6

5.0
0.0
2.0
2.0
4.0
6.0
7.0
100.0

32

5.0
0.0
2.0
2.0
5.0
7.0
94.0
100.0

Mean % Mortality
24 hpe
48 hpe
2.6

5.0
0.0
2.0
2.0
4.0
6.0
3.0
100.0

3.2

5.0
0.0
2.0
2.0
5.0
6.0
6.0
100.0

Probit analysis gave an ECso of 2.9 ml L'' (upper 95 % confidence interval
4.9 ml L", the lower was not determinable). This was considerably lower than the
ECs determinedin the preliminary DMFstudies. An LCs was not determinable but

LCwas calculated at 1.5 ml L’' (confidence intervals were not determinable). An

NOECof1.0 ml L’! (t = -0.62, t* = -1.79) and LOEC of 2.0 ml L'! (t = -1.86, t* = 1.79) were determined using the Williams multiple sequential t-test procedure.
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reduced circulation

yellow head

yolk sac oedema

0

b)

reducedcirculation

brain malformation

yolksac oedema

0

a) Number of embryos with abnormality out of total numberof affected embryos in DMF 4.0 ml L". b) Number of embryoswith abnormality out oftotal
numberof affected embryos in DMSO 32.0 ml L".

Figure 3.5 — Distribution of developmental abnormalities.

a)
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Figure 3.6 - DMF exposed zebrafish embryos 48 hpe.

a-b) Yolk-sac and pericardial oedema — DMFapoo0. c) Normal developing embryo 48 hpe — control. d) Yolk-sac and pericardial oedema in a
hatched embryo DMF4000. €) Normal developing hatched embryo 48 hpe — control. Arrows indicate the oedema.

Preliminary DMSO study
100 % mortality or effect was not reached in any of the DMSO concentrations;
however at 40 ml L’! 90 % of embryos presented with lethal deformities combined
with some sub-lethal ones. These were no heartbeat, no detachment oftail, somite

malformation, eye malformation, reduced pigmentation and reduced movement.
Deformities were evident at 24 hours in 75 % of embryos exposed to 40 ml L”
DMSO. Embryos exposed to concentrations < 40 ml L' showed normal
developmentat 24 and 48 hours. Probit analysis gave an ECso of 25.6 ml L'' and an
LCsof 32.8 ml L! (confidence intervals were not determinable).

Main DMSOstudies
DMSOaffected 91 % of embryos at 32.0 ml L” after 48 hours. Affected embryos
presented with lethal deformities or one of, or a combination of the following sublethal deformities; reduced or no circulation with reduced heart rate, yolk
sac/pericardial oedema, tremor-like movement and poor development of the brain
structures, often accompanied with a smaller than normal head. The distribution of
sub-lethal deformities in affected embryos is given in Figure 3.5b and images of
affected embryos given in Figure 3.7. At concentrations < 32.0 ml L! embryos
showed normal development with the exception of a few embryos. Mortality rate
was un-expectedly high in the DMSOj000 — DMSOaoo0 treatments (exposure 6). This

high mortality rate was observed at 24 hpe and was considered to be result of a
poor quality embryo batch and not DMSOtoxicity. Results of the DMSO study are
summarised in Table 3.6.
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head andpresence of brain structure. Arrows indicate deformities.

pericardial oedema — DMSOsz2000. d) Normal embryo 48 hpe — Control. Note the size of

small, flat head and no clear brain structure - DMSOs32000. ¢) Embryo with yolk-sac and

Figure 3.7 - DMSO exposed embryos48 hpe.
a) Embryo with severe head andtail malformations — DMSOs2000. b) Embryo with a

Table 3.6 - Summary of visual effect results from main DMSOstudies.
*Average of 160 embryos from 8 plate replicates, taverage of 80 embryos from 4 plate replicates
(reduced numbers of embryos due to a shortage of high quality embryosfor plating out). All others
are from an average of 100 embryosfrom plate replicates.
Treatment
*Control

DMSO,;
DMSO00
DMSOsoo
+DMSO,000
DMSO,000
tDMSO4000
tDMSOgo00
DMSO, 6000
DMSO32000

Mean % Effect
24 hpe
48 hpe
dD

6.0
7.0
4.0
16.3
11.0
22
3.8
5.0
14.0

10

8.0
7.0
4.0
16.3
11.0
22.5
3.8
8.0
91.0

Mean %Mortality
24 hpe
48 hpe
6.9

6.0
7.0
4.0
16.3
11.0
21.2
3.8
4.0
10.0

8.7

6.0
7.0
4.0
16.3
11.0
21.2
3.8
7.0
15.0

Probit analysis gave an EC) of 2.7 ml L”' (confidence intervals not determinable),
an ECso was not determinable. LCs), LC29 or LCjo values were also un-

determinable. An NOECof 16.0 ml L” (t = 0.15, t* =-1.79) and LOECof32.0 ml
L'! (t = -12.18, t* = -1.79) were determined using the Williams multiple sequential
t-test procedure.

3.4.2 - Zebrafish embryo test — Microarray results
The concentration—dependant effects of DMF and DMSOonthe zebrafish embryo
transcriptome were assessed in, six of the DMF treatments (DMF209,100, 500, 1000, 2000,
4000) and four of the DMSO treatments (DMSOy 00,2000, so00, 32000) by comparing to

the Control treatment, in two interwoven loop designs (Figures 3.3 and 3.4). The
quality of all microarrays and normalizations were assessed through a variety of
plots (described in Chapter 2) to rule out the possibility of any technical issues
affecting the findings. The numbers of differentially expressed genes in each
treatment along with the top annotated differentially expressed genes are then given
followed by the functional analysis findings from the GO analysis and IPA.
149

Microarray quality
The quality metrics ‘quality’ and ‘confidence’ from the Bluefuse data were plotted
as boxplots for each treatment (Figure 3.8). In the DMF study, both metrics were
highest in the DMF29 and DMF2009 treatments, indicating a better average array
quality for these two treatments compared to the remaining five treatments (Figure
3.8a-b). The DMF 09 treatment had the lowest quality arrays. However, there was
considerable overlap between the boxplots in both the ‘quality’ and ‘confidence’
plots. This indicated that no particular treatment had significantly higher or lower
quality arrays than any of the others. In the DMSO study, the DMSOgoo9 treatment
and Control had the highest quality arrays and DMSO32000 the lowest (Figure 3.8c d), especially in terms of the ‘quality’ metric. In this ‘quality’ plot the overlap
between the DMSO32909 boxplot and the other treatment boxplots was small (Figure

3.8c), indicating that there was a significant difference in ‘quality’; however in the
‘confidence’ plot (Figure 3.8d) there was only a significant difference between the
DMS0O32099 and DMSOgoo9 treatments.

Raw data and post normalization plots are given in Figures 3.9 and 3.10. In both
DMEFand DMSOstudies there was an overall Cy3 dye bias. This can be seen in the
boxplots (Figure 3.9a & d) and density plots (Figure 3.9b & e). The DMF raw data
boxplot in Figure 3.9a also showed dye bias to be batch-related. Normalization of
the data from both studies corrected for this dye bias and variation between and
within arrays. The effect of the normalization can be seen by comparing Figures 3.9
and 3.10. The normalizations were considered acceptable. All MA plots (Figure
3.10c & f) showed an appropriate distribution of control spots and probe spots
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Figure 3.8 - Quality and confidence metrics of DMF (a-b) and DMSO(c-d) arrays.
a & c) Boxplots showing the average percentage of spots with ‘quality’ of 1 for each treatment.
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contributing data to the respective treatment. b & d) Boxplot showing average spot confidence
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25" and 75"percentiles (Turkey’s method), the black dividing line the median and the whiskers
extend to 1.5 x the inter-quartile range. Circular spots represent the outlier arrays.
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Figure 3.10 — Quality control plots for DMF (top row) and DMSO (bottom row) data post normalization.
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above and below the M=0line. The majority of arrays showed skewing ofthe data
in the lower intensities towards Cy3 or Cy5 channel. One example of an MA plot

from each study and the effect of normalisation is shown in Figures 3.9 and 3.10
The abnormalline of spots at the low intensity end of the raw data MA plot for the
DMSO,array 10 (Figure 3.9f) was an artefact from the correction of negative spot
intensity values. Although the normalization was acceptable for the DMSO study,
the bimodal response seen in the density plots was concerning. Despite this, it was
decided to continue with the data analysis to see what information could be
extracted from the data, but any findings were treated with caution.

General linear modelanalysis
From the general linear model analysis of the DMF and DMSO arraydata a large
number of probes were found to be differentially expressed compared with the
control, in many of the treatments. The number of probes showing differential
expression in each treatment, as determined by the x0 value is given in Table 3.7
and Table 3.8.

Table 3.7 - Table showing the numberof true positives for each treatment in the DMF
study as determined bythe x0 values.
Comparison
DMF») ~ control
DMFjoo ~ control

To
0.872
0.770

True Positives
2121
3812

DMEF500 ~ control

1.000

0

DMEF090 ~control

0.699

4989

DMF>2000 ~ control

1.000

0

DMEF4900 ~ control

0.774

3746

154

Table 3.8 - Table showing the numberof true positives for each treatment in the
DMSOstudy as determines bythe x0 values.
Comparison
DMSO ~ control

To
1.000

True Positives
0

DMSO3000 ~ control

1.000

0

DMSOgo90 ~ control
DMS0O32900 ~control

0.989
0.770

182
3812

Notall the treatments showed differential expression in comparison to the control.
In the DMF study, DMFso99 and DMF2099 showed no differential expression,

however exposure to both higher and lower concentrations of DMF resulted in
between 13 — 30 % of probes being “true positives”. The DMF i099 treatment

resulted in the largest proportion of probes (30%) being differentially expressed and
the DMF. treatment the least (13%), out of those treatments which showed

differential expression.

Histograms plotting the frequency of p-values (Figure 3.11) graphically illustrate
that there was no differential expression in the DMFs0990 and DMF2090 treatments.
The observation of no differential expression in the DMFso9 and DMF2000

treatments in comparisonto the control can notbe attributed to array or data quality.
The ‘quality’ and ‘confidence’ metric boxplots (Figure 3.8a-b) showed that the
array quality for these two treatments was notsignificantly different from the other
treatments. The range of the coefficients of variance when plotted as boxplots
(Figure 3.12a) was slightly larger for these two treatments than for the other
treatments, however, this small difference cannot alone explain why nodifferential
expression was found for the DMF509 and DMF2900 treatments.
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Aswell as no differential expression between DMFso9 and DMF2999 when compared
to the control treatment, there was also no differential expression between DMF
and DMF2090 when comparedto each other. The 20 values and the numberof‘true

positives’ for this comparison and for comparisons between all DMFtreatments are
given in Table 3.10. From this Table it can be seen that that some comparisons
showedlots of differentially expressed genes while other significantly less.

In the DMSOstudy, differential expression between DMSO treatments and the
control was only found in the DMSOgoo00 and DMSO32009 treatments (Table 3.8), the

DMSOgoop treatment only showing a small numberofdifferentially expressed genes.

When the DMSOtreatments were compared to each other, differential expression
was only found in comparisons to the DMSO32099 treatment, with the DMSOgooo0 and

DMS0O32099 comparison giving the highest number ofdifferentially expressed genes
(Table 3.11).

Genelists for 0.1 and MTE FDR cut-off values

A summary of the numbers of probes and genes found significant in each treatment
compared to the control, at both the 0.1 FDR cut-off value MTE FDR cut-off are
given in Table 3.9. MTE FDRcut-off values for each treatment are also given in
this Table.
Table 3.9 —- Numberof probes and genes deemedsignificant for each genelist set in
the DMF and DMSOstudiesforall treatments in comparison to the Control treatment.
Treatment

MTE

DMF,
DMF00
DMF i000
DMF4000
DMSOsg000
DMSO3000

0.384
0.309
0.306
0.316
0.001
0.398

0.1 cut-off
Sig probes
Siggenes
0
0
96
96
2
2
394
394
0
0
43
43

158

MTEcut-off
Sig probes
Siggenes
380
380
2955
2900
4815
4707
2043
1992
0
0
1836
1824

159

Control
DMF»
DMFi00
DMFs00
DMF000
DMF2000

0.872
-

70

3812
3381
1.000
0.829
0.927
-

70

0
2834
1210
-

True
positives

~DMEF so

0.699
0.971
0.650
0.706
-

70

4989
480
5802
4873
-

True
positives

~DMF 00

Control
DMSO)
DMSO090
DMSOgo00

~DMSOio
True
n0
positives
0
1.000
-

~DMSO2000
True
70
positives
0
1.000
0
1.000
-

~DMSOs000
True
70
positives
182
0.989
0
1.000
1.000
0
-

Red = no response Green = large number ofdifferentially expressed genes.

0.770
0.796
-

70

True
positives

~DMF 400

1.000
0.899
0.882
1.000
0.690
-

70

0
1674
1956
0
5139
-

True
positives

~DMF 3000

~DMSO3000
True
70
positives
3812
0.770
3199
0.807
0.846
2553
0.694
5072

Table 3.11 - The 20 values and corresponding numberof ‘true positives’ for all
comparisons between DMSOtreatments.

2121
-

True
positives

~DMF2

0.774
0.714
0.920
0.969
0.606
0.885

70

3746
4741
1326
513
6531
1906

True
positives

~DM F400

Red = no response. Green = large number of differentially expressed genes. Blue = small number ofdifferentially expressed genes.

Table 3.10 - The 20 values and corresponding numberof‘true positives’ for all comparisons between DMF treatments.

Very few or no genes for the DMF20, DMFio00 and DMSOgoo0 treatments were

found to be differentially expressed at the 0.1 FDR cut-off value despite the 20
value showing many genes to be differentially expressed in these treatments
comparedto the control. In these treatments the ‘true positives’ were not spread out
across the wholetest statistic but rather clustered to the upper end. This can be seen

graphically in the plots in Figure 3.13. The most numberof differentially expressed
genes at the 0.1 FDR cut-off for the two solvents were found in the DMF4oo9 and
DMS0O3099 treatments.

At the MTE FDRcut-off the DMF i009 treatment had the

largest genelist followed by DMF joo, then DMF400 and finally DMF29.This was the

same hierarchy as found using the 20 values (Table 3.7).

The fold change distributions of probes determined differentially expressed (by
MTEcut-off) for each DMFtreatment are given in Figure 3.14. The distributions
were similar for all DMF treatments, but the range for the DMF4oo0 treatment

reached slightly higher values compared with the DMF20 treatment. In the DMSO
study MTEgene lists could only be extracted for the DMSO320990 treatment and

therefore no comparison could be made of the fold change values between the
DMSOtreatments.

For the DMF study, the MTE genelists were used to produce venn diagrams
(Figure 3.15). These illustrate the numberofdifferentially expressed probes unique
for each DMFtreatment and the numberof differentially expressed probes shared
by treatments. Approximately half of the differentially expressed genes in the
DMF100, DMF1000 and DMF4000 treatments were uniquely differentially expressed.

This percentage was much lower (17 %) for the DMF2 treatment. Out of
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960

Proportion of
treatment DE
probes
17%
56 %
69 %
48 %

Proportion of
all DE probes
0.82 %
21%
41%
12%

Figure 3.15 - Venn plots for MTE cut off gene lists and table showing numbers of
unique probesfor each treatment.

7907 probesin total were differentially expressed (DE) in 1 or more treatments and only 24 of these
differentially expressedin all 4 treatments.
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the 7907 probes that were differentially expressed in one or more of the DMF
treatments, only 24 probes were differentially expressed acrossall four treatments.

The top differentially expressed genes with annotation for each treatment (where
applicable) in comparison to the control are presented in Tables 3.12 — 3.16. For
DMF.) the FDR reached 0.225 before any genes were deemed significantly
differentially expressed. Out of these few genes the largest fold change was downregulation of cytosolic sulfotransferase (Table 3.12). In the DMFj99 treatment the
largest fold change was the up-regulation of tryptophanyl-tRNA synthetase, a
mitochondrial precursor (Figure 3.13).

Calmodulin, glutamate receptor U1

precursor, fumarylacetoacetase and zinc finger protein 24 coding genes were also
up-regulated by the DMFj 9 treatment, while zinc finger protein 135 was downregulated. All these genes were also in the top gene lists for DMFin the previous
study reported in Chapter 2. For the DMF i090 treatment the FDR was increased to

0.135 to allow a gene list to be extracted (Figure 3.14). Polyadenylate binding
protein was strongly down-regulated. Down-regulation of calcium related genes,
homeobox proteins, ataxin-2-binding proteinl, zinc finger protein 12 and a
vitellogenin precursor were also observed. Several of these genes were also
differentially expressed in other DMFtreatments. In the DMF4o00 treatment there

was up-regulation of heatshock protein 47 and down-regulation of calcium related
genes and Homeobox protein Hox-C13b (Figure 3.15). These three have already
been identified as being affected by other DMF treatments in this study and/or from
the study in Chapter 2.
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sultl stl

Q6PH37
P41137
QONWBI1
P60003
P17844
P52161
Q2PR84

AW778248
BI880095
AI601781
AW777355
BG727249
BI879686
U72688

or6.1

max

ddx5

elofl

id2
a2bp1

Gene name

UniProt

Genbank ID
Cytosolic sulfotransferase 1 (EC 2.8.2.-) (SULT1 ST1)

-7.84
1.75
-1.74
1.58
1.51
1.32
1.22

0.23
0.23
0.23
0.23
0.23
0.23
0.23

Odorantreceptor

Protein max (Myc-associated factor X)

Probable ATP-dependent RNA helicase DDX5 (EC 3.6.1.-) (DEAD boxprotein 5)

Transcription elongation factor 1 homolog

Ataxin-2-binding protein 1

DNA-bindingprotein inhibitor ID-2 (Inhibitor of DNA binding 2)

Description

Fold

Q-value

SP
SP
SP
SP
SP
SP
TR

Database

Danio rerio

Danio rerio

H.sapiens

M.musculus

H. sapiens

R.norvegicus

Danio rerio

Organism

Table 3.12 - Top genesdifferentially expressed for DMF29.
A q-value of 0.23 was necessary to extract any significant genes from the DMF2 data. Fold is fold change compared to the Control
treatment. Red text - up-regulation, green text - down-regulation. SP —SwissProt, TR — TrEmbl.
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bsx
0.09
Brain-specific homeobox protein homolog

SP

Danio rerio

GA-binding protein beta chain (GABP subunit beta-2)
Mobk1b protein (MOB1, Mps One Binderkinase activator-like 1B)
Melatonin receptor type 1B Z6.2 (Fragment)
Calmodulin (CaM)

SP
TR
SP
SP

H. sapiens
Danio rerio
Danio rerio
Danio rerio

Danio rerio

1.84
1.84.
1.58
1.39

Q06547
Q6NYJ8
Q90456
Q6PI52

AW077845
BM184199
U52220
BI430189
0.07
0.08
0.08
0.09

LOC407674 protein (Fragment)

1.87

gabpb2
mobk1b
mtnrlb
calmla

M.musculus

SP
TR

Protein CBFA2T1 (Protein MTG8)

-1.88

0.08
0.05

L.americanus
Danio rerio
H. sapiens
Danio rerio
R.norvegicus

1oc407674

SP
SP
SP
SP
SP

Danio rerio

X. laevis

H.sapiens

R.norvegicus

M.musculus

H.sapiens
H. sapiens
Danio rerio
G.gallus
Danio rerio
H.sapiens
H.sapiens
Danio rerio

H.sapiens

M.musculus

Organism

runx1tl

Carboxypeptidase E precursor
Metallothionein-2 (MT-2)
Zinc finger protein 135 (Zinc finger protein 61)
Zinc finger and BTB domain-containing protein 24
DNA-binding protein inhibitor ID-2 (Inhibitor of DNA binding 2)

TR

SP

SP

SP

SP

SP
SP
SP
SP
TR
SP
SP
TR

SP

SP

Database

Q61909

2.01
-2.00
-1.97
1.96
1.96

-2.03

Chloride intracellular channel 1

Glutamate receptor U1 precursor (XENU1)

Phosphatidylinositol 4-kinase beta

Tissue factor pathway inhibitor precursor (TFPI)

Fumarylacetoacetase (EC 3.7.1.2) (Fumarylacetoacetate hydrolase)

Collagen alpha-2([X) chain precursor
Guanylate kinase (EC 2.7.4.8) (GMP kinase)
FUN14 domain-containing protein 1
Tumourprotein D53 homolog (Tumourprotein D52-like 1)
Cellular retinoic acid binding protein type II
MLN64 N-terminal domain homolog (STARD3 N-terminal-like protein)
BRCA\I-associated protein (EC 6.3.2.-) (BRAP2)
Angiopoietin-like 2 (Angiopoietin-like 2a)

JNK1-associated membraneprotein (JAMP) (Medulloblastoma antigen)

Tryptophanyl-tRNA synthetase, mitochondrial precursor

Description

Q6NW61

0.08
0.10
0.10
0.05
0.05

2.03

2.08

-2.08

2.08

2.14

2.93
2.83
2.64
2.46
2.33
2.27
-2.22
2.17

3.07

4.29

Fold

BG308524

cpe
mt2
znf135
zbtb24
id2

0.08

0.05

0.08

0.10

0.05

0.08
0.10
0.08
0.08
0.09
0.08
0.10
0.10

0.08

0.08

Q-value

BI533933

Q6R3Q6

P37892
Q7ZSY6
P52742
Q52KB5
P41137

AF288211

AW203115
BI891197
BG727085
BI897752
BI880095

clic]

Q6NYF2

AI721648

pik4cb

kbp

Q9UBF8

Q91756

BI704177

tfpi

fah

col9a2
guk1
fundcl
tpd5211
crabp2a
stard3nl
brap
angpt!2

jamp

wars2

Gene name

BI866326

P35505

Q02445

AW116125

Q14055
Q16774
Q6DH87
Q9I8F4
Q801Y4
095772
Q7Z569
QS5KQT9

AI558471
BI670894
BI865832
BG305269
AI793554
BI980805
AW077423
AI667550

AWS567254

Q9CYK1

Q9P055

BM026064

AI641069

UniProt

Genbank ID

Additional genes found to be differentially regulated in previous DMF microarray studies (Chapter 2) are highlighted in grey. Fold is fold
change comparedto the Control treatment. Red text - up-regulation, green text - down-regulation. SP —SwissProt, TR — TrEmbl.

