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2D-DIGE Two-dimensional diff erence in gel electrophoresis
2-DE Two dimensional electrophoresis
ANOVA Analysis of variance
BGS Brain growth spurt
BP Biological process
CC Cellular component
cDNA Complementary deoxyribonucleic acid
cRNA Complementary ribonucleic acid
Cy2 Cyanine
Cy3 Indocarbocyanine
Cy5 Indodicarbocyanine
Da Dalton
DAG Directed acyclic graph
DEPPS Diff erential expression in predefi ned proteins sets
DMSO Dimethyl sulfoxide
EC Embryocarcinoma
ECVAM European centre for the validation of alternative methods
ES Embryonic stem
ESI Electrospray ionization
FDR False discovery rate
FVS Fetal Valproate Syndrome
GO Gene Ontology
GSEA Gene set enrichment analysis
HDAC Histone deacetylation
ICAT Isotope-coded affi  nity tags
IEA Inferred from electronic information
iTRAQ Isobaric tags for relative and absolute quantifi cation
Ip Isoelectric point
MALDI Matrix-assisted laser desorption/ionization
MF Molecular function
MM Micromass
mRNA Messenger ribonucleic acid
MS Mass spectrometry
MS/MS Tandem mass spectrometry
NTD Neural tube defects
PBDE-99 2,2´,4,4´,5-pentabromodiphenyl ether
PCR Polymerase chain reaction
PTM Posttranslational modifi cations
RA Retinoic acid
rc PCR Real competitive PCR



REACH Registration, evaluation, and authorization of chemicals
RNA Ribonucleic acid
RT Reverse transcribed
RT-qPCR Real time quantitative PCR
SAGE Serial analysis of gene expression
SAM Th e signifi cance analysis of microarray
SILAC Stable isotope labeling by amino acids in cell culture
TAS Traceable author statement
TOF Time-of-fl ight
VPA Valproic acid
WEC Whole embryo culture
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Introduction

Developmental toxicology
In 1961 one of the fi rst well-documented teratogenic (meaning “monster-former” in 
Greek) substances was discovered, thalidomide. During the 1950s it was prescribed 
as a mild sedative to many pregnant women and was found to cause an enormous 
increase in risk of developing congenital anomalies such as phocomelia/amelia where 
long bones of the limbs are defi cient or absent[1,2]. In November 1961 the drug was 
removed from the market. Pregnant mice and rats do not normally generate malformed 
pups when given thalidomide whereas rabbits produce some malformed off spring and 
other primates have susceptibility similar to that of humans[3]. Th e combined experi-
ence from thalidomide in humans and animals gestation showed the limitations of 
animal models as test systems for potential teratogenic eff ects of chemicals. Th is was 
the starting event for modern studies in developmental toxicology.

Developmental toxicology is an important part of preclinical drug toxicology as 
well as environmental toxicology. Developmental toxicology is the study of unwanted 
eff ects on the development of an organism which may be the result of exposure to 
a xenobiotic before conception, during prenatal development or postnatally. Th e 
principal manifestations of developmental toxicity include embryolethality, mal-
formation, growth retardation and functional defi cit[4,5]. Malformations include for 
example missing limbs, missing or extra digits, hearts that lack valves, or neural tube 
defects (NTDs). About 2% of all human infants are born with observable anatomi-
cal anomalies[6]. Functional defi cits may include behavior, cognition, motor function 
defi cits and a decrease in fertility. Th e estimated frequency of neurodevelopmental 
disorders in human children can be as high as 12-15%[7,8], and disorders can occur in 
the absence of obvious malformations[9]. As a consequence postnatal observation and 
testing of the off spring is required to detect this type of defi cits in animals.

In drug industry there are very high costs associated with the development of a 
single drug. Only one in perhaps 10,000 screened compounds successfully reaches the 
market, with 30-50% of drug candidates failing due to toxicity[10,11]. For those who 
need therapy the increased toxic risk is often accepted du to the benefi ts of taking the 
drug. However, such benefi ts do not exist for human exposure to environmental pol-
lutants. Th e EU initiative REACH[12] (Registration, Evaluation, and Authorization of 
CHemicals) aims to improve the protection of human health and the environment by 
requiring industries to take greater responsibility in managing the risks from chemical 
compounds.

Assessing reproductive and developmental toxicity is especially expensive and time 
demanding, since at least two generations of animals are needed in the tests. Th e 
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REACH initiative threatens to intensify animal testing dramatically. A recent estima-
tion by the European Chemicals Bureau shows that reproductive and developmental 
toxicity testing will use the most animals and resources within REACH (38% of 
animals, 30% of resources, 23% of animals and 24% of resources, respectively)[13]. At 
present there is no test in the REACH program that addresses developmental neuro-
toxicity. Th ere is a proposed OECD test for developmental neurotoxicity (TG 426) 
which addresses issues such as neurological and behavioral abnormalities[14]. However, 
this test is also based on a two-generation study with its associated high costs and time 
consumption.

In light of this there is a great need for alternative test methods in many areas of 
developmental toxicity testing. Currently there are three alternative tests in devel-
opmental toxicology validated by ECVAM (European Centre for the Validation of 
Alternative Methods[15]); rat postimplantation whole embryo culture (WEC)[16], limb 
bud micromass (MM)[17] and embryonic stem cell test (EST)[18]. Th e fi rst two are 
essentially animal experiments in that they require the harvesting and culture of whole 
living rat embryos or culture of primary limb bud cells derived from such embryos. 
Th e EST is a cell-based model system testing for both cytotoxic eff ects and eff ects on 
diff erentiation. However, the tests take a long time (at least ten days) to complete and 
the evaluation of eff ects on diff erentiation is performed by visual inspection using 
a microscope. Th e microscopic monitoring can be circumvented by quantitatively 
monitoring the expression of specifi c proteins[19], but this does not mean it is a less 
laborious and more automated process. However, this shows that molecular biomark-
ers can be used to refl ect a series of events that lead to an abnormal cellular phenotype. 
An attractive alternative to using biomarkers in monitoring a late event would be 
to use biomarkers to detect early events of a toxic response. Th ese early “functional 
biomarkers” would not only be mechanistically relevant but they would also be very 
useful in the development of rapid assays.

Alternative in vitro test methods would only be able to represent part of the com-
plexity of the whole developing embryo/fetus. Th ey will not give the extent of infor-
mation that can be achieved from in vivo animal testing. However, results from in 
vitro tests, looking at restricted developmental processes, might identify predictors of 
toxicity and have the potential to reduce the need and expenses of in vivo testing. 

Transcriptomics
Th e complete set of ribonucleic acid (RNA) transcripts produced by the genome 
in any given organism is called the transcriptome. “Omics” is a modern term that 
refers to the study of the preceding, therefore transcriptomics means studying the 
expression levels of RNA transcripts in a given organism or cell population. Since the 
completion of the fi rst high-quality drafts of the mouse[20] and human[21] genomes 
approximately 22,000 genes have been found in both genomes (Ensembl[22] release 
43). A cell may contain up to 40,000 messenger ribonucleic acid (mRNA) molecules 
at any time, originating from perhaps 5,000 unique mRNA molcules[23]. Th e majority 
of these mRNAs are therefore expressed in very few copies in each cell.

Studying the transcriptome in a developing embryo is a way to study the strictly 
coordinated signals that lead to the developments of a mature embryo. Changes of 
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regulations at the transcriptional level often happens within minutes or hours[24] and 
there are indications that the stability of mRNAs to a great deal is responsible for 
changes in gene expression[24,25]. As a result, performing analysis on the transcriptome 
is like taking a snap-shot of the ongoing activities in a cell or tissue, measuring thou-
sands of transcripts expressed at diff erent levels at a single time point.