Table 3.13 - Top 25 genesdifferentially expressed for DMF49. with q-value < 0.1.
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pabpcl

P11940
Q5PZ43
Q801K4
Q90ZL2
P35802
Q32NM7
Q803V9
P09074
QONWBI
QIL8T6
Q90YL7
042367
Q6NWG2
Q7SXI6
Q9HOCI
P46530
Q8N5T2
P13084
009114
075838
Q3U1V2
Q9NOCS
Q8BMKO
Q14679
QONYV4
Q92093
Q6DGS3
Q86UW7

BI839810
BG728392
AB003585
AJ278244
BG738534
BF157317
AW173884
NM_131144
AI958253
AI878033
U49412
AF071568
AF286179
AI332223
BI889526
X69088
BG304025
BI888721
BI891990
BG307478
BE605628
BI708528
BI886772
BG799694
BI886691
BM036395
BI886711
AW154162

camk2da
cadps2

vigl

ptgds
cib2
none
tk2
ccdc21
ttll4
crkrs

npm1

tbc1d19

notchla

zmynd12

fzd2
hoxb2a
dffb
ndella

pygo2

a2bp1

hoxcSa

Idhd

ildr1

gpm6a

lancl1

tshb

cmyal

Gene name

UniProt

Genbank ID

0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.05
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

Q-value

-12.47
-8.34
-6.36
-5.06
-4.72
-4.19
-4.20
-4.11
-3.81
-3.78
3.73
-3.48
-3.43
3.39
-3.25
-3.25
-3.16
-3.14
-3.12
-3.10
3.05
-3.05
-2.99
-2.97
-2.93
-2.62
-1.85
-1.64

Fold

Coiled-coil domain-containing protein 21
Tubulin--tyrosine ligase-like protein 4
Cell division cycle 2-related protein kinase 7
Vitellogenin precursor (VTG) [Contains: Lipovitellin I ; Phosvitin; Lipovitellin IT]
Calcium/calmodulin-dependentprotein kinasetype II delta-A chain
Calcium-dependentsecretion activator 2

Thymidine kinase 2, mitochondrial precursor (EC 2.7.1.21) (Mt-TK)

Prostaglandin-H2 D-isomerase precursor
Calcium and integrin-binding family member 2 (Kinase-interacting protein 2)
B6-derived CD11 +ve dendritic cells CDNA, RIKEN full-length enriched library

Nucleophosmin (NPM)(Nucleolar phosphoprotein B23)

TBC1 domain family member 19

Neurogenic locus notch homologprotein 1 precursor

Nuclear distribution protein nudE-like 1-A
Zinc finger MYND domain-containing protein 12

Dffb protein (Fragment)

Homeobox protein Hox-B2a (Hox-B2)

Ataxin-2-binding protein 1
Novelprotein similar to vertebrate pygopus homolog 2 (Drosophila) (PYGO2)
Frizzled-2 (Frizzled homolog 2)

Homeoboxprotein Hox-C5a (Hox-C5) (Hox-3.4) (Zf-25)

Lactate dehydrogenase D

Immunoglobulin-like domain-containing receptor 1 precursor

Neuronal membrane glycoprotein M6-a (Mé6a)

LanC-like protein 1

Xin repeat-containing protein
Thyroid-stimulating hormone beta subunit

Polyadenylate-binding protein 1 (Poly(A)-binding protein 1) (PABP 1)

Description

SP
TR
TR
SP
SP
SP
TR
SP
SP
TR
TR
SP
TR
SP
SP
SP
SP
SP
SP
SP
TR
SP
SP
SP
SP
SP
SP
SP

Database

H.sapiens

Danio rerio

O.mykiss

H. sapiens

H.sapiens

M.musculus

Mfascicularis

M.musculus

H.sapiens

M.musculus

R.norvegicus

H.sapiens

Danio rerio

H.sapiens

Danio rerio

Danio rerio

Danio rerio

Danio rerio

Danio rerio

H. sapiens

Danio rerio

Danio rerio

X laevis

M.musculus

Danio rerio

Danio rerio

Danio rerio

H. sapiens

Organism

It was necessary to raise the q-value cut off to < 0.14 to allow the most significant genes to be extracted. Additional genes found to be differentially
regulated in previous DMF microarray studies (Chapter 2) are highlighted in grey. Fold is fold change compared to the Control treatment.
Red text - up-regulation, green text - down-regulation. SP —SwissProt, TR — TrEmbl.

Table 3.14 - Top 25 genesdifferentially expressed for DMF 4000.
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Q90632

008539

Q6JTY4
Q6PH19

Q14324

P02751

Q8MJ98
P51028

Q6GYP7

Q9YGP5
P70257

P00356

Q90X67
Q60765
P35243

Q6IQV2

P25685
Q803B0
088602
Q6GLR7

BI983706

AFO071262
AI477982

AI794621

BG302581

BI868167
U10869

BG737412

AW826487
BM185854

BI890578

BI878700
BI326453
BG305602

U31079

BM156904
BG985703
BM102154
BI866244

Q91554
Q61Q97
Q12955
QS58EE9

BG891983
BI890323
AI793824
U47113

BI474827

Q9Y2H6

AW078216

Q9JMF3

Q90ZY4

AF265347

Q01584

Q91554

AW018735

BE017457

Q58EG4

AI629387

BI842600

UniProt

GenbankID

dnajb1
hspdl
cacng2
cadps

hsp47

socs3
atf3
revrn

gapdh

rbpms
nfix

garnl1

foxp2
wnt8a

fl

mybpc2

hoxc13b
gatm

binl

slc16a3

none

gngl3

arg2-b
rbm4
ank3
gfap

fndc3a

sbk1

arg2-b

ccdce24

Gene name

0.03
0.10
0.04
0.09

0.06

0.01
0.01
0.07

0.07

0.00
0.02

0.03

0.07
0.10

0.02

0.03

0.07
0.08

0.08

0.06

0.02

0.00

0.03
0.07
0.08
0.00

0.08

0.07

0.03

0.05

Q-value

1.88
1.50
-1.54
-1.49

1.75

2.73
2.73
-2.69

2.75

-2.79
-2.77.

2.87

-2.93
-2.93

2.97

3.01

-3.10
3.03

3.18

3.23,

3.48

-3.73

4.56
4.08
4.06
3.97

5.54

6.54

-7.06

7.36

Fold

DnaJ homolog subfamily B member | (Heat shock 40 kDaprotein 1)
Hspd1 protein (Heat shock 60kD protein 1) (Chaperonin)
Voltage-dependent calcium channel gamma-2 subunit
Calcium-dependentsecretion activator

Hsp47 protein

Suppressorof cytokine signalling 3 (SOCS-3)
Cyclic AMP-dependenttranscription factor ATF-3 (Activating transcription factor 3)
Recoverin (Cancer-associated retinopathy protein) (Protein CAR)

Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) (GAPDH)

RNA-binding protein with multiple splicing (RBP-MS) (HEart, RRM Expressed Sequence)
Nuclear factor 1 X-type (Nuclear factor 1/X) (NF1-X) (NFI-X) (NF-I/X)

GTPase-activating RapGAP domain-like 1 (GAP-related-interacting partner to E12)

Forkhead box protein P2
Protein Wnt-8a precursor

Fibronectin precursor (FN) (Cold-insoluble globulin) (CIG)

Myosin-bindingprotein C, fast-type (C-protein, skeletal muscle fast isoform)

Homeoboxprotein Hox-C13b
Glycine amidinotransferase (L-arginine:glycine amidinotransferase)

Myc box-dependent-interacting protein 1 (Amphiphysin-like protein)

Monocarboxylate transporter 3 (MCT 3) (Retinal epithelial membrane protein)

Lipocalin precursor

Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-13 precursor

Arginase, non-hepatic 2 (EC 3.5.3.1):
RNA-binding protein 4 (RNA-binding motif protein 4)
Ankyrin-3 (ANK-3) (Ankyrin-G)
Glial fibrillary acidic protein (GFAP)

Fibronectin type-II] domain-containing protein 3a

Serine/threonine-protein kinase SBK1 (Brain-specific protein kinase BSK146)

Arginase, non-hepatic 2 (EC 3.5.3.1)

Coiled-coil domain containing 24

Description

SP
TR
SP
SP

TR

SP
SP
SP

SP

SP
SP

SP

SP
SP

SP

SP

SP
TR

SP

SP

SP

SP

SP
SP
SP
SP

SP

SP

SP

TR

Database

H.sapiens
Danio rerio
M.musculus
X laevis

Danio rerio

G.gallus
M.musculus
H. sapiens

G.gallus

X. laevis
M.musculus

M.musculus

P.pygmaeus
Danio rerio

H. sapiens

H.sapiens

Daniorerio
Danio rerio

M.musculus

G.gallus

B.marinus

M.musculus

X laevis
Danio rerio
H. sapiens
Danio rerio

H. sapiens

Danio rerio

X. laevis

Danio rerio

Organism

Additional genes found to be differentially regulated in previous DMF microarray studies (Chapter 2) or in other DMF treatments, are highlighted in grey. Fold
is fold change comparedto the Control treatment. Red text - up-regulation, green text - down-regulation. SP —SwissProt, TR — TrEmbl.

Table 3.15 - Top 25 genesdifferentially expressed for DMF499. with q-value s 0.1.
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UniProt

Q91554
Q6AZB3
P40220
Q4V9FO
Q28C88
Q8WwY07
Q90456
Q6PH19
Q2HY40
Q9D110
Q6PFPS5
P35072
Q4TTV4
015116
QSEAD2
Q9NON3
Q9DGE2
Q13202
Q9H777
097949
P09648
Q10570
Q14240
P41139
Q7ZTY4

Genbank ID

BG891983
AI958860
BI710499
BI890894
BM035024
AI721361
U52220
1477982
BI892352
BI980761
BI704240
BI672095
BI671067
BM072080
AI883922
1793839
BM036797
BM156045
BI983836
BM181944
BI704278
AI588119
AW466697
AW826605
BQ092025

cpsfl
eif4a2
id4
rbbp7

ctsl

mspj

elacl

dusp8

mapk1l4a

tfap2a

phgdh

Ism1

tfap2b

mthfs
gats
none

txnip

gatm

mtnrlb

slc7a3

mogat]

dgat2

crabp1l

ciapin1

arg2-b

Gene name

0.06
0.06
0.06
0.07
0.08
0.02
0.05
0.05
0.05
0.06
0.08
0.10
0.08
0.08
0.04
0.08
0.06
0.05
0.06
0.06
0.06
0.04
0.06
0.02
0.10

Q-value

14,70
4.70
-3.94
3.80
3.27
3.21
2.87
2.54
2.35
233
2.01
-1.96
-1.91
-1.89
1.86
-1.84
1.81
1.78
1.74
1.72
1.70
-1.63
1.63
-1.63
-1.55

Fold

Cleavage and polyadenylation specificity factor subunit 1
Eukaryotic initiation factor 4A-II (ATP-dependent RNA helicase eIF4A-2)
DNA-bindingprotein inhibitor ID-4 (Inhibitor of DNA binding 4)
Histone-binding protein RBBP7(Retinoblastoma-binding protein 7) (RBBP-7)

Cathepsin L (EC 3.4.22.15) [Contains: Cathepsin L heavy chain; Cathepsin L light chain]

Beta-microseminoprotein J1 precursor (msp-J1)

Zinc phosphodiesterase ELAC protein 1 (Ribonuclease Z 1) (RNase Z 1) (tRNase Z 1)

Dualspecificity protein phosphatase 8 (Dualspecificity protein phosphatase hVH-5)

Transcription factor AP-2 alpha (AP2-alpha) (Activating enhancer- binding protein 2 alpha)
Mitogen-activated protein kinase 14a (Mitogen-activated protein kinase p38a)

D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95) (3-PGDH)

U6 snRNA-associated Sm-like protein LSm1 (Small nuclear ribonuclear CaSm)

Transposable element Tcb1 transposase (Transposable element Barney transposase)
Transcription factor AP-2 beta isoform

Gats protein

5-formyltetrahydrofolate cyclo-ligase (5,10-methenyl- tetrahydrofolate synthetase)

Thioredoxin-interacting protein

2-acylglycerol O-acyltransferase 1 (EC 2.3.1.22) (Monoacylglycerol O- acyltransferase 1)
Cationic amino acid transporter 3 (CAT-3) (Cationic amino acid transporter y+)
Melatonin receptor type 1B Z6.2 (Fragment)
Glycine amidinotransferase (L-arginine:glycine amidinotransferase)

Diacylglycerol O-acyltransferase 2 (EC 2.3.1.20) (Diglyceride acyltransferase 2)

Arginase, non-hepatic 2
Cytokine induced apoptosis inhibitor1
Cellular retinoic acid-binding protein 1 (Cellular retinoic acid- bindingprotein I)

Description

SP
TR
SP
SP
SP
SP
SP
TR
SP
SP
TR
SP
TR
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP

Database

Table 3.16 - Top 25 genesdifferentially expressed for DMSO32909 with q-value S$ 0.1.
Fold is fold change compared to the Control treatment. Red text - up-regulation, green text - down-regulation. SP -SwissProt, TR — TrEmbl.

Danio rerio

M.musculus

H.sapiens

H.sapiens

G.gallus

S.oedipus

H.sapiens

H.sapiens

Danio rerio

Ovis aries

Bos taurus

H.sapiens

Danio rerio

C. briggsae.

Danio rerio

M. musculus

Sus scrofa

Danio rerio

Danio rerio

H.sapiens

X. tropicalis

Danio rerio

G.gallus

Danio rerio

X. laevis

Organism

In the DMSO32000, melatonin receptor type1B and glycine amidinotransferase were
up-regulated (Figure 3.16). These two genes were also up-regulated in the DMF i009
and DMF4090 treatments respectively.

3.4.3 - Cluster analysis
Cluster analysis was only possible on the four DMFtreatments (DMF29,100,1000, 4000)

from which a MTEgene list could be extracted. These four treatments did not
cluster together in a concentration dependant way. Instead DMF29 clustered with
DMF 000, and DMF 09 with DMF4900. Clustering on a gene basis revealed different

‘chemical signatures’ for each DMFtreatment, indicating a difference response
from each treatment (Figure 3.16).

3.4.4 - KEGG analysis
The analysis of the MTE genelists in KEGG showed a wide range of metabolic
pathwaysto be affected by all concentrations of DMF and DMSO for which an
MTE gene list was generated (KEGG analysis data files are available on the
accompanying CD, Supplement C). KEGG analysis showed no up- or downregulation of genes involved in oestrogen metabolism, oestrogen receptor activity or
steroidogenesis.

3.4.5 - GO analysis
GO terms that showed a non-random distribution of genes under each treatment are
available on the accompanying CD (Supplement D). These GO terms were trimmed
down to remove any parent terms, leaving only significant daughter terms. The
number of GO terms for each treatment deemed significant after trimming are
summarised in Table 3.17.
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Color Key

Figure 3.16 — Hierarchal clustering of the MTE DMF data set by
Euclidean distance.
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Table 3.17 - Number of significant GO termsin each treatment after
trimming of non-significant terms.
Treatment

Biological processes

Molecular processes

DMF»

22

11

DMF00

33

58

DMF4000
DMSO32000

67
48

DMF000

34

a2

30
48

The DMF. treatment showed noticeably fewer terms affected than the other
treatments. DMF4o99 showed the most numberof biological processes affected and
DMF j000 the most numberof molecular processes affected.

For each DMFtreatmentthe significant, trimmed, GO termsare presented in Figure
3.17 for biological processes and Figure 3.18 for molecular functions. The only GO
terms significantly enriched in all DMFtreatments related to high level processes
such as ‘transcription’, ‘translation’ and ‘splicing’. However, for the DMF
treatments other than DMF2o, the majority of biological process and molecular
function GO terms were unique to particular DMF concentrations (Figures 3.17 &
3.18). This showed that the transcriptome dose-response wasdifferent to the typical
dose-response patterns observed at the macroscopic morphologylevel. Instead of an
accumulation of GO terms with increasing concentration, different gene groups

were affected at different DMF concentrations. However, the different responses in
the DMF4o00 and DMFj09 treatments suggested that the different GO responses

could represent different ‘health’ states of the zebrafish embryos. Exposure to the
DMF400 treatment caused morphological changes in the embryos. This was evident
in the GO data as only the DMF4o90 treatment showed enrichment in GO terms

relating to organ and tissue development (Figure 3.17). Exposure to DMFatthis
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Name

GO:0008380

RNAsplicing

DMF)

GO:0006397

mRNAprocessing

GO:0015986

ATP synthesis coupled proton transport

GO:0001732

formationof translation initiation complex

GO:0022613

ribonucleoprotein complex biogenesis

GO:0051301

cell division

GO:0045454

cell redox homeostasis

GO:0042541

haemoglobin biosynthetic process

GO:0022900

electron transport chain

GO:0055080

cation homeostasis

GO:0007050

cell cycle arrest

GO:0043193

positive regulation of gene-specific transcription

GO:0034101

erythrocyte homeostasis

GO:0016226

iron-sulphur cluster assembly
positive regulation of myeloid leukocyte differentiation

GO:0022402

cell cycle process

GO:0007067

mitosis

GO:0006511

ubiquitin-dependentprotein catabolic process

GO:0055085

transmembrane transport

GO:0006084

acetyl-CoA metabolic process
spindle organization

GO:0006505

GPI anchor metabolic process

GO:0016571

histone methylation

GO:0031017

exocrine pancreas development

GO:0030241

muscle thick filament assembly

GO:0050794

regulation of cellular process

GO:0016043

cellular component organization

GO:0016192

vesicle-mediated transport

GO:0008283

cell proliferation

GO:0007267

cell-cell signalling

GO:0048666

neuron development

GO:0048592

eye morphogenesis

GO:0014706

striated muscle tissue development

GO:0007018

microtubule-based movement

GO:0042692

muscle cell differentiation

GO:0060041

retina developmentin camera-type eye

GO:0051592

responseto calcium ion

GO:0007076

mitotic chromosome condensation

DMF1999

DMFago0

—

oe

GO:0002763

GO:0007051

DMFio9

GO:0070507

regulation of microtubule cytoskeleton organization

GO:0006516

glycoprotein catabolic process

GO:0009083

branched chain family amino acid catabolic process

GO:0055003

cardiac myofibril assembly

GO:0042267

natural killer cell mediated cytotoxicity

ais

GO.ID

p-value
< 0.001

0.005-0.001_
0.01 - 0.005

Figure 3.17 - GO analysis of DMF study data for significant

iological process terms.