Proteomics
Generally, nucleic acid transcripts have no ability to cause a physiological response, 
instead they have to be translated into proteins. Th e term proteomics was introduced 
in 1995[26] and refers to the study of the proteins in a given organism or cell popula-
tion. All cells and organisms consist of diff erent types of proteins; as a simplifi ed 
picture studying the proteome is to study what morphologically can be seen. Addi-
tionally some of the signaling within a cell is done by diff erent types of proteins. As 
a comparison to the number of mRNAs the number of protein molecules in a single 
cell may be as many as 1,000,000,000. However, only a hundred diff erent proteins 
may constitute up to 90% of the mass of these proteins[23]. Th is means that the most 
abundant proteins may be expressed ten million times higher compared to the least 
abundant proteins[23,27], which makes it diffi  cult in terms of measuring the expression 
of proteins.

Historically a single gene was believed to result in a single protein. However, due 
to a large variety of posttranscriptional events such as alternative splicing of tran-
scripts[28,29] and posttranslational modifi cations (PTMs)[23,30] the estimated number 
of protein species in humans can be as many as one million[31,32]. PTMs are process-
ing events that change the properties of a protein by cleaving or adding a modify-
ing group to one or more amino acids. Diff erent modifi cations such as acetylation, 
methylation and phosphorylation have been seen to change the activity, localization 
and interaction with other proteins[30]. All of these events increase the complexity of 
proteins dramatically and contribute to the large number of isoforms often found in 
the analysis of proteins. 

Toxicogenomics
Traditionally, in drug development the potential toxicity of drug candidates is assessed 
using laboratory animals. Th is often requires large quantities of the compound, the in 
vivo studies take a long time to perform and if adverse events are recognized they are 
usually discovered relatively late in the drug development process. Overall, the process 
may be very cost ineffi  cient. 

Th e traditional toxicological endpoints pathology, clinical chemistry and hematol-
ogy only give limited information of what is responsible for toxicity observed in a 
target organ. As a consequence of this and along with the development of new tech-
niques for global screening of gene and protein expression the term “toxicogenomics” 
was introduced in 1999[33]. It can be defi ned as “the study of the relationship between 
the structure and activity of the genome (the cellular complement of genes) and the 
adverse biological eff ects of exogenous agents”[34]. Th is term includes the measure-
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ment of both RNA and proteins. 
Whole genome gene expression analysis has been proposed as the ultimate tool for 

improved mechanistic toxicology screens; more sensitive, earlier toxicity discovery and 
help in drug and chemical safety assessment[35]. However, conducting gene expression 
studies often resulted in enormous diffi  culties in the interpretation of thousands of 
simultaneous gene expression measurements[36] and it quickly became apparent that 
to get the most out of genomic studies one needs to combine genomic data with the 
more traditional toxicological endpoints. Th is “phenotypic anchoring” can be viewed 
as linking the gene expression responses to the toxic outcome[37]. 

In spite of this, the use and interpretation of toxicogenomics have proven to be 
much more challenging than fi rst anticipated[11]. Various types of cluster analysis[38,39] 
and class predictions[40] are examples of methods that can be used in classifying com-
pounds when trying to predict toxicity. Over the past few years large commercial[41] 
and public[42-44] databases, with information on gene expression in response to dif-
ferent compounds, have been built. When studying new compounds/drugs with 
unknown mechanism of action new gene expression studies usually have to be con-
ducted, in order to obtain expression profi les that can be compared to the publicly 
available information. Th ese studies are expensive and time consuming and the ques-
tion arises about the need to use an expensive and analytically demanding system to 
deliver results which simply refl ect traditional toxicological endpoints? In my view, 
for companies in drug development the answer to this question is probably yes, since 
less time and money will be spent on compounds likely to fail later. However, in the 
example of the EU initiative, REACH, the laborious work, management of the enor-
mous amounts of data produced and their interpretation would probably result in 
very high costs. In that perspective there is no profi t of advanced screening of various 
chemicals. An attractive alternative to high throughput screening of all compounds is 
to use these techniques only as initial screening tools to identify groups of potential 
single molecular “biomarkers”, which can be validated and implemented as predic-
tive tools in toxicity testing using other methods. Simple biomarkers of response are 
favored over massively parallel gene/protein expression signatures since they are famil-
iar in toxicological assessment and can readily be validated[45].