# - Significant in trimmedlist but had additional significant daughter terms.
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GO.ID

Name

GO:0003743

translationinitiation factor activity

GO:0003700

transcription factor activity

GO:0003723

~—RNAbinding

GO:0004842

—_ubiquitin-protein ligase activity

GO:0008270

zinc ion binding

GO:0005509

calcium ion binding

GO:0005525

GTP binding

GO:0003924

GTPaseactivity

GO:0046983

protein dimerization activity

GO:0019206

nucleoside kinaseactivity

GO:0005524_~=s

ATP binding

GO:0043565

sequence-specific DNA binding

GO:0003735

structural constituent of ribosome

GO:0004129

_—_cytochrome-c oxidaseactivity

GO:0030331

oestrogen receptor binding

GO:0008047_

enzymeactivatoractivity

GO:0003712

transcription cofactor activity

GO:0008026

ATP-dependenthelicase activity

GO:0019829

__cation-transporting ATPaseactivity

GO:0008094

DNA-dependentATPaseactivity

GO:0016776

_phosphotransferaseactivity

GO:0019201

nucleotide kinaseactivity

GO:0005381

iron ion transmembrane transporter activity

GO:0070063_

~—RNA polymerasebinding

GO:0000287

~=magnesium ion binding

GO:0051082

unfolded protein binding

GO:0030170

pyridoxal phosphate binding

GO:0051537

2 iron, 2 sulphur cluster binding

GO:0005096_

GTPaseactivator activity

GO:0015078

hydrogen ion transmembrane transporter activity

GO:0003682

chromatin binding

GO:0003777

~=microtubule motoractivity

GO:0004540

ribonucleaseactivity

GO:0016655

oxidoreductaseactivity, acting on NADH or NADPH

GO:0016893

endonucleaseactivity

GO:0016645

oxidoreductaseactivity

GO:0004222

metalloendopeptidase activity

GO:0030955

potassium ion binding

GO:0022892

substrate-specific transporter activity

GO:0005198

structural molecule activity

GO:0042802

identical protein binding

GO:0030674

protein binding, bridging

GO:0051015

actin filament binding

p-value
< 0.001

0.005 -0.001
0.01 - 0.005

Figure 3.18 - GO analysis of the DMF study data for significant

molecularfunction terms.

# - significantin trimmedlist but had further significant daughter terms.
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concentration affected genes involved in pancreas (GO:0031017), neurone

(GO:0048666),

eye

(GO:0048592,GO0:0060041)

and muscle

(GO:0014706,

GO:0042692) development, as well as heart function (GO:0055003). Morphological
changes were not observed in the DMFjo9 exposed embryos, but GO analysis

showed several homeostatic processes to be significantly enriched only for the
DMFij09

treatment

(Figure

3.17).

These

were

‘cell

redox

homeostasis’

(GO:0045454), ‘cation homeostasis’ (GO:0055080) and ‘erythrocyte homeostasis’
(GO:0034101). The DMF 99 and DMF 090 treatments also showed enrichmentin the

gene expression for several enzymes (Figure 3.18). Although DMFdid not cause
any morphological changes at these concentrations, the transcriptome data suggests
that there may have been be changesat the cellular level.

In the DMSOstudyit was only possible to carry out GO analysis for the DMSO3000
treatment. The trimmed, significant GO terms for DMSO32000 are given in Figure

3.19. Many of the GO termsrelated to high level processes and are highlighted by
the blue font in Figure 3.19. Genes involved in enzyme activity were also
significantly enriched in the DMSO3000 treatment, indicated in Figure 3.19 by the

purple font. Surprisingly no GOtermsrelating to the development or function of
specific tissues or organs were found to be significantly enriched for this treatment,
despite substantial morphology changes being observed at the macroscopiclevel.

GO analysis and oestrogenicactivity of DMF and DMSO
‘Oestrogen receptor binding’ (GO:0030331) and ‘androgen receptor binding’
(GO:0050681)

were

significantly

enriched in the
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DMFj99

and DMSO32000

GO.ID

Name

B

GO:0006378

mRNA polyadenylation

I

GO:0046686

response to cadmium ion

oO

GO:0051649

establishmentoflocalization in cell

L

GO:0006412

translation

oO

GO:0006325

establishment or maintenance of chromatin architecture

G

GO:0006511

ubiquitin-dependent protein catabolic process

I

GO:0022613

ribonucleoprotein complex biogenesis

C

—_G0:0000398

nuclear mRNAsplicing, via spliceosome

A

GO:0051028

mRNAtransport

L

GO:0065002

intracellular protein transmembrane transport

GO:0006839

mitochondrial transport

GO:0051346

negative regulation of hydrolase activity

GO:0006379

mRNAcleavage

GO:0009409

responseto cold

M

GO:0008270

zinc ion binding

O

G0:0005524

L

GO:0000287

E

GO:0051082

unfolded protein binding

c

GO:0003743

translation initiation factor activity

U

GO:0004221

ubiquitin thiolesterase activity

ATPbinding
magnesium ion binding

L

GO:0005344

oxygen transporter activity

GO:0008143

poly(A) RNA binding

R

GO:0003918

DNA topoisomerase (ATP-hydrolyzing) activity

GO:0050681

androgenreceptor binding

F

GO:0019789

SUMO ligaseactivity

U

GO:0003700

transcription factor activity

N

GO:0043565

sequence-specific DNA binding

Cc

GO:0005198

structural molecule activity

T

GO:0016874

ligase activity

I

GO:0016563

transcription activator activity

Oo

GO:0016564

transcription repressor activity

N

GO:0003682

chromatin binding

GO:0008026

ATP-dependent helicase activity

GO:0016836

hydro-lyase activity

GO:0004033

aldo-keto reductase activity

<0.001
0.005 - 0.001
0.01 - 0.005

eee

eae

A

p-value

ae

eee

.

Figure 3.19 - GO analysis of DMSOstudydata for
biological process and molecular function terms.
‘
Blue text = high level process
Purple text = enzymeactivity
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treatments respectively (Figures 3.18 and 3.19). No other endocrine effects were
observed in the GO data.

3.4.6 - Ingenunity Pathway Analysis (IPA)
Comparing DMF and DMSO:
Selected Ingenunity canonical pathways, list and function plots for the DMF4o00,
DMSO32900 Comparison are given on the supplemental CD (Supplement E) for
significant up-regulation enrichment and significant down-regulation enrichment.
Many of the IPA categories especially in the function plots showed significant
enrichment for both the solvent treatments; however the degree of significance for
these is mostly greater for DMF than for DMSO. There were also several IPA

categories that were significantly enriched in only one of the solvent treatments.
The IPA categories unique to the specific solvents or showing as being highly
significant are summarized in Table 3.18 for DMF and Table 3.19 for DMSO.

From Table 3.18 it can be seen that DMF exposure results in changes to many
signalling pathways. Some of these signalling pathways, such as sonic hedgehog
signalling, are enriched in both the up- and down-regulation IPA analysis. Other
signalling pathways are shown to be only up-regulated, such as the IL signalling
pathways, or only down-regulated such as the a- and f-adrenergic signalling
pathways. IPA analysis also showed many cancer signalling pathways to be upregulated. In addition up-regulation of genes involved in oxidative stress and
mitochondrial dysfunction were shown to be significantly enriched.
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Table 3.18 - Unique IPA categories for DMF499) in the DMF/DMSO comparison.
DMF

Up-regulation

Down-regulation

Function

—_Cancer*

Psychological disorders

Genetic disorder*

Hair and skin developmentand function

Cell death*
Respiratory disease*
Inflammatory response
Immune cell trafficking
Lymphoid tissue structure and development

Cellular movement
Nucleic acid metabolism
Behaviour
Ophthalmic disease
Canonical

Molecular mechanism of cancer

Basal cell carcinomasignalling

Small cell lung cancersignalling
Pancreatic adenocarcinomasignalling
Colorectal cancer metastasis signalling
Acute myeloid leukaemia signalling
Thyroid cancersignalling

Melanomasignalling
Bladder cancersignalling
Basal cell carcinomasignalling
Renal cell carcinomasignalling

Synaptic long term depression
Synaptic long term potentiation

Amyloid processing
Agrin interaction at neuromuscular junction
Oxidative phosphorylation

u
ists

NRF2-mediated oxidative stress response

* Denotes that the category was

Factors promoting cardiogenesis in vertebrates

also

Arvi hyd
b
tor signalli
oe ¥ REED ON LEESONSean

treatment but much
more
significant in the DMF treatment.

Oxidative stress response mediated by Nrf2

blue are all cancer related and

Oxidativesstress

significant

in

the

DMSO

Categories highlighted in light

VDR/RXRactivation

those in darker blue are all

Mitochondrial dysfunction

signalling related.
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Table 3.19 — Unique IPA categories for DMSO32000 in the DMF/DMSO comparison.
* Denotes that the category was also significant in the DMF treatment but was of much greater
significance in the DMSO treatment.
DMSO

Up-regulation

Down-regulation

Function

Post-translational modification

Gene expression*

Reproductive system developmentand function

Post-transcriptional modification

Carbohydrate metabolism

Protein folding

RNApost-transcriptional modification

Protein degradation

Free radical scavenging

RNA damageand repair

Humoral immune response
Vitamin and mineral metabolism
Drug metabolism
RNA damageand repair
Endocrine system developmentand function
Hair and skin developmentand function
Canonical

One carbon pool by folate

VEGF signalling*

Hypoxia signalling in the cardiovascular system*

Glucocorticoid receptor signalling

BMP signalling pathway

Oestrogen receptor signalling

Fatty acid metabolism

Protein ubiquination pathway

Methionine metabolism

NRF-2 mediated oxidative stress response

Cleavage and polyadenylation of Pre-mRNA

Tight junction signalling

B cell receptor signalling

Fatty acid elongation in mitochondria

Apoptosis signalling

DNA methylation and transcriptional repression signalling

FLT3 signalling inhematopoietic progenitor cells
Nitrogen metabolism
Riboflavin metabolism
Cardiac hypertrophysignalling
Lists

Fatty acid metabolism

Hypoxia-inducible factor signalling

Pro-apoptosis

Oxidative stress response mediated by NRF2

TGF-B signalling

TR/RXR Activation
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In Table 3.19 it can be seen that DMSO exposure results in changes to gene
expression

processes

such

as_

post-transcriptional

and

__post-translational

modification. Protein folding, degradation and ubiquination are also shown to be
enriched in the down regulation IPA analysis while RNA damage and repair are
both significantly enriched in the up-regulation and down-regulation analysis. In
addition IPA categories indicating oxidative stress and hypoxia are significantly
enriched in the down-regulation analysis.

IPA for DMF concentration comparison
Selected Ingenunity canonical pathways, list and function plots for the DMF
concentration comparison are given on the supplemental CD (Supplement F) for
significant up-regulation enrichmentand significant down-regulation enrichment. In
these figures it can be seen that most function categories are significantly enriched
in both the up- and down-regulation lists for all concentrations. From visual
inspection of the IPA function figures the DMF4o90 treatment invokes the most

significant enrichmentin the majority of these categories and no function categories
are unique to a particular DMF treatment. However, enrichment of canonical
pathway categories across the four DMF concentrations was different to that
observed for the function categories. Only two canonical categories showed
enrichment in all DMF concentrations. These were

‘Huntington’s disease

signalling’ in the down-regulation analysis and the ‘role of Oct4 in mammalian
embryonic stem cell pluipotency’ in the up-regulation analysis. A large number of
significant categories in the up- and down-regulation canonical analysis were
unique to particular DMF concentrations (Table 3.21). In some occurrences these
unique

categories

were

enriched
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in

either

the

up-

or

down-
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Ubiquinone biosynthesis*

Calcium signalling

Cardiac hypertrophy signalling*
Corticotrophin releasinghormone signalling*

Hypoxia signalling in cardiovascular system
PDGF signalling
PPAR signalling
VDR/RXR activation
HIF 1a signalling

Calcium signalling*
Synaptic long term potentiation*
CCR3 signalling in eosinophils
Ga12/13 signalling

Nucleotide excision repair pathway

Glutamate metabolism

Tyrosine metabolism

Pyrimidine metabolism*

Caveolar-mediated endocytosis signalling

Phenylalanine, tyrosine, tryptophan biosynthesis

Growth hormone signalling
Prolactin signalling

Glutamate receptor signa
TGF-B signalling
BMP signalling pathway

PI3K/AKTsignalling

SAPK/JNK signalling

Chronic + acute myeloid leukaemia signalling

Bladder cancer signalling

Neurotrophin/TRK signalling

IL-3 signalling
IL-17 signalling

Thyroid cancer signalling

14-3-3-mediated signalling
Role of BRAC1 in DNA damage response

a-adrenergic signalling
Melatonin signalling*

Huntington's diseasesignalling
Ceramide signalling

Cardiac hypertrophy signalling*

CREB signalling in neurons

IL-10 signalling
Neuregulin signalling

Protein ubiquitination pathway

Glycerophospholipid metabolism
Thrombin signalling

Germ cell-sertoli cell junction signalling
Glucocorticoid receptor signalling

Androgen signalling

HGF signalling

Arganine and proline metabolism

mTOR signalling
synaptic long term depression

Oxidative dysfunction

Ubiquinone biosynthesis*

p38 MAPK signalling
Corticotrophin releasing hormone

NRF2-mediated oxidative stress response*

Sonic hedgehogsignalling

Cardiac B-adrenergic signalling

Synaptic long term potentiation*

Unique DMF4000

Mitochondrial dysfunction

Aminophosphonate metabolism

Glucocorticoid receptor signalling

Purine metabolism

Pyrimidine metabolism*

Oxidative phosphorylation

NRF2-mediated oxidative stress response*

Unique DMF:o00

Melanocyte development + pigmentation

Unique DMF:
Melatonin signalling*

Relaxin signalling

Circadian rhythm signalling

Unique DMF,

*Denotes that the category also occurs in another DMF treatment but the regulation ofit is in the opposite direction.
Red = up-regulation, Green = down-regulation.

Table 3.21 - Unique canonical pathway categories for the four DMF treatments.

regulated lists, but then enriched in the opposite direction in a different DMF
treatment. Such occurrences are marked in Table 3.21.

In both the function and canonical analysis, several categories were only enriched in
the lower or higher DMFtreatments, suggesting that there might be some kind of
concentration window or threshold for some effects. There were also some

categories in the IPA canonical analysis that showed enrichment in a combination
of DMFtreatments but not in a concentration dependant way.

Finally in the down-regulated canonical analysis, the DMF 1000 treatment stood out

as having very significant enrichmentin several categories and the DMFtreatment
very significant enrichment in the hypoxia signalling category. In the up-regulation
canonical analysis the DMF 109 treatment showedvery significant enrichmentfor the
following categories; ubiquinone biosynthesis, mitochondrial dysfunction and
oxidative phosphorylation.

3.5 - Discussion
The principle aim of this study was to characterise the transcriptome dose-response
properties of zebrafish embryosat sub-effect and effect concentrations and to define
how the responses of individual genes within the transcriptome varied over the
concentration range of the toxicant. Ultimately, it was desired to demonstrate the
interpretative value of transcriptional profiling in ecotoxicology in terms of the
additional functional, mode-of-action insights it provides. More specifically, the
aim was to determine if carrier solvent guidelines for aquatic toxicology testing
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required revision or could be substantiated. In addition, it was desired to explore
whether different pathways and processes displayed divergent responses over the
full range of doses, and whether the global view could lead to a meaningful
integration of the whole system to toxicological intervention.

Such an approach

may make the overall pattern of gene expression responses more interpretable,
which would greatly increase the value of using microarray analysis in

ecotoxicology. Finally it was desired to inspect the transcriptome response to DMF
exposure for differential regulation of steroidogenesis and oestrogen sensitive
pathways at higher solvent concentrations than used in the previous chapter
(Chapter 2). To achieve these aims the following questions were proposed and the
experimental data explored to answer them;
e

Validation of embryo tests: How did the zebrafish embryo tests from this
study compareto literature reported zebrafish embryotests?

e

Did DMF and DMSO havean oestrogenic mode-of-action?

e

Was there any evidence in the transcriptome data of the visual observed
deformities resulting from DMF/DMSOexposure and ofliterature reported
effects of DMF or DMSO?

e

Howdid the transcriptome response change with increasing concentration?

e

Should carrier solvent guidelines be revised?

As no differential expressed genes were found in the DMSOj99 and DMSO2900
treatments and were not extractable from the DMSOgoo0 treatment it was not

possible to investigate concentration dependant changes in the DMSO study.
However, there were someinteresting findings from the DMFstudy.
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3.5.1 - How did the zebrafish embryo tests from this study compare to
literature reported zebrafish embryo tests?
The oedema and reduced/no circulation observed in the DMF and DMSO studies
are in agreement with those observed in the Groth et al. (1994) and Hallare et al.
(2006) studies. The NOEC value from our study (1.0 ml L’') also matches that
found by Groth et al. (1.1 ml L"'). However, some differences especially ones
regarding LCj09 values in the DMF studies and NOEC values in the DMSOstudies

are apparent.

For DMF,Groth et al. report an LCiof 16.9 ml L”! while the DMFstudy reported
here gave an LCj09 of 8.0 ml L”. Groth et al. also reported a reduced heart size in
DMFexposed embryos, but did not report any pigmentation abnormalities such as
those observed in this study. As the majority of embryos were assessed pre-hatch,
the heart was often obscured by the curled up position of the embryo. It was
therefore difficult to assess whether heart size was affected in this study.

For DMSO an NOECof 16 ml L” wasrecordedin this study but in the Hallare ef
al. (2006) study an NOEC of < 15 ml L'' was reported. Hallare et al. also reported
crooked body and pigmentation defects, but did not report any head hypoplasia that
was observedin this study.
The differences between the studies could be attributed to method, parental
zebrafish strain and nominal/actual concentrations differences. In the Groth efal.
(1994) study, embryos were exposed from the 8-cell stage (1.25 hpf) where as in
our DMFstudy embryos were exposed within 1 hpf due to the issue of chorion
hardening. In the Hallare et al. (2006) study, test medium wasreplaced every 24 hrs
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and embryos were exposed together in glass petri-dishes, and not in individual
wells. Different parental zebrafish strains to those in this study were also used in the
Groth et al. and Hallare et al. studies. Different zebrafish strains have different
genetic variations (Coe et al. 2009), and toxicological responses have been shown
to be affected by genetic variation (Barata et al. 2000; Nowak et al. 2007). In
addition, DMF and DMSOconcentrations in all the above mentioned studies were

nominal concentrations and were not confirmed through chemical tests. Deviation
from these nominal concentrations in any ofthe tests could explain the differences.