Biomarkers and “functional biomarkers”
In the fi eld of toxicity testing the purposes of using biomarkers is to reduce, refi ne or 
replace the use of animals (Th e three Rs[46]). Th e term biomarker has grown in popu-
larity in recent years and many diff erent defi nitions of what constitutes a biomarker[47] 
exist. In this thesis the term biomarker will be defi ned as: “the use made of a piece of 
information, rather than to a specifi c type of information. A biomarker is a change 
in a biological system that can be related to an exposure to, or eff ect from, a specifi c 
xenobiotic or type of toxic material[48]”. Th e defi nition above does not include predic-
tion of hazardous properties or potential toxicity. For a biomarker of exposure to be 
predictive of risk there also has to be information about the dose-response relation-
ship. Even if such information is available the biomarker does not have to be directly 
involved in the toxic mechanism, rather it may be a refl ection of the toxic outcome. 
In this thesis, a point of view is taken that the biomarker should not only be a refl ec-
tion of the toxic outcome but also indicate mechanistic involvement in the process 
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aff ected. 
We will herein use the term “functional biomarker”. It is defi ned as a molecular bio-

marker which can be measured a short time after exposure, displaying a dose-response 
relationship that can be correlated to the phenotypical outcome of exposure. 
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Aims of studies

Th e work of this thesis has focused on the use of high throughput screening methods 
to search for molecular markers to be used in the development of diff erent in vitro 
test systems addressing potential toxicity including developmental toxicity in vivo. 
Th e thesis is based on several papers that to some extent study the mechanisms of 
chemically induced developmental toxicity. In this summary I have focused on the 
technical aspects of these studies, rather than the biological results. Th e aim of the 
included studies was to:

• Study the eff ects on global gene expression of the known anticonvulsant and 
developmentally toxic drug VPA in mouse embryos and the embryocarcinoma 
cell line P19 using microarray technology.

• Study the eff ects on the proteome in the neonatal mouse brain due to exposure 
to the fl ame retardant PBDE-99 using 2D-DIGE technology.

• Develop and evaluate new methods for analyzing data produced with 2D-DIGE.

One of the reasons for our research group to use –omics approaches is to explore if 
in vitro screening assays are reasonably mechanism-based in order to replace animal 
experiments in developmental toxicology. In addition, we hypothesize that immedi-
ate changes in gene/protein expression upon exposure to a chemical may equally well 
refl ect toxicity as a change in phenotype occurring much later.
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Methods

Model systems
In this thesis one of the aims was to identify transcripts or proteins that have the poten-
tial to be used as biomarkers in developmental toxicity testing, which may improve 
the development of an in vitro assay. To develop a test system it is necessary to start 
with a well-defi ned model. Two diff erent model systems were studied. Th e fi rst is a 
model of the induction of neural tube defects (NTD) by the human teratogen val-
proic acid (VPA) in the mouse embryo[49,50] (paper I and II) and the second is a model 
of disrupted brain development by the brominated fl ame retardant 2,2´,4,4´,5-penta-
bromodiphenyl ether (PBDE-99) in the neonatal mouse[51] (paper III and V). For the 
model of NTDs the possibility to use a cell-based system for in vitro testing is also 
addressed, whereas the eff ects of PBDE-99 is only addressed in vivo.

Valproic acid
Valproic acid (VPA) was fi rst synthesized as an organic solvent in 1882[52]. In 1962, 
when it was used as a solvent for other compounds it was found to have anticonvulsant 
activity which resulted in the fi rst clinical trial in epilepsy using VPA in 1964[53,54]. 
Currently VPA is marketed in over 100 countries and is a well established antiepi-
leptic drug[55]. More recently it has also been used in migraine therapy[56,57], bipolar 
disorders[58] and as a potential anti-cancer drug[59,60].

One major negative eff ect of VPA is teratogenicity in human embryos. Th e fi rst 
reports of children with NTDs, especially spina bifi da, born to epileptic woman 
treated with VPA, were published between 1980-82[61-63]. Besides causing a 20-fold 
increase in NTDs (1-3% risk)[63] it has become apparent that VPA may cause a whole 
variety of other teratogenic eff ects (known as Fetal Valproate Syndrome, FVS[64]). 
Th ese defects may include facial aberrations cleft lip and palate, genitourinary defects, 
developmental delay, limb defects, autism, abnormalities of the musculoskeletal 
system and malformations of the heart[64-70]. 