3.5.2 - Did DMF/DMSOhavean oestrogenic modeof action?
DMFand DMSOhavebeen reported to have weak oestrogenic effects in fish (Hurk
and Slof 1981; Ren et al. 1996; Mortensen and Arukwe 2006). In the previous
chapter, some gene expression changes as a result of exposure to low DMF
concentrations, suggested that DMF could affect steroidogenesis, specifically
oestrogen metabolism. In this DMF study, IPA categories; ‘androgen and oestrogen
metabolism’ and ‘C21-steroid hormone metabolism’ were not significantly enriched
in any DMFtreatments. However the GO term, ‘oestrogen receptor binding’ was
enriched in the DMF 00 treatment and ‘vtg precursor’ transcript was down-regulated
2.63 fold (q-value 0.14) in the DMFi000 treatment. However, IPA category;
‘oestrogen receptor signalling’ was not significantly enriched in any DMF
treatment. Interestingly, ‘androgen signalling’ was enriched in IPA analysis for
DMF9 and DMF 090. The findings from this study suggest a more direct effect of

DMF on the oestrogen receptor, instead of an indirect affect by modulating
oestrogen levels, as reported in the previousstudy.
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In the DMSO study, ‘oestrogen receptor signalling’ was shown to besignificantly
down-regulated in IPA canonical pathway analysis. After exposure to an

oestrogenic chemical this would be expected to be up-regulated, but the downregulation of it suggests an androgenic action. However, IPA categories ‘androgen
signalling’ and ‘androgen and oestrogen metabolism’ were not significantly
enriched for DMSO,and very little is know about the response of fish embryos to
oestrogenic chemicals.

The lack of replication regarding oestrogenic effects between this and the previous
DMFstudies and the apparent ‘randomness’ of the enriched GO/IPA categories in
both the DMF and DMSO studies, suggests that neither solvent has a specific
oestrogenic mode-of-action. However, replication of findings between the two
DMFstudies was not necessarily expected. This DMF study and the previous
solvent study have shown that small changes (small toxin concentrations) to the
environment in which the zebrafish are exposed can cause large changes in gene
expression. Differences between the two studies, including zebrafish strain, timings
of exposure and sampling and actual DMF concentrations are likely to cause
differences in gene expression.

In addition the apparent ‘randomness’ could be an artefact of the microarray
technique. At the point of sampling the zebrafish embryos are not sexually
differentiated and it is likely that oestrogen-related transcripts are low in copy
number and only expressed in certain tissues. Low copy numbertranscripts tend to
fall off the detection range in microarrays (Yang and Speed 2002), especially as
whole embryos were sampled and notjust tissues where oestrogen sensitive genes
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are known to be actively expressed. This could explain why enrichmentof certain
categories wasnotdetected.

However, neither of the above arguments can explain why androgenic effects were
detected in some treatments and oestrogenic ones in others or both in the same
treatment. This confusing response is also evident in the DMFliterature. Thus,
exposure to oestrogens will cause fish broods to turn predominantly female (Tyler
et al. 1998) yet Hurk and Slof (1981) report that some rainbow trout fry broods
exposed to DMF were predominantly male and other female. Caunter and Williams
(reviewed in Hutchinson et al. 2006) found that Vtg levels were only raised in
females and not males in DMFexposed fathead minnows, yet exposure to oestrogen
is generally considered to show increased Vtg in male but not female fish (Tyler et
al. 1998). The variability of the DMFliterature and the androgenic and oestrogenic
transcriptome responses suggest that DMF or DMSO do not specifically target

known endocrine disruption pathways.

Comparison of the DMF effect concentration to the DMSO effect concentration
suggests the main effect of DMF toxicity to be caused by disruption to cellular
signalling pathways. For DMSO the main effect is modulation to the gene/protein
expression process. The observed endocrine disruptor responsesare likely to be due
to secondary effects of primary induced changesto cellular signalling for DMF and
gene expression processes for DMSO. Zebrafish embryo developmentis controlled
by a dynamically controlled interlinked gene regulation network. Due to this
network design, primary induced changes to gene expression may inadvertently
affect other genes, resulting in a random assortment of genes being differentially
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expressed. This network approach is explained in more detail later on in this
discussion section. Slight differences between embryotests can giverise to different
secondary transcriptome effects. In the case of DMF the same treatment
concentration has been shown to affect steroidogenesis in one study and oestrogen
receptors in another.

For DMSO theliterature effects point towards an oestrogenic effect but the high
dose transcriptome findings from this study suggest an androgenic response.
Although transcriptome changes may not necessarily translate into protein changes
the literature reports have shown that DMF and DMSO can induce endocrine
disrupting effects in the final phenotype. Care needsto be taken if using either DMF
or DMSOasa carrier solvent in aquatic toxicology tests, specifically for endocrine
disruptor studies where the combination of the solvent and endocrine disruptor
mixture may lead to the endocrine disruptor toxicity being wrongly assessed.
Particular concern should be raised about DMF,as endocrine disruptor effects were
found in the transcriptome as low as 0.02 ml L. For DMSO nospecific endocrine
effect was found in the transcriptome response until the concentrations reached

32.0 ml L".

3.5.3 - Was there any evidencein the transcriptome data of the visual
observed deformities resulting from DMF/DMSO exposure and of

literature reported effects of DMF or DMSO?
To see if phenotypic effects of DMF and DMSOexposure were evident in the
transcriptome responseit wasfirst essential to understand the cause of the observed
deformities and whether they were common or unique toxic responses of zebrafish
embryos amongstfish.
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The circulation deformities and oedemaobserved in both DMF and DMSOexposed
embryos are common malformations in toxin exposed zebrafish embryos. Oedema
and

circulation

malformations

have

also

been

observed

with

TCDD

(tetrachlorodibenzodioxin) (Hill et al. 2004; Wuet al. 2008), DCA (dichloroaniline)
(Lange et al. 1995; Scheil et al. 2009), ethanol (Hallare et al. 2006), acetone
(Hallare et al. 2006) and cadmium chloride (Cheng ef al. 2000). In zebrafish
embryo development the heart develops four chambers and heart-beats are
detectable at the start of the pharyngula period (24 — 48 hpf). As this period
progresses blood can be seento circulate in the closed system of arteries and veins
(Kimmelet al. 1995). VEGFsignalling has been identified as being fundamental to
angiogenesis in zebrafish, VEGF morphant zebrafish embryos develop with
no/reduced numbers of red blood cells (Nasevicius et al. 2000). In both the DMF

and DMSOstudies, circulation deformities developed as the cardio vascular system
developed in the embryos, and such deformities are likely to be caused by
disruption to the development process of organs and tissues that make-up the
cardiovascular system including VEGFsignalling.

Oedemais thought to be caused by disruption to the osmoregulatory functions of
the embryo. In TCDD exposed embryos, yolk-sac oedema was shown to be partly
due to disruption of the water permeability barrier on the surface of the zebrafish
embryo (Hill et al. 2004). Hill et al. also argued that the reduced/no circulation
deformity seen in the TCDD embryos contribute to the pericardial oedema, as
oedemaand circulation problems occurred at similar times and water export in
freshwaterfish is dependent on proper kidney andcirculatory function. In the DMF
and DMSO studies oedema and circulation malformations often occurred together,
189

(Figure 3.5) suggesting that the no/reduced circulation could cause pericardial
oedema in the DMF49090/DMSO32090 exposed embryos. However, the presence of

yolk-sac oedema indicated that disruption to embryonic water balance was also
likely to have occurred, as reduced circulation has been shown to mainly contribute
to pericardial oedemaand not yolk-sac oedema(Hillet al. 2004).

Pigmentation defects are common in toxin exposed zebrafish embryos. Alterations
in pigmentation have been reported for cadmium exposed zebrafish embryos
(Chenget al. 2000). However, the yellow head abnormality appears to be unique to
DMEF.In zebrafish embryos pigmentation commencesat the onset of the pharyngula
period (24-48 hpf). Initially, neural crest-derived melanocytes and retinal pigment
epithelium begin to appear lightly pigmented. By 48 hpf the three pigmentation
colours of the zebrafish are evident, black melanophores, yellow xanthophores and
silver iridescent iridiophores. The yellow head abnormality seen in some DMF4000
exposed embryosappearsto be result of a concentration of xanthophoresora lack
of the darker melanophoresat the anterior end of the zebrafish embryo.

The reduced/twitch like spontaneously occurring motor output of the DMF exposed
embryos is a commontoxin induced response in zebrafish embryos. It has been
reported in atrazine, nonylphenol, TCDD and dieldrin exposed embryos (Tonetal.
2006). In developing zebrafish embryos spontaneously occurring motor outputfirst
appears at the 17 somite stage (18 hpf) as isolated contractionsof the trunk andtail.
As development continues these contractions becomes more coordinated and
rhythmic, mimicking swimming movements (Kimmel ef al. 1995). In the early
stages these muscular contractions are likely to be caused by the activation of the
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primitive spinal circuit and at a later stage are controlled by hindbrain input (SaintAmant and Drapeau 1998). Disruption to these spontaneous movementsis therefore
likely caused by disturbance to the normal development of the muscular skeletal
and nervoussystems.

The head hypoplasia observed in DMSO treated embryosis not unique to DMSO.It
has also been reported in zebrafish embryos exposed to cadmium (Cheng ef al.

2000; Chow et al. 2008). The zebrafish brain is first evident at the 5 somite stage
(11.6 hpf) as a significantly thicker part of the spinal cord. By the 15 somite stage
(16.5 hpf) it shows four distinctive subdivisions (Dahm 2002). In DMSO32009
exposed embryos, the brain appeared normal at 24 hpe. Deformation of the brain
therefore occurredat a later stage. Despite DMSO having a goodability to cross the
blood brain barrier (Broadwell ef al. 1982), its penetration into zebrafish embryosis
affected by the size, thick chorion and considerable structural complexity of the
embryos (Hagedorn et al. 1997a). It has been shown that DMSO uptakeinto fish
embryos increases with embryonic development (Routray ef al. 2002).

It is

therefore likely that sufficient concentrations of DMSO were required to build up in
the brain tissue before a phenotypic effect was seen. DMSO has been shown to
cause widespread apoptotic cellular degeneration in the developing central nervous
system (CNS) of mice (Hanslick et al. 2009) And it appears that DMSO could
cause a similar response in the zebrafish embryos.

Once the cause of the malformations are understood, the transcript data for DMSO
at effect concentration and DMFat effect and sub-effect concentrations can be

explored for evidence of the visual malformations.
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DMSO
GO analysis showed enrichment in genes involved in the response to cadmium ions
(GO:0046686) for the DMSO32009 treatment. The head hypoplasia observed in
DMSO embryos was very similar to that observed in cadmium exposed embryos
(Chow et al. 2008). This suggests that there may be some similarities between
cadmium and DMSO induced toxicity. There was no further evidence of brain
malformation or of oedemaandcirculation deformities in the GO analysis however,

IPA analysis showed enrichmentin several functions relating to the cardiovascular
system and causes of oedema (Figure 3.20). VEGF signalling was significantly
down regulated and is likely to contribute to the reduced circulation seen in the
DMSOexposed embryos. IPA analysis showed nothing specific relating to the brain
however, significant enrichment of genes involved in the nervous system and
apoptosis were evident (Table 3.19). Apoptotic genes were shown to be upregulated. Although apoptosis was not shown asbeing specific to the neurons, these
findings fit with the observed brain malformation of the DMSO exposed embryos
and the literature, that DMSO can induce widespread apoptotic

cellular

degeneration in the CNS (Hanslick et al. 2009). DMSO is reported as being a free
radical scavenger and this is also evident in the transcriptome response. IPA
functional analysis showedfree radical scavenging to be up-regulated (Figure 3.20).
Despite issues with the DMSOarray data quality (highlightedin the results section),
evidence of literature and observed malformations are still evident in the
transcriptome data and provide an insight into the cause of these deformities. It
should be considered that had the data been of better quality then it is likely that a
stronger responsein the transcriptome would have been seen which showed further
support for the observed deformities and effects. Although no sub-effect
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Figure 3.20 — Significantly enriched GO and IPA
categories, which could cause the developmental
malformations observed in the DMSO32990 exposure.
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transcriptome response data wasavailable for this study, referring back to the study
in the previous chapter it can be seen that for the DMSOj00 treatment, no visual

deformities were evident; however the transcriptome response shows evidence for
the visual deformities observed at a much higher concentration. In this study GO
analysis showed genes involved in cell redox homeostasis and regulation of neuron
apoptosis to be enriched. Imbalance in cell redox has been shown to increase cell
permeability (Zhao et al. 2001) This could affect water balance within an organism
and cause oedema.

DMF
GO and IPA analysis of the DMF4oo9 transcriptome data (compared to control)
revealed enrichment of gene expression in biological and molecular processes
involved in pigmentation, the circulatory system, the muscular skeletal system,
nervous system and water balance functions. GO and IPA analysis of the lower
concentration DMFtreatments also revealed enrichment of gene expression in these
functions even though no visible malformations were observed (Figure 3.21).
Evidence of other reported effects of DMF were also evident in the transcriptome
data. DMFis known totarget the liver and kidneys (Scailteur and Lauwerys 1987;
Fiorito et al. 1997; Ohbayashi et al. 2008) andthis is supported in the transcriptome
analysis. In IPA analysis there was significant enrichment in up-regulated genes
involved in the hepatic, renal and urological systems development, functions and
disease (Supplement F) for all the DMF treatments. The DMF transcriptome
analysis for the DMF4oo0 treatment also showed up-regulation of many cancer

signalling

pathways

in

the

IPA
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molecular mechanisms of cancer category was exceptionally significant (Table
3.18). DMFis not considered carcinogenic (IRAC 1999) but this study supports the
findings by Senohet al. (2004) by showing that exposure to DMF can induce gene
expression changes in genes involved in known cancer pathways. It is however
important to point out that the majority of cancer specific pathways were only
enriched at a high DMFconcentration. Some cancer pathways were also enriched in
the DMF j099 treatment but none for the DMF treatments below this. Howeverin the

IPA functional analysis the cancer category was enrichedin all treatments.

Phenotypic changes andliterature reported effects are evident in the transcriptome
data for both DMF and DMSO. This confirms that changes at the gene translation
level contribute to alterations at the phenotype level and it is not post transcription
modification alone that causes the observed deformities. This study also supports
the expected relationship between phenotype and transcriptome that visual
deformities result in, and are preceded by alterations in gene expression (Smith
2001).

The presence of transcript alterations in sub-effect DMF concentrations

relating to effect concentration observed malformations illustrates that it may be
possible to predict malformations and effects in sub-effect concentrations of toxin.
This ability is however hampered by the difficulty of extracting the relevant
information from the large amountof differential expressed genes found at the subeffect concentrations. In the solvent study in the previous chapter it was not possible
to predict malformations but by looking at the malformations and extrapolating onto
lower concentrationsit is possible to foresee how malformation prediction may be
possible.
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3.5.4 - How doesthe transcriptome response change with increasing
concentration?
Initial inspection of the transcript dose response shows that it is not a straight
forward responseasis typically seen in phenotype dose responsestudies. Although
the numberof differentially expressed genes in the lowest DMFtreatmentis less
than the number of genes in the highest DMF treatment this concentration
dependant response was not true for all the DMF treatments. In fact two of the
treatment in the middle of the concentration range, DMFs09 and DMF2000 showed no

differential expression compared to the control treatment and also when compared
to each other. Array quality for these DMF treatments were shown to be no

different from the other treatments, however, the variation in gene expression
measurement between arrays was greatest for these two treatments. The magnitude

of this variation difference was only slight and it is questionable asto if it can fully
explain the lack of differential expression in these two DMFtreatments as a data

quality issue. If it cannot, then the lack of differential expression should be
considered to be a true biological occurrence. The occurrence of this transcriptome
dose responsepattern is not unique to this study. Other transcriptome dose response
studies in our laboratory have also revealed no differential gene expression for a
toxin dose while concentrationseither side of it showed substantial differential gene
expression (Sawle 2008). However, this is the only study where two separate doses
showing no differential expression were separated by a toxin dose that induced
differential gene expression. In all these studies the dose(s) showing no differential
expression always showedthe greatest variation between replicates. Even if the lack
of differential expression in the two DMFtreatments could be explained by data
variation, the transcriptome dose response seen in the remaining four doses did not
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conform to theoretical transcriptome dose response hypotheses. The number of
differentially expressed genes and/or magnitude of fold changes did not increase
with increasing toxicant dose. If these two parameters were used as toxicity
measures for transcriptome response, then this study would have concluded that
DMFi009 was as toxic as DMF4o0, yet the visual response of embryos to these

concentrations suggested otherwise. These findings required the transcriptome dose
response hypotheses to be re-evaluated. The significantly enriched gene ontologies
for each DMFtreatment were explored for dose response patterns.

At the lowest dose (DMF9) GO analysis showed only ontologies related to gene
expression processing/control and protein degradation. The majority of these
ontologies

were

affected

across

all

concentrations

except

DMF4o00,

the

concentration that induced visual deformities (Figures 3.17 & 3.18). There were
very few IPA canonical pathways enriched in the DMF» treatment. As the DMF
concentration increased the number of canonical pathways, especially up-regulated
ones, increased. In the GO analysis for biological processes there was a change
from effects on gene expression control through homeostatic control of a variety of
processes in the DMFyoo treatment to structural effects in the DMF4oo0 treatment

(Figure 3.17). This could be considered representative of the embryo in different
states of toxicology as shown by the model in Figure 3.1. According to this model
we should consider DMF to have toxic implications at the DMFj0 level. At this

concentration the transcriptome showed signs of erythrocyte, cation and cell redox
homeostasis being affected.

198

One of the most striking findings from the GO and IPA analysis was that
significantly enriched ontology terms were often unique to each DMFtreatment,
specifically for GO analysis and IPA canonical pathways. However, some
ontologies were common to the majority of DMF treatments, specifically ones
relating to gene expression processing and the majority of IPA functional analysis
categories. IPA function categories are very broad andit was not surprising that the
majority of functional categories were affected across all the treatments.
Interestingly, the response for many of these functional categories was in a
concentration dependant manner with DMF29 showingtheleast significant response
and DMF4009 the most significant response.

At the individual gene level, the venn diagrams showed that a large number of
differentially expressed genes were unique to individual DMF treatments and the
cluster analysis showed unique chemical signatures for each DMF treatment,
indicating that the transcriptome dose response was different to a typical dose
response model. Deviation of the transcriptome dose response from the typical dose
response model wasalso observed by Seidel et al. (2006). They found that most
genes altered by treatment displayed an atypical dose response and suggested that
the altered dose response may represent an adaptive change by the animal to 28
days exposure, or the increased toxicity of the higher doses causes a decreased
ability of gene expression regulation. The zebrafish embryos were not exposed for
long enough for the unique response to be an adaptive one; however decreased gene
expression regulationis certainly a possibility. GO analysis showed gene expression
regulation processes to be enriched in DMF29 - DMF {000 concentrations but notat

DMF4009. However, this does not explain the unique response in ontology
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enrichment observed in the four DMF treatments. Ji et al. (2009) reported how
transcriptional profiling of the dose response could provide a more powerful
approach for characterizing drug activities. They suggest that as most compounds
act on multiple targets with different potencies, different transcriptional profiles will
be seen for different doses. The findings from the DMF study reported in this
chapter show that DMF affects the transcript expression of different canonical

pathways at different concentrations. However, DMF is not a ‘drug’. It is not
designed to target specific functions so why at a very low concentration can it
induce large numbers of genes to be differentially expressed? Network theory and
gene regulatory networks seem to offer an explanation for the unique transcriptome
responsesobserved for the different DMF concentrations.

3.5.5 - Gene regulatory network theory
Zebrafish

embryonic

development

involves

precise

regulation

of DNA

transcription, such that cell fates are specified appropriately, leading to the
formation of germ cell layers and later tissues and organs. This process is

orchestrated by a large scale network of functionally linked regulatory genes which
are constantly mediated by thousands of constantly changing input signals arising
from both internal and external cellular and environmental stimuli. Transcription of
a gene tends to require a very large number of non-contiguous genes to initiate
feedback loops, transcription factors and co-factors. These factors have also
required a large numberof genes to regulate their production. The whole system of
embryonic development is one massively linked and dynamically controlled gene
and protein network (Figure 3.22).
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Figure 3.22 — Diagram to represent how gene regulation network theory may explain
the transcriptome dose responsein zebrafish embryos.

During embryo development a combination of input signals originating both externally and internally
and interaction between signals will determine what genesare transcribed. Some gene transcripts
will proceed through translation to make proteins. The presence or absenceofcertain protein(s)will
in turn affect what genesare transcribed and translated. The transcription of some geneswill cause
the transcription of certain other genes and suppressthe transcription of others. Thereis also a time

dimension in this system. As the embryo develops input signals change and modulate the whole
transcription/translation process which in turn also has a modulating effect. The microarray
technique allows a snapshot in time of the mRNA composition in the zebrafish embryo (output
signal). In such a dynamic and changing system alterations to the input signals such as the
presence of a carrier solvent can have far reaching effects. Changes to the carrier solvent
concentration is effectively altering the input signal. Due to the nature of the gene regulatory system
this input signal change can havevery different effects on the output signal and so give rise to the
very unique effects observed in each DMF concentration.
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In a toxicity test an additional environmental signal is introduced to the network
through the form of a toxin. This change to input signals can cause substantial and
far reaching perturbation in such a dynamically regulated system. Some of the
changes will be as direct result of the new input signal but due to the interlinked
network of gene regulatory networks, these primary effects will in turn affect other
genes whichin turn will affect others and so on andthus create secondary,tertiary,

etc effects. In microarray studies such effects are measured by changes to the
mRNAtranscript pool (output signal). In the DMF study substantial changes were
observed in the output signal, induced by a very low dose of what is considered a
safe non- toxic chemical. Slight changes to the input signal caused substantial

changesto the output signal, yet still produce what appeared to be a functional and
healthy embryo. An organism will always try to maintain a normal development
and function. The dynamic control properties of the gene regulatory network allow
the system to compensate for changing input signals such that although the
transcriptome mayalter, the final visual embryo developmentprocessis the same as
that for a control exposed embryo. Only once a toxicant reaches a certain threshold
the input signal is too strong to be modulated by the regulatory system and
malformation occurs. As previously pointed out, gene expression control processes
appear to not be different from the control at the threshold concentration, DMF4000.

3.5.6 - Should carrier solvent guidelines be revised?
The DMFstudy has shown several things. Firstly, DMF as low as 0.1 ml L! can
cause alterations to endocrine system related gene transcripts. This could be through
a secondary effect of DMF on gene regulatory networks or an embryonic response
to an oestrogenic chemical. Secondly, phenotypic effects of DMF andliterature
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reported effects are evident in the transcriptome at concentrations lower than the
effect concentration. Thirdly, evidence of changes to the homeostatic processes in
the transcriptome suggests that DMF may adversely affect embryos as low as
0.1 ml L”. Considering these findings 0.1 ml L" is too high a solvent concentration
for toxicity testing. The DMF. treatment affected relatively few gene groups and
therefore would be a more suitable guideline concentration for the use of DMF as a
carrier solvent. However, the problem with DMF is that it is used as a carrier
solvent in aquatic toxicity tests. In such experiments not only is there a test toxin
input signal but also the DMFinputsignal and potential interaction between the two
signals for the embryo to cope with. Changes in the DMFsignal result in large

changes to the transcriptome, so what effect will the combination of toxin with
carrier solvent have?

For DMSO the effect concentration is 8 times as great as that for DMF and
therefore, DMSO should be considered a much less toxic solvent to zebrafish
embryos. Lack of geneslists for the lower concentrations makesit hard to comment
on the acceptability of the solvent guidelines for DMSO. From the previous study
(Chapter 2) many genes were found to be significantly differentially expressed. A
closer look at these is required to determine the suitability of the guidelines for
DMSO.
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Chapter 4: The effects of DMF and 4-TPP on
zebrafish embryos.

4.1 - Introduction
It has been shown that DMFaffects the transcriptome of zebrafish embryos even at
the ‘safe’ carrier solvent concentrations permitted by regulatory authorities. At
these concentrations large numbers of genes were differentially regulated and
various gene ontology categories were shown to be significantly enriched. Several
of these ontologies provided evidence of DMF-induced visual deformities, and
literature reported effects of DMFat sub-effect concentrations as low as 0.02 ml Fy
(Chapter 3). One of the biggest concerns about using DMFasa carrier solventis the
implications it may have in the assessment of endocrine disruption by test
compounds. Transcriptome studies with DMFalone have shown that the expression
of genes involved in oestrogenic pathways can be modulated following exposure to
DMFwithin guideline concentrations (Chapter 2). In addition, exposure to DMF
alone has been observed to induce oestrogenic effects in sexually mature fish (Hurk
and Slof 1981; Ren et al. 1996). The concern is, that if DMF is used as a carrier

solvent in aquatic endocrine disruptor studies, its effects on zebrafish embryos may
have a synergistic, additive or antagonistic effects on the test compound, leading to
the toxicity of the test chemical being wrongly assessed (Rufli et al. 1998).
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4.1.1 - Interaction of solvent carriers and test chemicals
Antagonistic effects between a test chemical and its carrier solvent have been
shown to occur (Hallare et al. 2004). Thus, Hallare et al. reported that in their study
the solvent carrier, DMSO, caused a concentration-dependant increase in Hsp70
production in the solvent control treatments. However, application of DMSO in
combination with the test chemical, diclofenac did not induce Hsp70 production.
They suggested that an interaction between the two chemicals caused the loss of

Hsp70 induction.

These interaction effects of solvents can result in the toxicity of test chemicals
being incorrectly estimated (Henry et al. 2007; Haap et al. 2008). Haap ef al.

reported that in acute immobilisation tests using Daphina magna, diclofenac was
more toxic as a singular test substance than when tested in combination with the
carrier solvent, DMSO. A more extreme effect of a carrier solvent causing an
incorrect toxicity assessment, was reported by Henry ef al. (2007). They showed
that the reported toxicity of the nanoparticle, Ceéo was potentially due to a
degradation productof the carrier solvent and not C¢p.

Having observed the effect that DMF alone can have on the zebrafish embryo
transcriptome at carrier solvent concentrations, it is imperative to investigate the
transcriptome effects that DMF may have whenused asa carrier solvent for a
known toxin in the zebrafish embryo test. If transcriptome profiling were to be
used as an endpointin regulatory toxicity testing, it is important to understand how
the use of a carrier solvent might affect the endpoint, and the potential for
incorrectly assessing toxicity of the test chemical.
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The toxicity from chemical mixturesis difficult to discern because of unpredictable
interactions and non-additive effects. In the natural environment organisms are
usually exposed to complex mixtures of chemicals and understanding the effects of
such mixtures is a key requirement in ecotoxicology. However, there is currently
very little understanding of such mixture effects, mainly due to the limitations of
current testing protocols. However, due to their multi-variant nature and ability to
extract mode-of-action information, microarrays have been proposed as a tool to
generate further knowledge in mixture toxicity (Amin efal. 2002; Suk et al. 2002),
and several recent publications have explored the effects of chemical mixtures
using microarray analysis (Hookefal. 2006; Finneetal. 2007).

In this study we investigated the effects of 4-tert-pentylphenol (TPP), a known
weak oestrogen, and the organic solvent DMF, both individually and as mixtures,
to determine if DMFhad any effects on TPP toxicity at the transcriptomelevel.

4.1.2 - TPP: Its importance andtoxicity
TPP belongs to a group of substancescalled the alkylphenols and is mainly used as
a chemical intermediate for the production of phenolic resins. TPP is a known
weak oestrogen and was used as a reference chemical in the OECD validation of
the 21-day fish screening assay for the detection of endocrine active substances
(OECD 2006b). TPP has been shown to have oestrogenic effects in the Medaka
(Oryzias latipes) (Seki et al. 2003; Yokota eft al. 2005), Fathead minnow
(Pimephales promelas) (Panter et al. 2006) Common carp (Cyprinus carpio)
(Gimenoet al. 1998) and zebrafish (Danio rerio) (OECD 2006b). The findings of
these studies are summarised in Table 4.1.
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Pimephales promelas
Extended early lifestage

Oryzias latipes
Fish screening assay
(mature fish)

(mature fish)

100, 320, 1000

56, 180, 560

21d

0 dpf- 170 dph

Feminisation of reproductive ducts in thetestis of all males at 180 yg L”

Notesticular tissue observed in any fish at 560 pl L”!

Plasmavitellogenin elevated in female fish exposed to 180 yg L”!
Inhibition of gonadal growth in female fish exposed to 560 pg L’!

LOECVtg induction (malefish): 100 pg L”
LOECoestrogenic effects (histology): 320 pg L”

(Panteret al. 2006)

(OECD 2006b)

(OECD 2006b)

LOECoestrogenic effects (histology): 320 pg L"!

LOECVtg induction (male fish): 320 pg L”

100, 320, 1000

21d

Pimephales promelas

Fish screening assay

(OECD 2006b)

(Yokotaet al. 2005)

(Seki et al. 2003)

LOECVtginduction (male fish): 320 pg L"!
LOECoestrogenic effects (histology): 320 pg L’!

Sex reversal in male fish at > 238 wg L”
P450,,3, mRNAexpression inhibited in gonads of male sex reversed fish

F, LOECoestrogenic effects: < 51.1 pg L"

LOECreproductive impairment: 224 ug L"!

LOECVtginduction: < 51.1 pg L"

LOECgrowth inhibition: 931 pg L"
LOECabnormal sexual differentiation: 223 yg L’!

(Gimenoet al. 1998)

(Gimenoetal. 1998)

Reference

100, 320, 1000

62.2, 121, 238,
413, 783

51.1, 100, 224,
402, 931

LCso: 1600 pg L”
NOLC: 1300 pg L"!

NOECVtgsynthesis in male fish (3 months exposure): 90 — 256 jg L”
50 % normalmale gonadsafter 90 day exposureat 36 pg L”
100 % feminizedtestis after 90 day exposure at > 90 pg L"!

Observations

21d

0 dpf— 60 dph

dph
F,: 0-61 dph

Fo: < 12 hpf- 101

2 generations

560, 750, 1000,
1300, 1800, 2400,
3200

36, 90, 256

(ugL)

Concentration
-1

Danio rerio
Fish screening assay
(mature fish)

Oryziaslatipes

Partial life-cycle

Full life-cycle

Oryzias latipes

only

Acute fish test. Male fish

96h

50 dph — 140 dph

Cyprinus carpio
Sexual development
assay. Malefish only.

Cyprinus carpio

Duration

Organism and test

Table 4.1 — Oestrogenic effects in fish of TPP exposure and associated LOEC values.

TPP is also fairly soluble in water (37mg L'! at 20 °C) and has been used at
reasonable concentrations without a carrier solvent, in a fish full life cycle study
(Seki et al. 2003). This property of TPP, allowed the effects of DMF and TPP on
zebrafish embryo development andtranscriptome to be studied in both chemicals
separately and as a mixture, to identify any synergistic, additive or antagonistic
effects the combination may havehad.

The use of TPP in this study also allowed the oestrogenic response of zebrafish
embryosto be assessed, an issue that arose in Chapter 2. Briefly, this issue was that
the literature reports supporting an oestrogenic role for DMFall originated from
studies using sexually mature or maturingfish, i.e. the life stage most susceptible to
endocrine disruption. It was unclear whether the absence of an oestrogenic
response in DMF exposed embryos was due to DMF not having an oestrogenic
mode-of-action, or if such action was undetectable. By using the known weak
oestrogen, TPP, this study can discern what oestrogenic activity, if any, is
detectable in the zebrafish embryo transcriptome by microarray technique and how
the DMFresponse comparesto this.

4.2 - Aim of study
The main objective of this study was to investigate how the effects of the solvent
carrier, DMF could interfere with the outcome of studies with the known weak

oestrogenic compound 4-TPP. The zebrafish embryo test with microarray analysis
method, described in the previous chapter, was used to assess the effects of DMF
and two concentrations of TPP, individually and as mixtures, on zebrafish

embryos. The study aimedto highlight the value of microarrays in mixture toxicity
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problems. There wasalso interested to see if oestrogenic effects could be detected
in microarray data analysis of the developing zebrafish embryo, prior to any sexual

differentiation. Detection of such effects at an early time point could assist with
improving testing methods to reduce test lengths and the number of sentient
animals required.

4.3 - Materials and Methods
A preliminary zebrafish embryo test was carried out to determine visual deformity
NOEC and LOEC values of 4-TPP on zebrafish embryos. Findings from this
preliminary test and information from the literature were used to choose two
suitable sub-lethal 4-TPP concentrations; a low (100 pl L”) and high (1000 pL c*)
concentration. For the main study zebrafish embryos were exposed to 7 different
treatments;

control,

DMFcontrol,

LowIPP,

HighTPP,

DMFlowIPP

and

DMFhighTPP. DMF concentration was kept at 100 ul L' in all required
treatments.

4.3.1 - Zebrafish
The preliminary zebrafish embryo test and main study were carried out at Exeter
University. Breeding stocks of WIK strain fish were bred in-house from an original
stock acquired from the Max Planck Institute (Tiibinghen, Germany) and
maintained in the zebrafish aquarium. Breeding stocks of Zebrafish used for the
embryo tests were between 6 — 12 monthsofage.

209

Zebrafish aquarium system — Exeter University
The custom built aquarium system consisted of several small glass tanks (300 mm
x 300 mm x 300 mm) and several larger glass tanks (900 mm x 500 mm x 500

mm). Each small tank had a working volume of 18 litres and an inbuilt egg
collection system. The larger tanks had a working volume of 120 litres and no
inbuilt egg collection system. Tanks were housed on metal shelving units and

maintained on a flow-through system. Each tank was fitted with an inflow tube
and overflow pipe to remove waste water.

Water for the aquarium was taken from the mains tap water supply. Tap water was
filtered by reverse osmosis (RO; Osmonics E625 with cellulose membranes; GE
Water and Process Technologies, Trevose, PA, USA). RO water was reconstituted

with Analar grade mineral salts to make a standardized synthetic freshwater to
OECDrecommendations (OECD 1992a). The final conductivity was 200 — 300 uS
and the concentrations were as follows; 318 mg L! CaCl).2H20, 70 mg L!

NaHCO3, 133 mg L’! MgSO4.7H20, 6 mg L™ KCL, 133 mg L” Tropic Marin® Sea
Salt (TMC, London, UK).

Reconstituted water was aerated and heated to 28 °C + 1 °C in a reservoir before

being supplied to each tank at a flow rate to achieve one full tank replacement
every 36 hours. Aquaria water was checked daily for pH (7.2 - 7.8), and
conductivity, and monthly for ammonia (< 0.5 ppm), nitrate (< 20 ppm) andnitrite
(< 0.5 ppm). All levels were well within acceptable limits of U.S. EPA guidelines
(U.S.EPA 1986).

210

Water temperature was checked daily and maintained at 28 °C + 1 °C through a
combination of heating the reconstituted water supply and maintaining the
aquarium room temperature at 28.0 - 29.5 °C by meansof under-floor heating.

The photoperiod wasset to 12 h: 12 h light : dark, with an artificial dawn/dusk
transition of 30 minutes. Dawn started at 8.30 am and duskstarted at 8.30 pm and
wasadjusted for GMT/BSTchanges.

Feeding
Fish were fed to satiation twice daily on weekdays. Morning weekday feeds were
freshly hatched Artemia nauplii and afternoon feeds crushed TetraMin® flake food
(Tetra Werke, Melle, Germany). On weekends and holidays fish were fed once

daily with freshly hatched Artemia napulii. Artemia napulii were cultured onsite.
Artemia cysts (ZM Premium Grade Artemia; ZM Ltd, Winchester) were suspended
in 6 litres of salt water (33 g L’') bubbled through with air to maintain cysts in

suspension. In winter, Artemia napulii were harvested after 48 hours culture. After
24 hours culture, 1 ml of HUFA enrichment (ZM Ltd, Winchester) was added to
the culture to boost the nutritional value of the Artemia. In summer, Artemia

napulii were harvested after 24 hours culture and no HUFAenrichment wasadded.
This was due to seasonal changes in mean room temperature of the Artemia culture
room. Onceharvested, Artemia were rinsed with aquarium water before feeding to
the fish.

Embryocollection
Eggs werecollected in two different ways depending onthesize of the tank that the
breeding stocks of zebrafish were housed in. The smaller 15 litre tanks had inbuilt
211

egg collection systems. The bases of these tanks were designed with sloping sides
to form a “funnel” to channel any eggs spawned to an egg-collecting chamber.
Eggs were extracted via a pipe from this chamber. Green glass marbles (10 mm
diameter) were placed in the “funnel” section of the tank at a depth of 3-4 marbles
to act as a spawning substrate, and to minimize oophagy. Artificial weed was
placed within the marbles to act as a refuge and spawning stimulus. Eggs were
collected 30 minutes after dawn by lowering and opening the pipe attached to the
collecting chamber. Water was forced through the marbles, and the eggs flushed
through into the collecting chamber and out of the pipe where they were captured

on a fine mesh. The marbles were simultaneously agitated to assist the passage of
eggs into the collection chamber. This setup allowed daily egg collection whilst
minimizing disturbanceto the fish.

The larger 120 litre tanks had noinbuilt egg collection system. Eggs were therefore
collected by placing 1-2 ‘egg boxes’ in the breeding zebrafish tanks, the evening
before eggs were required. Egg boxes were constructed from rectangular 250 mm x
150 mm x 50 mm glass dishes with a wire meshlid. Plastic plants were wedged
into the meshto act as a refuge and spawning stimulus. Eggs would fall through the
meshandinto the glass dish where they could not be scavenged by other zebrafish.
The eggs were collected by removing the “egg boxes” from the tanks 30 minutes
after dawn. The mesh lid was removed and the contents of the glass dish strained
through a fine mesh.

Eggs from the collection chambers and/or egg boxes were pooled together and
rinsed firstly, with aquarium water and secondly, with pre-warmed (26 °C) and
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aerated embryo medium to remove food, faeces and other detritus. Once washed,
eggs were washedinto a collecting vessel with embryo medium. As previously
described in Chapter 2 the 2 °C temperature difference in aquarium water and
embryo medium was accounted for by allowing the embryos to stand in aquarium
water momentarily before washing with embryo medium.

4,3.2 - Zebrafish embryo test and data analysis
The zebrafish embryo test protocol described in Chapter 2 was followed with the
modifications described in Chapter 3. The protocol to make-up the test solution
was also adjusted slightly, to accommodate the lower level solubility of TPP. A
stock solution of TPP was made the evening prior to the embryo test with preaerated embryo medium. The stock solution was sonicated for 15-20 minutes and
continuously stirred overnight. It was checked visually for any trace of undissolved toxicant the following morning and was further sonicated andstirred if

required. When fully dissolved, the stock solution was diluted to the final test
concentration with pre-warmed and aerated embryo medium the morning ofthe
test. DMF was added to the DMFTPP mixture solutions once the TPP was diluted
down to the required concentration. DMFtest solutions were also made up the
morning of the test. Parameters for the two embryotests are given in Table 4.2. In

the main study, the survival rate in the control embryos was less than 90 %. This
was outside OECD guideline recommendations. However, all other parameters
were within the guideline ranges. The high mortality rate in the control was dueto
poor embryo quality. The zebrafish had not been stimulated to spawn for over a
month prior to the main TPP study being carried out. While plating out it was
observed that some embryosin all treatments and controls were not developing
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16:8
100%

Start: 7.16 - 7.35

Equipment notes
(ThermoScientific,
Staffordshire, U.K)
DMI4000 B microscope
(Lecia, Bucks, U.K.)

Heraeus Kelvitron Incubator

End: not recorded

End: 6.87 - 7.17
Heraeus Kelvitron Incubator (ThermoScientific,
Staffordshire, U.K)
DMI4000 B microscope (Lecia, Bucks, U.K.)

Start: 7.15 - 7.48

pH

Start: 90 - 92

End: not recorded

Oxygen saturation

(% of atmospheric
saturation)

1 hpf

75%

30 plates (5 plates per treatments)

Low TPP (0.1), High TPP (1.0)
DMFlowTPP(0.1 & 0.1), DMFhighTPP (0.1 & 1.0)

Main TPP study
DMFcontrol (0.1), Control,

16:8
74%
Start: 91 — 94
End: 92 — 95

1.5 hpf

Light:dark ratio
Survival (Control)

Exposure within

No.of plates

Fertilization rate

12

Preliminary TPP study
4-TPP: 0.5, 1.2, 1.4, 1.6, 1.8,
Control
4 plates (1 per control, 2 per
4-TPP concentration)
90%

(ml L')

Study Name
Concentrations

Table 4.2 - Parameters of zebrafish embryostests run for TPP studies.

normally. At the 1000 cell stage some embryos were observed to have a ball of
cells inside the developing cell mass. Use of such embryos was avoided but the
deformity washard to spotandit is likely that many abnormal embryoswereplated
out giving rise to the high mortality rate.

As the test was unable to be repeated, test samples for microarray analysis were
taken by leaving out any affected embryos. The concentrations of DMF and TPP
were of such that embryo abnormalities as a result of chemical exposure were not
expected. This was confirmed by the preliminary embryo tests.

To enable a

suitable number of control samples to be taken, dead control embryos were
replaced by plate control embryos.

Embryotest data from the preliminary dose response test was analyzed in the demo
version of ToxRat® Professional (Version 2.09) as described in Chapter 3. Embryo
test data from the main study was analyzed by a Wilcoxon rank sum test as
described in Chapter 2, to determine any significant differences between treated
and control embryos.

4.3.3 - Microarray preparation
RNAwasextracted from all samples using RNeasy® Mini Kits (Qiagen, Sussex,
U.K.) and concentration and quality checked as previously described in Chapter2.
TargetAmp™

1-Round

Aminoallyl-aRNA

Amplification

Kits

(Epicentre®

Biotechnologies, Cambio Ltd, Cambridge) and Superscript™ III reversetranscriptase (Invitrogen. U.K.) were used to amplify the RNA samples. The
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protocols described in Chapter 3 for RNA extraction amplification and labelling
were followed along with the hybridisation protocol from Chapter 2.

4.3.4 - Microarray experimental design
An optimal loop design was generated using the SMIDA package. 18 arrays were
run in a dye balanced loop design to compare the 6 treatments (Figure 4.1). Each
treatment had 6 replicates, one array linking it to each of the other treatments and
one as a technical replicate to ensure a dye balanced design. A maximum of 5
independent samples were available per treatment. One sample from each treatment
was chosenat random to be used on twoarraysto allow the design to be run.

4.3.5 - Microarray data analysis
Arrays were scanned, quality checked, quantified in Bluefuse and the resulting
Bluefuse data files loaded into R as described in Chapter 2. Data was normalised
using a within array print tip group intensity LOESS normalisation followed by
between array global scale normalisation using median absolute deviation. Data
quality plots were generated as previously described and the normalisations on the
data deemedsuitable.
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Figure 4.1 — Experimental loop design for microarray hybridisation in
the DMF-TPP study.
Each arrow represents a hybridisation and the direction of the arrow denotes which
sampleis labelled with which dye. Arrow tail = Cy3 — arrow head = Cy5. Samples
were chosen at random to be used for more than one hybridisation.
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Linear modelanalysis to determine differential gene expression
Differential gene expression was analysed as previously described using general
linear model analysis. The following model wasused;

©

yg = ag.Control + bg.DMFcontrol + cy.LowIPP + dgy.HighTPP +
€g.DMFlowTPP + fs.DMFhighTPP + &,

and the following comparisons made:
e

Control ~ DMFcontrol, LowTPP, HighTPP, DMFlowTPP, DMFhighTPP

e

DMFcontrol ~ LowTPP, HighTPP, DMFlowIPP, DMFhighTPP

e

LowTPP ~ HighTPP, DMFlowIPP, DMFhighTPP

e

HighTPP ~ DMFlowTPP, DMFhighTPP

e

DMFlowTPP ~ DMFhighTPP

The batch of arrays used for this study had many spots missing from block 19. This
was due to a problem during printing with the array printer. All spots in block 19
were therefore removed from the analysis post normalisation with the control spots.
This left 16230 probes in the analysis. For each treatment comparison to the
control, gene lists of significantly differentially expressed genes at q-value cut off
points 0.1 and the MTE value were extracted with the corresponding fold change,
p-value and standard error values. The gene lists were edited for replicate probes.

4.3.6 - Post model analysis
The

top

25

differentially

expressed

genes

with

annotation

for

each

treatment~control comparison were extracted and inspected. The MTEgenelists
underwent further functional analysis using distance clustering, KEGG, GO and
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Ingenunity Pathway Analysis. The same methods were used as described in

Chapters 2 and 3.

4.4 - Results
4.4.1 - Zebrafish embryo test — morphological examination
Preliminary dose response study-TPP
Exposure of zebrafish embryos to TPP at < 1600yug L' for 48 hours did notresult
in any lethal deformities, however hypo-pigmentation (Figure 4.2) was evident in
all embryos exposed to > 1200yug L'|. Also, some embryos exposed to >1400pg L!
presented with reduced circulation and pooling of bloodin the tail (Figure 4.2). An

NOECof 500 pg L7, LOEC of 1200 pg L”!and ECs of 774 wg L' (95 % confident
intervals 542 — 1104 ug L’') were recorded.

Main DMF-TPP study
In this study, zebrafish embryos were exposed to DMF (100 ul L'), a high (1000
ug L’') and low (100 pg L’') dose of TPP and combinations of DMF and TPP. The
study parameters are summarised in Table 4.2. The mortality rate was surprisingly
highin all treatments. As this included the control group, and mortalities were not
expected at these treatment concentrations, it appeared the high mortality rate was
due to embryo quality andnotthe treatments themselves. Thus a Wilcox Rank Sum
test showed no significant differences between the proportions of affected embryos
in treatment groups compared to the control at 48 hpe (Table 4.3). Some embryos
in the HighTPP and DMFhighTPPtreatments displayed mild hypo-pigmentation

consistent

with

that

observed

in

219

the

preliminary

dose-response

220

a) Top embryo: Embryo showing hypo-pigmentation after 48 hours exposure to 1400 ug L' TPP. Bottom embryo:
Control embryo showing normal pigmentation, 48 hpe.
b) Embryo showing pooling of bloodin the tail after 48 hours exposure to 1600 yg L‘' TPP. The arrow points to the
pooling blood.

Figure 4.2 — Developmental deformities of TPP exposed zebrafish embryos

study, reducing the LOEC for TPP in zebrafish embryo to 1000 ug L''. However,
these embryos appeared otherwise normal and were included in the microarray
samples, dead ones were removed.

Table 4.3 - Summary of DMFTPPstudy.

Wilcox Test p-values are for 48 hour effect proportions comparedto the control treatment.
Treatment
Control
DMFcontrol

LowTPP
High TPP
DMFlowTPP
DMFhighTPP

Mean % Effect

Wilcox Test

Mean % Mortality

24 hpe

48 hpe

(p-value)

24 hpe

48 hpe

34
18

38
20

0.06

31
18

31
18

18
16
26
27

22
26
26
31

0.10
0.17
0.16
0.58

16
15
21
23

17
19
23
26

4.4.2 - Zebrafish embryo test — microarray results
Samples from all six treatments were hybridised to microarrays using a loop design
to compareall treatments to each other. The microarrays were quality checked and
the data normalised and then analysed to determine differential gene expression
betweenall possible treatment comparisons.

Microarray quality
Quality metrics ‘quality’ and ‘confidence’ from the Bluefuse data plotted as
boxplots for each treatment are illustrated in Figure 4.3. The DMFhighTPP
treatment displayed the highest spot quality and confidence and the Control
treatment the lowest. The differences in terms of spot quality and confidence
distribution between any of the treatments were not large enough to bias any
particular treatment group. However, the spot confidence and quality of this array
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whiskers extend to 1.5 x the interqaurtile range. Circular spots represent the outlier arrays.

Treatment

T
HighTPP

T
DMFlowTPP

I

t
1

T

=o

DMFhighTPP

Figure 4.3 — Boxplots of quality and confidence metrics generated by Bluefuse
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set appeared to be lower than in previous studies in Chapters 2 and 3, consistent
with a reduced array quality. Visual inspection of the array images revealed fewer
spots than in previous studies and since the RNA processing indicated no loss of
RNAit was suspected that sub-optimal hybridization was the principle cause of the
loss in array quality. This occurred across all treatments, so there was no array
quality bias towardsa particular treatment.

The effect of the normalization protocols on the array data can be seen by
comparing Figure 4.4 and Figure 4.5 together. The boxplots (Figures 4.4a and 4.5a)
indicated that between-array variation was scaled and any dye bias effect was
effectively removed. The raw data boxplot (Figure 4.4a) and density plot (Figure
4.4b) showed a strong bias towards the Cy3 channel, but the post normalization
plots (Figure 4.5a-b) showedthat this had been removed and within-array variation
was controlled. Post-normalisation MA plots showed a typical control spot
distribution and typical spreading out of the data at the low intensities (Figure

4.5d).

Differential gene expression from linear model analysis

Differential gene expression was found for all the treatment comparisons. The
numberof differentially expressed gene probes for each comparison according to
the x0 value are given in Table 4.4 and shown as three sets of contrast in Figure
4.7.
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Table 4.4 - Numbers of differentially expressed genes in each treatment
comparison accordingto x0 value.
‘ow = weakest response, Biue = strongest response.

Comparison
DMFcontrol Control
LowTPP Control

High TPP ~ Control
DMFlow TPP ~ Control
DMFhigh TPP ~ Control
Low TPP

DMF control

n0

True Positives

0.912
0.919

1428
1314

0.800
0.766
0.850
0.938

3246
3797
2434
1006

High TPP ~ DMFcontrol
DMFlow TPP ~ DMF control
DMF high TPP ~ DMFcontrol

0.852
0.851
0.859

2402
2418
2288

High TPP ~ Low TPP

0.740

4219

DMEF low TPP ~ Low TPP

0.727

4430

DMFhigh TPP ~ Low TPP
DMFlow TPP ~ High TPP
DMFhigh TPP ~ High TPP
DMFhigh TPP ~ DMF low TPP

0.851
0.799
0.798
0.773

2418
3262
3278
3684

The largest numbers of differentially expressed genes were found in the
DMFlowTPP~LowTPP and HighTPP~LowTPP contrasts, whilst relatively low
numbers were found in the LowIlPP~DMFcontrol, DMFcontrol~Control and

LowTPP~Control contrasts. Interestingly, the latter three showed the most
variation between replicate measurements, whilst the former two showedthe least
variation (Figure 4.6). Variation between arrays thus appeared to have a large
impact on the numberof differentially expressed probes, as confirmed by Figure
4.6. However, despite this, it was interesting to observe that for both concentrations
of TPP, the addition of DMF wasreflected in a large number ofdifferentially
expressed probes (Figure 4.7a — b). A contrast between the TPP concentrations
with the presence and absence of DMF (Figure 4.7c) indicated similarly large
numbersof differentially expressed genes between the TPP concentrations, as was
seen with the addition of DMF.
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DMFlowTPP ~ lowTPP

HighTPP ~ LowTPP

DMFlowTPP ~ Control

HighTPP ~ DMFlowTPP

DMFhighTPP ~ HighTPP

DMFlowTPP ~ HighTPP

HighTPP ~ Control

DMFhighTPP ~ Control

DMFhighTPP ~ LowTPP

DMFlowTPP ~ DMFcontrol

HighTPP ~ DMFcontrol

DMFhighTPP ~ DMF control

DM control ~ Control

LowTPP ~ Control

LowTPP ~ DMFcontrol

Figure 4.6 — Boxplot of the coefficients of variance for the probes in each

data set from all treatment comparisons.

The boxplots are orderedleft (few) to right (most) according to how manytrue positives
there were for each comparison. This illustrates that smaller variation gives rise to more
‘true positives’.
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a) Contrast between LowTPP and DMFlowTPP b) Contrast between HighTPP and DMFhighTPP. c) Contrast between HighTPP and LowTPP.

Figure 4.7 - Numbers of probes deemeddifferentially expressed in the different contrasts according to the x0 value.

Control

Gene lists (0.1

FDR and MTE FDR) from treatment ~ Control

comparisons

Genelists were initially produced for only treatment ~ Control comparisons. The
numberof probes deemedsignificantly differentially expressed at the 0.1 FDR and
MTE FDR values are given in Table 4.5. The MTE FDRcalculated for the
LowTPP treatment was considered unsuitable and the MSE FDR too high to
produce a suitable genelist for functional analysis. The FDR plot for the LowTPP
~ Control comparison (Figure 4.8b) showed that the true positives were extremely
skewed towards the high end of the test statistic (p-value). Due to this it was not
possible to extract any genelists for this comparison. FDRplots (Figure 4.8) forall
the other comparisons with the control treatment were also skewed to the upper end
of the test statistic. As a result all treatments showed no or very few differentially
expressed genes at the < 0.1 FDR and at the MTE FDRcut-off, all the genelists
were accompanied with high type II error rates (Figure 4.8), especially
DMFhighTPP (Figure 4.8e). It was surprising to find no differentially expressed

genes within the 0.1 FDR cut-off for the DMFcontrol ~ Control comparison, as the
studies from Chapters 1 and 2 revealed many differentially expressed genes within
the 0.1 FDR cut-off for embryos exposed to DMFat the same concentration and for
the same duration. In addition to this, the numberof‘true positives’ for the DMF ~
Control comparison was roughly half of that seen in the same comparison in
studies from Chapters 1 and 2 (3265 and 3812 probes, respectively).

229

T
ooosh

T
o0o0L

T

T
T
1.0

T

08

¢o

MTE

Seqoid Jo eqUNN

ayey soy

T
o00sl

SeqOld JO 1AqUINN

00S

230
r

T
ooo!

T
000s

SeqOld JO 18QUNN
T

FDRcutoff

06

T
08

T

T
0.0

7a
0.2

+

T
06
FORcutoff

04

T

08

T

0.2

7

T
1.0

T
0.6
FDR cutoff

04

ayy JOuy
so

SeqOJd Jo JEqUINN
000s

eyey Jog

SO

T
1.0

T
08

~ False positive rate (type 1 error).

Graphs showing the distribution of number ofsignificant calls, true positive calls, false negative rate and false positive rate against the
FDR for all DMF and TPP treatment ~ Control comparisions. The MTE FDR cut-off point is indicated by the vertical line intersecting the
plot. - Numberofsignificant calls = True positive calls; m False positive calls; = False negative calls; — False negative rate (typeII error) ;

1.0

T
0001

04

MTE

T
0.0

T
1.0

e) DMFhighTPP ~ Control
T
000S1

T

T
08

eyey Jouy

0.2

FDRcutoff

T
06

T
04

SLO

T

T
0.2

000¢

0.0

t
00

Seqold Jo 1equNN

d) DMFlowTPP ~ Control

FDRcutoff

06

T
9000S

04

MTE

c) HighTPP ~ Control

$0

Figure 4.8 — Statistical distribution graphics.

T

T
00001

0.2

T
000s
T
ooo01

T

MTE

b) LowTPP ~ Control
T
O00S1

0.0

MTE

a) DMFcontrol ~ Control

yey 10ug

Table 4.5 - Numberofdifferentially expressed probes at different FDR cut-off values
for all DMF and TPP treatments compared to the Control treatment.
Treatment

MTE

DMFcontrol
LowTPP
HighTPP
DMFhighTPP
DMFlowTPP

0.339
1.000
0.424
0.385
0.411

0.1 cut-off
Sig probes
Siggenes
0
0
8
8
2
2
0
0

MTE cut-off
Sig probes
Sig genes
1369
1359
1171
1118
185
175
2180
2159

It is also important to point outthat, of all the most significant genes from the DMF
~ Control comparison in this study, only two were found in the most significant
genes for the same comparisons in Chapters 2 and 3. Oneof these, the zinc finger
protein - draculin gene was down-regulated in both this and the DMF study, whilst
the other gene, cyclin dependant kinase, was up-regulated in the DMFstudy and
down regulated in this present study. The list of top genes for DMF ~ Control from

this study can be found in Table 4.6. The 0.1 FDR cut-off value was increased
slightly to facilitate the extraction of a genelist. It was evident that there were
issues of repeatability with microarray studies that needed to be discussed.

The top genes list for TPPhigh ~ Control comparison consisted of very few genes,
and included none of the oestrogen-sensitive biomarkers highlighted in Chapters 2
and 3. The MTElist included a few oestrogen-sensitive genes, but all had small
fold changes. These genesare listed in Table 4.7.

4.4.3 - Cluster analysis
The results of the hierarchical clustering acrossall differentially expressed probes
are presented as a heatmap in Figure 4.9, all of them determined against the
common control. All treatments showed a very similar gene expression profile of
231
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11p23.2

sirt5

ckslb

QILYMI1

Q8K2C6

P61025

anxal3

dkk1
wipf2

Q804G2

Q9W6DI

Q6PEV3

trim35

Q6PGWI1

pigr

nt5c2

P15083

tjp!

P60892

P39447

prpsl

P53095

Q7ZWB3

cogl

ygll196w

Q9Z160

entn5

Q7ZW34

man2b2

054782

cyp2k1

eif3s9

P55884

Q92090

vps28

Q3T178

mf4

xpnpep2

Q95333

top1l

ore21

Q13416

P11387

hoxallb

Q9QZS2

Drl

siah21

Gene name

Q9W747

BM101694
AW171541
Y14528
BI877690
BG304004
BI891770
BI896231
BE201901
BM026053
AW116491
BI427723
AW133629
BI890501
BG739005
AW128316
BG892358
AI793357
AI884191
BI882432
BI890317
BE605987
AWI171138
AJ306452
AB023488
BM101556

Q9DDUI1

UniProt

Q7SYL3

Genbank ID

0.13
0.15
0.15
0.15
0.13
0.15
0.15
0.14
0.14
0.15
0.14
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.14
0.15
0.14
0.15
0.13
0.15

Q-value

Fold
-11.77
-5.63
5.33
5.20
-4,92
-4.13
3.56
-3.21
-2.90
-2.55
-2.46
2.33
-2.17
-2.08
-2.06
-1.93
-1.86
-1.84
-1.82
-1.73
1.72
-1.71
1.69
1.68
-1.67
SP

Polymeric-immunoglobulin receptor precursor (Poly-Ig receptor) (PIGR)
Tripartite motif-containing 35
Annexin 13
Dickkopf-1
WAS/WASL-interacting protein family member 2 (WIP-related protein)

SP

TR

TR

TR

SP

SP

TR

Cyclin-dependent kinases regulatory subunit 1 (CKS-1) (Sid 1334)

NAD-dependent deacetylase sirtuin-5 (EC 3.5.1.-) (SIR2-like protein 5)

Novel protein (Sb:cb551) (Si:dkey-11p23.2 protein)

TR

SP

SP

SP

SP

SP

SP

SP

SP

SP

Epididymis-specific alpha-mannosidase precursor
RINGfinger protein 4
DNAtopoisomerase 1 (EC 5.99.1.2) (DNA topoisomerase I)
Cytochrome P450 2K1 (EC 1.14.14.1) (CYPIIK1) (P450 LMC2)
Contactin-5 precursor
Conserved oligomeric Golgi complex component1
Uncharacterized protein YGL196W
Ribose-phosphate pyrophosphokinase 1
Tight junction protein ZO-1 (Zonula occludens protein 1) (Zona occludensprotein 1)
5'-nucleotidase, cytosolic II

SP
SP

Eukaryotic translation initiation factor 3 subunit 9

Vacuolar protein sorting-associated protein 28 homolog

SP

Origin recognition complex subunit 2

SP

SP

Xaa-Pro aminopeptidase 2 precursor (X-Pro aminopeptidase 2)

SP

Homeobox protein Hox-A11b (Hox-A11)

SP

Database

E3 ubiquitin-protein ligase Siah2 (Seven in absentia homolog 2-like) (Siah-2)
Zine finger protein draculin

Description

Green text = down-regulated, red text = up-regulated. Grey highlighting = also found in the top geneslist for DMF in Chapter 3.
SP —SwissProt, TR — TrEmbl.

Table 4.6 - DMFcontrol ~ Control top differentially expressed genes at q-value < 0.16.

Organism

M.musculus

Danio rerio

Danio rerio

Danio rerio

R.norvegicus

M.musculus

M.musculus

Danio rerio

Danio rerio

M.musculus

R.norvegicus

S. cerevisiae

M.musculus

Danio rerio

O.mykiss

H.sapiens

M.musculus

M.musculus

H.sapiens

Bos taurus

Sus scrofa

H.sapiens

Danio rerio

Danio rerio

Danio rerio
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BF717893

ugt2b20

dmrt3a

077649

P83758

BM023796

AY135175

0.37

0.42

0.33

0.41

zp4

Q12836

Q6QA33

BM104515

hsd17b12b

0.37

cypl1lb

Q92104

BF938393

Q-value

GeneName

UniProt

Genbank ID

2.93

5.67

1.87

1.35

1.48

Fold

Doublesex- and mab-3-related transcription factor 3a (Dmrt7a)

UDP-glucuronosyltransferase 2B20 precursor (UDPGT)

Estradiol 17-beta-dehydrogenase 12-B (17-beta-hydroxysteroid dehydrogenase 12-B)

Zona pellucida sperm-binding protein 4 precursor

Cytochrome P450 11B, mitochondrial precursor (Steroid 11-beta-hydroxylase)

Description

Green text = down-regulated, red text = up-regulated. SP —SwissProt, TR — TrEmbl.

SP

SP

SP

SP

SP

Database

Danio rerio

Mfascicularis

Danio rerio

H.sapiens

R.catesbeiana

Orga nism

Table 4.7 —- Oestrogen exposure biomarkers differentially expressed in the MTE FDR cut-off gene list for HighTPP ~ Control comparision.

LowT PP

DMF highTPP

HighTPP

DMF control

DMFlowT PP

Color Key

Figure 4.9 — Hierarchal clustering by Euclidean distance of the MTE
data set from DMF and TPPtreatments ~ Control comparisons.
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two main clusters. The great majority of the probes clustered in the bottom half
were down-regulated compared to the Control treatment across all treatment
groups, and all the probes in the top half were up-regulated. Most of the probes in
this upper cluster were up-regulated, and many of these were up-regulated across
all 5 treatments. However, other members of the upper cluster were down-regulated
in some treatments, particularly in the DMFcontrol, DMFhighTPP and HighTPP
treatments.

All the treatments clustered with expression profiles that were closely related to
each other, with DMFhighTPP and LowTPP being most closely related to each
other and DMFlowTPPtheleast related treatment to all the others. The heatmap
(Figure 4.9) showed that DMF and TPP affected some genes in the same way and
therefore, may have had a similar mode-of-action.

4.4.4 - GO analysis
Summary tables depicting significantly enriched GO terms for each treatment ~
Control comparison are presented in Figures 4.10 for biological processes and
Figure 4.11 for molecular function. Full lists of significant GO terms can be found
on the accompanying CD (Supplement G) The majority of the significant GO terms
were uniqueto individual treatments with only a few GO termssignificant in more
than one treatment. Three GO terms were found to be significant in both the
DMFcontrol and HighTPP treatments but not in the DMFhighTPP mixture (Figure
4.11). The absence of these GO termsfrom the latter could indicate an antagonistic
action between the DMFand TPP in the mixture treatment.

239

o
=

Go
s

=
oo

Go
=

3

©

3

&

8

3

3
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Name

GO:0007184

SMAD protein nuclear translocation

GO:0035108

limb morphogenesis

GO:0015031

protein transport

GO:0030241

muscle thick filament assembly

GO:0009144

purine nucleoside triphosphate metabolic process

GO:0009063

cellular amino acid catabolic process

GO:0043280

positive regulation of caspaseactivity

GO:0030203

glycosaminoglycan metabolic process

GO:0010002

cardioblast differentiation

GO:0050678

regulation of epithelial cell proliferation

GO:0001710

mesodermal cell fate commitment

GO:0019585

glucuronate metabolic process

GO:0052200

responseto host defenses

GO:0010629

negative regulation of gene expression

GO:0034470

ncRNAprocessing

GO:0045892

5

negative regulation of transcription, DNA-dependent

G0:0006412

translation

GO:0034613

cellular protein localization

GO:0006915

apoptosis

GO:0006917

induction of apoptosis
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3

ao

*

oe

eae
*

GO:0055001

muscle cell development

GO:0006099

tricarboxylic acid cycle

GO:0006997

nucleus organization

GO:0009072

aromatic aminoacid family metabolic process

*

GO:0006626

protein targeting to mitochondrion

GO:0030866

cortical actin cytoskeleton organization

GO:0007007

inner mitochondrial membrane organization

GO:0035284

brain segmentation

GO:0044255

cellular lipid metabolic process

GO:0003002

regionalization

GO:0009967

positive regulation of signal transduction

GO:0046394

carboxylic acid biosynthetic process

GO:0045596

negative regulation of cell differentiation

GO:0022411

cellular component disassembly

GO:0051222

positive regulation of protein transport

GO:0046474

glycerophospholipid biosynthetic process

GO:0006497

protein aminoacid lipidation

GO:0002761

regulation of myeloid leukocyte differentiation

os

ae

a

GO:0030111

regulation of Wnt receptor signaling pathway

GO:0030262

apoptotic nuclear changes

GO:0032103

positive regulation of response to external stimulus

GO:0046456

icosanoid biosynthetic process

GO:0050715

positive regulation of cytokine secretion

GO:0050680

negative regulation of epithelial cell proliferation

ae

ped

a

p-value

< 0.001
0.005 - 0.001

Figure 4.10 - GO analysis of DMF and TPPtreatments ~ Control
comparisionsfor biological process terms.

0.01 - 0.005

* significantin the trimmedlist but had further significant daughter terms.
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GO:0008270

zinc ion binding

GO:0005524

ATP binding

GO:0070330

aromataseactivity

GO:0005093

rab GDP-dissociation inhibitor activity
protein binding

GO:0003700

transcription factor activity

GO:0003779

_actin binding

GO:0005496

steroid binding

GO:0004553

__shydrolaseactivity, hydrolyzing O-glycosyl compounds

GO:0019205

_nucleobase, nucleoside, nucleotide kinase activity

ae

NAD or NADHbinding

GO:0020037

_—+heme binding

GO:0004526

ribonucleaseP activity

GO:0003677_

~—DNAbinding

GO:0030551

cyclic nucleotide binding

GO:0005509

calcium ion binding

GO:0005525

GTP binding

GO:0003735

structural constituent of ribosome

GO:0003924

GTPaseactivity

GO:0004198

_calcium-dependentcysteine-type endopeptidaseactivity

GO:0030060

_—L-malate dehydrogenaseactivity

GO:0004831

_tyrosine-tRNAligase activity

GO:0046914

transition metal ion binding
~=RNA binding

GO:0016714

oxidoreductaseactivity
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GO:0005515

GO:0003723
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GO:0005026

transforming growthfactor beta receptor activity, type II

GO:0005149

__interleukin-1 receptor binding

GO:0000287

magnesium ion binding

GO:0046982

protein heterodimerization activity
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Out of the 8 significant GO terms for the DMFhighTPP treatment, only 2
(GO:0003677 — ‘DNA binding’ and GO:0035108 — ‘limb morphogenesis’) were
also significantly enriched in the HighTPP treatment and none in the DMFcontrol
treatment. Limb morphogenesis was also found to be enriched in the DMFlowTPP
treatment and therefore appeared to be an effect of TPP exposure. There was no
evidence in the GO categories of the pigmentation defects that had been observed
in the preliminary dose response TPP study and in some HighTPP-exposed
embryos.

The GO analysis showed that the majority of GO terms enriched in the
DMFcontrol or HighTPP treatments were not enriched in the mixture treatments.
Instead, each treatment has its own unique response andtherefore mode-of-action.
The mixture thus had a completely different effect from its components. These
findings contrast with the similarities seen between the treatments in the cluster
analysis.

A GO analysis to compare the three treatments, DMFcontrol, DMFhighTPP and
HighTPPdirectly with one another was attempted, however the MTE FDR values
for the individual comparisons were considered too large, and the number of
extractable genes too small to provide the basis for a meaningful comparison. The
‘true positives’ for two of these comparisons were skewed towards the upper end of
the test statistic (Figure 4.12) and it was only possible to extract a genelist for the
DMFhighTPP ~ HighTPP comparison.
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4.4.5 - Ingenuity Pathway Analysis (IPA)
MITEgenelists extracted from the comparison of treatments to the Control were
used for pathway analysis based on the Ingenuity software package. IPA was
undertaken separately for up-regulated and down-regulated gene lists. No MTE
gene list could be extracted for the LowIPP ~ Control contrast, and therefore it
was not included in the IPA. The significance of all function, canonical andlist
terms for each treatment from the analysis can be found on the accompanying CD
(supplement H). The mostinteresting terms are highlighted in Figures 4.13 — 4.17
and discussed below.

IPA and mixture effects

Asfor the DMF concentrations in Chapter 3 many canonical pathways were only

enriched in one of the treatments, indicating that each treatment had its own
individual effect on the zebrafish embryo transcriptome, despite all the treatments
having a ‘link’ in terms of composition to at least one other treatment. Ten
canonical pathways were enriched in the down-regulation IPA analysis (Figure
4.14b) and 2 in the up-regulation analysis (Figure 4.13b) for only the HighTPP
treatment. Enrichment of these canonical pathways was not observed in the
DMFhighTPP mixture treatment, indicating that effects on the transcriptomeof the
HighTPP treatment could be masked by using DMFas carrier solvent.

In

addition, 12 canonical pathways were also only enriched in the DMFcontrol
treatment

(10

down-regulation,

2

up-regulation,

Figure 4.14a and

4.13b

respectively) and 5 canonical pathways were enriched in both the DMFlowTPP and
DMFhighTPP treatments but not the individual DMF and HighTPP treatments
(Figure 4.13a).
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These findings suggest that the effects on the transcriptome of the individual
mixture components, DMF and highTPP, were modulated when combined as a
mixture, and do notact entirely as independenttoxins.

However, enrichment in some canonical pathways was commonto both the DMFTPP mixtures and the HighTPP or DMFcontrol treatments. Six canonical pathways

were enriched in both the mixture treatments and the HighTPP treatment, but not
the DMFtreatment (Figure 4.13c). Conversely, 2 canonical pathways were enriched
in the DMFtreatment and both mixtures but not the HighTPP treatment (Figure
4.13d). This showed that some transcriptome effects of the individual mixture
components were also exhibited in the mixture, and that DMF and TPP have
different effects on the transcriptome. In summary,transcriptome effects of DMF or
TPP can be maskedorcarried through in a mixture of the two.

Turning now to the functional processes IPA analysis, similar mixture effects were
also evident. The ‘auditory system’ and ‘metabolic disease’ functions were shown
to be enriched in both the DMF and HighTPPtreatments, but in neither of the two
mixtures (Figures 4.15 and 4.16). In contrast, ‘RNA damage and repair’ and
‘infectious disease’ functions were enriched in both the mixtures but in neither the
DMFor TPPhigh treatments (Figure 4.15). Several functional categories that were
enriched in the HighTPP treatment were not enriched in the DMFhighTPP
treatment (Figure 4.16), while other functions that were enriched in the HighTPP
treatment werealso enriched in both the mixtures (Figures 4.15 and 4.16).
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In contrast to the GO analysis enrichment analysis, the majority of functions were
enriched across all the treatments. Despite the different treatments affecting
different canonical pathways, similar functional effects of all the treatments were
evident.

IPA and TPP oestrogenic action
The function, ‘endocrine system development and function’ was significantly
enriched in both the up- and down-regulated MTEgenelists for all four treatments,
with the exception of the DMFlowTPP treatment in the up-regulated list (Figure
4.17). However, there was no significant up- or down-regulation observed for
‘oestrogen receptor signalling’ and ‘androgen signalling’ canonical pathways in any
of the treatments (Figure 4.17).

4.5 - Discussion
This chapter attempts to explore the potential confounding influence of solvent
vehicles on investigation of toxicological properties of environmental contaminates
and industrially produced chemicals. It was chosen to do this using the latest
developments of the microarray approach in order to provide the most highly
detailed account of gene responses of exposure to solvent vehicle, test compound
and a combination of the two. Using this technique, it has been shown in the
previous chapters that even low concentrations of DMF alone, can modulate the
gene expression of thousands of genes, including many belonging to gene
regulatory groups involved in important biological and metabolic processes. The
same is true of chemicals with well established toxicological properties (Sawle
2008). The question now is whether the use of vehicle solvents masks, promotes or
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in any other manner changes the toxicological outcome of a chemical undergoing
toxicity testing, at least when using a gene expression response approachto defining
effect.

This current study showed that exposure of zebrafish embryos to either the solvent
or the test chemical, namely TPP induced many thousands ofindividual genes. The
important question is whether the overall number of genes affected by TPP was in
any way influenced by the simultaneous exposure to DMF. The outcomeof this
analysis was equivocal. On one hand it was shown that; i) the numbers of gene
displaying regulation by TPP treatment was sensitive to dose when judged by
reference to the control or DMFcontrol treatments (Figure 4.7c); ii) there was a
larger response in comparing the TPP in the presence and absence of DMF (Figure
4.7); and iii) there was a large response between TPPin the presence of DMF and
DMFalone (Figure 4.7). This is consistent with independent effects of both solvent
and chemical treatments, and also for a combined effect of DMF with the chemical.
On the other hand, the amount of variation between replicates appeared to have
some effect on the numbers of genes deemed ‘truly positive’ in each comparison
(Figure 4.8). How great an effect this had is unknown,and wecan not be confident
that the above observations on the numbers of differentially expressed genes are
only due to individual chemical and mixture effects.

This study also assessed solvent and chemical effects using a probe-by-probe
assessment. A heatmap (Figure 4.9) containing all responsive probes for all
treatments showed that broadly, the same range of genes were affected by both
solvent and chemical treatment, and that there wasa relatively small changein this
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range of probes when both solvent and chemical were applied simultaneously. It
wasnoted that there were someparticular changes in expression properties between
treatments but it was not possible to link these to effects of DMF on TPP andvice
verse.

Finally, the potential interactions of DMF and TPP were assessed by using a
pathway analysis technique, where the emphasis was not so much on the genes
themselves but on the combination of genes with biological pathways of molecular
processes. It was shown that some gene regulatory groups affected by the individual
mixture components, DMF and TPP were not affected in the DMF-TPP mixtures
and vice versa (Figures 4.13 — 4.16). Whether such masking effects translated
through to the protein level and caused disruption to the embryonic developmental
process was not addressed in this work, and so remains unknown at present.
However, masking effects between a solvent carrier and test chemical have
previously occurred at the protein level (Hallare et al. 2004). If the masking effects
observedin this study translated through to the proteometo affect either adaptive or
toxic effects, then the use of a carrier solvent would be problematic in all test
methods. Asit stands, the masking effects of the carrier solvent in the transcriptome
data would cause major problems with mode-of-action determination of a test

toxicant through microarray analysis. Indeed, in this current study the pathway
analysis indicated that some pathway/process groups of genes were affected by
HighTPP exposure, but were not shown to be modulated in the DMFhighTPP
treatment (Figures 4.13 — 4.16). This masking effect of the carrier solvent on the
test chemical might well cause mode-of-action information to be either missed or
wrongly interpreted, and for the potential toxicity of the test chemical to be mis247

estimated. By contrast, some gene regulatory pathways were affected in the DMF
and mixture treatments or just the mixture treatments (Figures 4.13 — 4.16), but not
in the HighTPP treatment alone. This could again causethe test toxicants mode-ofaction and toxicity to be wrongly defined and mis-estimated. Both over- (Henry et
al. 2007) and under-estimation (Haapef al. 2008) of the toxicity of a test chemicals
has been shown to occur as a result of modulation from a carrier solvent.

The influence of DMF in aquatic toxicity testing is in agreement with previous
studies in transcriptome mixture toxicology. Some studies have reported both

common (Hookef al. 2006) and divergent (Finne et al. 2007; Yang et al. 2007a)
transcriptome responsesin fish to a mixture and its component chemicals. Although
each of these studies has emphasised either the similarities or divergence between
mixture and component responses, they all provide evidence for the confounding
effect. These studies however, have all been conducted using mixtures of chemicals
with very different modes-of-action, resulting in distinctive gene expression profiles
for each of the individual chemicals. In the study reported in this chapter, the two
component chemicals of the DMF-TPP mixture, exhibited similar gene expression
profiles (Figure 4.9), suggesting a similar mode-of-action at the concentrations
used. TPP was chosen as a test toxin for this current study given its know weak
oestrogen action (OECD 2006b; Yang ef al. 2007a) and potential similarities to the
mode-of action of DMF in zebrafish embryos (Ren ef al. 1996). The gene
expression profiles of TPP and DMF applied separately are consistent with this
suggestion (Figure 4.9). However, despite the two mixture components being very
similar compared to other transcriptome mixture toxicology studies, the cluster and
IPA analysis of the zebrafish embryo transcriptomestill enabled identification of
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both divergent and commonresponses of the mixture to its components effects. In
contrast, the GO analysis of the data suggested a unique gene expression response
of the two mixtures in comparison to each component. Such contrasting conclusions
between the GOanalysis, IPA and cluster data need to be explored.

If the unique response of the mixtures, as shown by the GO data wastrue, then the
heat-map (Figure 4.9) for the mixtures would be dominated by genes not
differentially expressed in the components and vice versa. Although some gene
clusters were differentially expressed in some treatments and not in others, this

pattern certainly does not dominate the plot. Such differences between the GO and
cluster analysis are therefore not explained by the cluster analysis being based on
individual genes and the GO analysis being based on gene regulatory groups.
However, limitations of the GO statistical analysis method (Khatri and Draghici
2005; Rheeet al. 2008) may explain such differences.

GO enrichment analysis identifies those gene ontology categories that are
statistically over-represented in a list of differentially expressed genes compared to
those present on the microarray. Thus, the test statistic cut-off value was chosen so
as to include as few false positives in the final significant list as possible, giving a
high type II error rate. This bias is necessary in the case of many gene expression
analysis studies, but in mixture toxicology the idea is to explore the gene groups
that are present in some treatments but absent in others. Effectively, it is necessary
to look at both endsofthe test statistic, those genes groupsthat are, and those genes
groups that are not significantly enriched. The GO analysis focuses on identifying
those gene groups which we are confident of being over-expressed, but at the cost
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of losing some gene groups that might be over-expressed. In addition, high type II

error rates were incurred at the cut-off value for several of the treatment genelists,
used for the GO analysis. This would emphasise the statistical bias further in the
GOanalysis. It should also be considered that differential expression of a few genes

in one treatment can lead to multiple GO terms from different branches being
deemed significant due to the involvement of some genes in many GOterms.
Therefore, the suggestion from the GO data, of the different treatments having
totally different effects, could have been an artefact of the GO analysis process.

In contrast, a reducedstatistical stringency was used for the clustering data. Genes
were accepted for cluster analysis on the basis of being deemed differentially
expressed at the MTE FDRinatleast one treatment. Asa result, there appears to be

a strong similarly between all treatments. The relaxed stringency means that the
absence of differential expression in gene groups is likely to be true, but
consequently the presenceofdifferential expression is not so significantly sound.

The IPA data could also suffer from similar artefact effects as the GO data, but a

unique response of each treatment was no so apparent. The cut-off value used for
determining whether a term was enriched or not was not corrected for multiple
testing and so the test was notas stringent as for GO analysis. Therefore the absence
of enrichment in a IPA term can be regarded as being moredefinite than an absence
in the GO analysis, but the presence of enrichmentnot as significantly sound as the
GO analysis. The nature of statistical analysis makes the interpretation of mixture
toxicity transcriptomic studies very difficult and complex. This perhaps explains
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why to date, very few transcriptomic chemical mixture studies have been carried
out and our understanding of mixture toxicity is currently very poor.

What should be taken away from this study is; firstly there was evidence that the
transcriptome response to TPP exposure can be modulated by the carrier solvent
DMEF. Secondly, exposure of zebrafish embryos to DMFand TPPresulted in similar
transcriptomeprofiles, suggesting that both chemicals had a similar mode-of-action.
Thirdly,

a mixture

of two

chemicals that

individually produced

similar

transcriptomeprofiles, also gave rise to a similar transcriptomeprofile as a mixture,
but there wasstill evidence of commonand divergent effects of the mixture from its
components.

4.5.1 - Does TPP demonstrate an oestrogenic mode-of-action in
zebrafish embryos?
A second question asked of this study, was regarding the ability of zebrafish
embryos to respond to oestrogenic chemicals. Some genes considered to be
biomarkers of oestrogen exposure were found to be differentially expressed for
HighTPP exposed embryos, but only in the MTEgenelist, with small fold changes
that were not alwaysin the direction expected from exposure to an oestrogen (Table
4.7). Despite TPP showing clear oestrogenic action in sexually mature zebrafish
(OECD 2006b) and other fish species (Gimenoet al. 1998; Seki et al. 2003; Yokota
et al. 2005; Panter et al. 2006), there was no evidence of such action in any of the
TPP exposed embryos. This suggests that; 1) zebrafish embryos are not susceptible
to oestrogen exposure, potentially due to differential gene regulation at the
embryonic and adultlife stages; ii) the TPP dose wasnot high enough to induce an

201

oestrogenic response; or iii) the sensitivity of the microarray technique was
inadequate to detect such a response.

Studies have shown that exposure to oestrogens can cause modulation of oestrogen
sensitive genes in zebrafish embryos (Hoyt ef al. 2003; Muncke and Eggen 2006;
Munckeef al. 2007; Jin et al. 2009), and as early as 48 hpf (Muncke and Eggen
2006). This indicates that embryos are susceptible to oestrogensat this life stage.
Vitellogenin 1 (vtgl1) mRNA induction has been shown to occur as a result of
nonylphenol exposure, at concentrations lower than those required to induce vtg1 at
larvae and adult stages (Jin et al. 2009). The HighTPP concentration was much
larger than the LOEC concentration for Vtg induction in adult zebrafish (OECD
2006b). Therefore, it is unlikely that the TPP dose was too small to induce an
oestrogenic effect in the embryos. However, vtgl induction in embryos has been
shown to beless effective (low induction levels) than in juvenile and adult zebrafish
(Jin et al. 2009). Such induction maynot be at a detectable level by microarrays, as
low copytranscripts often fall outside the detection range of microarrays (Churchill
2002; Yang and Speed 2002). All the above studies reporting oestrogenic effect in
embryos use RT-PCR, a much moresensitive technique. It seems likely that an
oestrogenic response was not able to be detected regarding vtg expression in
zebrafish embryos, as the microarray technique was not sensitive enough for this
purpose. This highlighted a limitation of the microarray technique in ecotoxicology.
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4.5.2 - Other limitations of microarray technique in the zebrafish
embryotest
This study also highlighted other limitations of the microarray technique as an
endpoint in the zebrafish embryo test. These limitations included the replication
ability between the studies and the effect of variance between replicates on the
numbers of genes deemed to be differentially expressed. Studies in our laboratory
have shown that small differences between zebrafish embryo tests, even the use of
different eggs batches, can dramatically affect the differential expression of genes in
control exposed embryos (Sawle 2008). The embryo tests run for the studies
reported in this thesis have used a variety of zebrafish embryo stocks, strains,
maintenance temperatures and feeding regimes. Such difference between embryo
tests can explain why there is poor replication in terms of the transcriptome
response betweenthe studies. It is impossible to control for all differences between
zebrafish embryo tests and due to this, the degree of replication required in
regulatory ecotoxicology testing can not be met currently using transcription
screening techniques.

However, the use of transcriptome screening using

microarray technique is of great value to the field of ecotoxicity. This is discussed
in the next chapter.
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Chapter5: Final Discussion
The demand for data on the toxicity of chemicals at different trophic levels is
increasing progressively as the range and amounts of industrial products released
into the environment increase. Politics and regulators are under immense societal
pressure to assess the impact of ecotoxicants on environmental and human health,
and to establish acceptable limits on the release and registration of chemicals. The
new REACH directive of the European Commission (REACH 2006) provides a
strong indication as to the future expectations of regulators for reducing the
toxicological impacts of industrial activity through regulation. Compared to
previouslegislation, REACHputs a stronger emphasises on the requirement of data
on the toxicological mechanisms of each compound and formulation to be
registered. There is no doubt that meeting the demands of REACH will cause a
substantial increase in costs to industry associated with testing. A major driver for
the increase in costs for chemical registration is the requirement to provide
comprehensive data sets on ecotoxicity in invertebrates and vertebrates. The

number of tests with vertebrates is therefore expected to increase significantly
(Bhogal et al. 2005; Breithaupt 2006). This is confronted with the demand for a
reduction of animals used for testing, as enforced not only by REACH,but also by
other legislative changes and general ethical standards such as The European
Cosmetics Directive 76/768/EEC and the revision of the Directive 86/609/EEC on
the protection of animals used for experimental and other scientific purposes.
Understandably, the industry sector expresses a great interest in alternatives to
animaltesting, which will help bringing down thecost of regulatory testing. As well
as driving the cost per test downwards, alternative testing approaches are urgently
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required to increase the yield and quality of mechanistic information regarding
ecotoxicological effects.

These various considerations have lead to the zebrafish embryo test being presented
as a viable replacement for the standard acute fish toxicity test (Braunbecketal.
2005; Lammer ef al. 2009), and the validation of an internationally agreed
guideline, directed by the OECD,is well underway (OECD 2006a). Moreover, in
combination with microarray analysis and/or other ‘omic’ technologies, the
zebrafish embryotest holds a great potential to refine or replace fish tests for some
chronic toxicity endpoints (Voelker et al. 2007; Yang et al. 2009). The central
concept is that the use of microarrays, which are capable of separately addressing
many thousands of individual gene responses, will increase the sensitivity and
improve mode-of-action information of the test chemical, a necessity for toxicity
testing regulations under REACH.This will allow chemical toxicity effects to be
identified at low, environmentally-relevant and potentially no-macroscopic-effect
concentrations and at earlier life history time points. Mechanistic information
gained about the toxic action of a chemical will also help to identify chemicalspecific markers and indicators of adverse and long-term effects. Based on the early
microarray work of Vélker et al. (2007) and Yang et al. (2009), Sawle (2008)
developed an advanced statistical approach using high quality oligoarrays to
demonstrate that the zebrafish embryo model and the array approach were together
capable of identifying thousands of ecotoxicant-responsive genes. Sawle (2008)
also showedthat these gene responses were functionally interpretable at the global
level using gene ontology enrichment analysis to give an unsurpassed overview of
the potential mode-of-action. This thesis now extends this work by exploring
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several important issues relating to a prospective regulatory application of
microarray-based test methods, and whoseresolution was necessary to advance the
use of microarrays in ecotoxicology.

These issues were based aroundthe use of carrier solvents in aquatic toxicity testing
and wereas follows: Firstly, can the microarray technique detect genes that respond
to solvent vehicles; and secondly, are these responses separable from those genes
that respond specifically to target ecotoxicants? Thirdly, what is the concentrationresponse performance of the microarray approach, andif there is a correlation, can
toxicological thresholds be defined corresponding to the conventional ecotoxicity
effect values, such as ECs), LCs9, and NOECetc? The successful resolution of these
questions would represent an important step in bringing the array platform into use
as a formal candidate for the adoption in regulatory test methods. The use of gene
expression as an ecotoxicological endpoint proved informative throughout the
study, but some potential limitations of combining this with the zebrafish embryo
test as a regulatory toxicity test were also uncovered.

Chapter 2 explored the issue of whether the application of organic solvents, widely
used in ecotoxicological testing for test substances with low aqueous solubility,
resulted in any detectable gene expression changes. Regulatory standards permit the
application of low solvent concentrations, specified in the testing guidelines of the
OECD,DIN or the US-EPAas 0.01 %. This concentration is presumedto havelittle
or no relevant effects that interfere with the ecotoxicological assessment. Two
carrier solvents were assessed, namely DMF and DMSO, both at OECD
recommended‘safe’ carrier solvent concentrations. Whilst this work showedthat no
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developmental malformations were evident at these low concentrations, it was also
demonstrated that a large number of genes were differentially expressed by both
solvents and at both of the tested concentrations (0.025 and 0.1 ml L”). The
numbers of differentially expressed genes and some fold-change values were
comparable to the microarray analysis of four compounds with well established
ecotoxociological properties (Sawle 2008), indicating that solvent vehicles can have
substantial effects upon transcript expression. The study questioned the use of the
number of genes deemeddifferentially expressed and fold changes to quantify a
toxicological

response,

but

no

suitable

measure

was

found.

Furthermore,

enrichment and network analysis of responding genes suggested effects on
steroidogenesis pathways in the DMF-exposed embryos. This is consistent with the
suggestion that DMF mayaffect genes involved in steroidogenesis (Hurk and Slof
1981) but as no clear oestrogenic mode-of-action was observed we were unable to
confirm reports of DMF showing oestrogenic properties in fish (Ren et al. 1996,
Caunter and Williams 2001 — reviewed in Hutchinson et al. 2006). Thus, whilst
microarray analysis can provide a rich source of information on gene responses,
some caution should be exercised in the interpretation of gene responses andtheir
relationship to ecotoxicant exposure. Indeed, differences in gene regulation and
responses of genes to toxicant exposure between embryosand adult zebrafish could
limit the use of the microarray zebrafish embryo test with endocrine disruptors. This
limitation was explored further in Chapter 4.

Chapter 3 focused on exploring the effects of increasing DMF and DMSO
concentrations upon genetranscription. This experiment tested the hypothesis that
whilst genes displayed some variability in the concentration-response relationship,
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they would all show an increasing effect (in terms of either up- or down-regulation)
with increasing concentration, and that this effect would saturate at a high
concentration. However, investigation over a 10° concentration range showed a
divergent response of gene expression in zebrafish embryos to increasing
concentration of DMF. Two mid-range DMFconcentrations induced no detectable
gene expression alterations. This meant a highly non-conventional biphasic
concentration-response

relationship

was

observed,

in that

gene

regulation

potentially reversed at some concentrations, with genes being activated at low
concentrations but inhibited at higher concentrations, or vice versa. There was a
reluctance to accept that this biphasic response was a true biological phenomenon,
but there was no difference in microarray quality for the different concentration
treatments to suggest otherwise. This biphasic form of response and the divergent
response seen in other concentrations could be explained by invoking the network
properties of gene regulatory effects; thus, effects at different concentrations were
generated through entirely different gene regulatory pathways, many of them
remote from the initiating stimulus. The nature of these divergent regulatory
interactions would require a much more explicit map of regulatory interconnections
in order to confidently support this explanation.

Functional enrichment and network analysis of the expression profiles showed
some evidence of concentration-specific functional effects; thus over the low
concentration range, embryos displayed responses predominantly involved in high
level gene expression processes and homeostatic responses, whilst at higher
concentrations gene responses were associated with morphological development

processes. We werealso able to demonstrate that gene expression changes at low
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concentrations of DMF, showed evidence of visual deformities observed at the

higher concentrations. This corroborates the theory that the microarray can increase
the sensitivity of the test by indicating toxicity effects at earlier time points and
lower concentrations. The results of this study also seem to confirm that gene
expression modulation as a result of toxicant exposure doestranslate into toxicityinduced morphological effects. This suggest that microarrays could be used in a

predictive manner to determine long term/high exposure effects from short term/low
concentration toxicity tests. However, identification of morphological effects at low
concentrations were only detectable once the morphological effects of DMF were
known. This work demonstrated the main difficulty of microarray analysis in being
the extraction of meaningful results from the huge amountof data generated, much
of which was classed as noise. We demonstrated that it was necessary to have some
sort of guidance from the literature or morphological effects of a test chemical to
direct microarray data analysis. The functional analysis with GO and JPA went
some way to provide meaningful results. With the continuing growth of the
databases that fuel this functional analysis, the outcomes from such analysis may
become more defined in the future.

Chapter 4 approached the problem of assessing the combinedtoxicity of mixtures of
chemicals, an issue where microarrays might offer unique insights. The study
explored the effects of solvent vehicle and test chemical, both separately and in
combination. The resulting transcriptome profiles demonstrated that carrier solvents
can indeed have modulating effects on the toxicity of the test chemical. Thus,
aspects of DMFtoxicity were transferred to the mixture profile as well as some
TPP-sensitive canonical pathways being masked. Other canonical pathways were
ao

affected in the mixture but were unaffected by either chemical component acting
alone. Such interactions between the two compounds indicates the potential
difficulties in assessing even more complicated mixtures, as well as raising

concerns aboutthe use ofcarrier solvents, in particular DMF. The work in Chapter
4 also demonstrated that the microarray technique was unable to detect oestrogenic
effects of TPP on the transcriptome, effects that the more sensitive PCR technique
can. As such the use of the microarray zebrafish embryotest is limited in its uses
for detection of endocrine disruption.

Chapter 4 also highlighted issues with the statistical analysis of microarray data,
specifically concerning mixture toxicity. The statistical process is skewed towards
proving the presence of differential expression and gene ontology enrichment.
However, often with microarray data we wish to prove the absence of differential
expression or enrichment. The study also raised issues about the robustness of
microarray studies and the effect of variance on the number of genes determined
differentially expressed. The sensitivity of microarrays may be advantageous in
some aspects of ecotoxicology but in others it can cause issues. The lack of
robustness and quantifiable toxicity measures mean that gene expression analysis by
microarrays does not lend itself well to inclusion in regulatory ecotoxicologytest
endpoints, but the huge amounts of information gained from microarray analysis
can be used to identify potential biomarkers and reduce the numbers of regulatory
test that have to be run.

In conclusion, it is now clear that carrier solvents acting alone can generate a
substantial response at the level of the transcriptome. These responses are solvent260

specific and are distinctive from those generated by several well-established
ecotoxicants, suggesting that they represent discrete toxicological responses in their
own right. The implication of this result is that the vehicles commonly used in
ecotoxicology experiments may not be without ecotoxicological effect. Given that
most conventional ecotoxicological tests fail to detect or relate a response to low
concentrations of these solvents, it appears that the array approach could be the
more sensitive one. This outcome is made possible by improvements in array
fabrication and imaging techniques, but particularly due to improvements in the
methods used for the statistical evaluation of array data and the confident assertion
of significance.

Despite the improved tractability of the array approach for regulatory ecotoxicology

purposes, there remain significant issues to considerin its implementation. Thefirst
of these is recognition of the problem of probe sensitivity. Many genes are
expressed at levels too low for detection by the microarray, due either to the genes
being expression in a small set of cells within the embryo, or to the genes giving
rise to very few transcripts per cell. This problem might be resolved by adoption of
sequence based methods of transcriptome assessment, thoughit is too early in the
deployment of next generation sequencing technology to address this point.
Another issue is that expression properties of embryosrelate to the processes of
embryogenesis, development and growth, and not to more specific processes of
toxicological interest that are characteristic of the adult stage, a good example being
vitellogenin induction on exposure to oestrogenic compounds. A third problem is
the current difficulty in extracting a functionally meaningful interpretation of a very
complex gene expression profile. Current methods of enrichment analysis offer
261

ways

to

extract

functionally

meaningful

interpretations,

but

substantial

improvements and developments to such methods are required. Improved analysis
of gene networks based on human or mouse models would help to facilitate this.
Fourthly, we have shown that the pattern of gene responses is sensitive to
concentration in unexpected ways, and thus in defining effects using the embryo
test system, we need to better understand this relationship in order to make
meaningful comparisons between diverse compounds having very different
toxicological potencies. We have introduced the idea of complex gene-gene
interaction networks as influencing the complex biphasic concentration-response
relationship for different genes, but at present this concept cannot be advanced in
any specific way. Nevertheless, the microarray presents many tens of thousands of
separate gene-specific responding elements, and this sheer probe diversity together
with high levels of biological replication lends great experimental power to
dissecting responses to treatment. This and the sensitivity of the embryo model to
exposure makethis perhaps the most promising general method for deployment in
industrial testing. It is clear that technology for array and sequence based
assessment is progressing faster than its implementation within ecotoxicology
testing. We certainly need to expand efforts to deploy these technologies in the most
appropriate way, but wealso need to allow our understanding of perturbation at the
gene and protein levels of organisation to increase through conventional approaches
to mechanistic investigation.
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Appendix: List of supplemental data on

accompanying CD.

SupplementA: Annotated R code for microarray data linear model analysis
Supplement B: GOanalysis files from Chapter 2.
The folder contains 4 .txt files one for each of the solvent treatments (DMF»;,
DMFi090, DMSO25, DMSOj09). Each .txt file lists for each GO category (biological

processes, molecular function and cellular location) the GO terms that were deemed

significant before any trimming of parent and daughter terms.

Supplement C: KEGGdatafiles from Chapter 3
The folder contains 5 .txt files, one for each treatment where a MTEgenelist was
extractable. Each file contains the sequences in FASTA format of genes in the MTE
genelist for that treatment. Files can be up-loaded to http://www.genome.jp/kaasbin/kaas_main?mode=est_s to generate the KEGG analysis output.

SupplementD: GOanalysisfiles from Chapter 3
The folder contains 5 .txt files one for each of the solvent treatments where a MTE
gene list was extractable. Each .txt file lists for each GO category (biological
processes, molecular function and cellular location) the GO terms that were deemed
significant before any trimming of parent and daughter terms.

SupplementE: IPA analysis, DMF4000/DMSO32000 comparison, Chapter 3
The folder contains 6 files; up-regulated function, canonical and lists analysis and
down-regulated function, canonical andlist analysis.

SupplementF: IPA analysis, DMF concentration comparison, Chapter 3
The folder contains 6 files; up-regulated function, canonical and lists analysis and
down-regulated function, canonical andlist analysis.
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Appendix: continued...

SupplementG: GOanalysis files from Chapter 4
The folder contains 4 .txt files one for each of the treatments where a MTEgenelist

was extractable. Each .txt file lists for each GO category (biological processes,
molecular function and cellular location) the GO terms that were deemedsignificant
before any trimming of parent and daughter terms.

SupplementH: IPA analysis, DMF and TPP treatments comparison, Chapter 4
The folder contains 6 files; up-regulated function, canonical and lists analysis and
down-regulated function, canonicalandlist analysis.
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