VPA is also teratogenic in the mouse embryo, causing neural tube defects, heart 
malformations, somite defects, axial skeleton defects and growth retardation[71-74] 
(paper I). Th e mechanism of VPA teratogenicity is poorly understood. Th e most 
recently proposed mode of action is histone deacetylation (HDAC) inhibition[75-82], 
but other plausible mechanisms are also discussed in paper I. Th e mouse embryo of 
the NMRI strain is suggested as a relevant model for studying VPA-induced develop-
mental toxicity[49].

In the search for functional biomarkers of developmental toxicity we have com-
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bined gene expression data from this in vivo mouse embryo model with gene expres-
sion data from an in vitro cell model. For an in vitro system to have a potential as 
a screening assay, the selection of optimal conditions when conducting the study 
is crucial. Th e in vitro model will never be able to give the extent of information 
achieved from in vivo animal testing, therefore there has to be other benefi ts in using 
the model. Th e model should be relevant, robust in the sense that the results have to 
be reproducible in a laboratory and between laboratories, it should be easy to use, fast 
to conduct and cheap.

 We have selected the embryocarcinoma (EC) cell line P19[83,84]. Like embryonic 
stem (ES) cells, EC cells are embryo-derived pluripotent stem cells that can diff erenti-
ate into cell types of all three germ layers[85,86]. For example high concentrations of ret-
inoic acid (RA) induce the P19 cells to diff erentiate into neuronal and glial tissues[87], 
while using dimethyl sulfoxide (DMSO) the most prominent diff erentiation is into 
cardiac and skeletal muscle cells[88]. ES cells appear to be more sensitive to VPA treat-
ment (work in progress in our laboratory and work recently published elsewhere[89]) 
but VPA eff ects in a similar EC cell line (F9) have been successfully investigated by 
others[78,90]. For potential usage in an assay, the EC cells are very cheap and easy to 
culture in comparison to ES cells. 

PBDE-99
Flame retardants are chemicals that are used to prevent fi res in plastics, textiles and 
electronics. PBDEs are persistent and have been shown to bioaccumulate[91] which is 
of growing concern. Levels in human blood and adipose tissue are generally higher in 
the US compared to Europe[92,93]. In 2004 the EU banned (EU Directive 2003/11/
EC, Limitations Directive 76/769/EEC) the use of pentaBDE and octaBDE but in 
the US the chemicals are still being used. 

Th e developing brain goes through a number of phases of high sensitivity to exog-
enous disturbance. One important period during the fetal and neonatal period is 
the brain growth spurt[94] (BGS), which in mice and rats spans the fi rst few weeks 
postnatally. Previously it has been shown that neonatal administration of PBDE-99 
(which is one of the most common congener found in humans[95]) to neonatal mice 
disrupts normal brain development resulting in disturbed spontaneous behavior in 
adulthood[51,96-99]. Th is late response on early exposure refl ects the long-term conse-
quences of disrupting the developing brain during a sensitive time period. 

We have studied the in vivo eff ects of PBDE-99 on protein expression 24 hr after 
exposure during the neonatal brain growth spurt in mice (paper III and V). With the 
future aim to evaluate an in vitro system for potential developmental neurotoxicity 
eff ect in vivo. As an eff ort to compare in vivo/in vitro, in similarity to the VPA-case 
above, we are currently studying the eff ects on protein expression caused by PBDE-99 
in fetal brain cells exposed in vitro (not included in this thesis).
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Methods in transcriptomics

Background
Over the past 25-30 years several techniques for quantifying mRNA have evolved. 
Northern blot[100] was published in 1977 and was one of the fi rst methods. In the 
beginning and middle of 1990s real time quantitative PCR (RT-qPCR) was devel-
oped and improved[101-103]. Th is resulted in a less laborious and more accurate tech-
nique for measuring transcripts. Th ese methods mainly do semi-quantifi cation of 
transcripts, which is the level of a transcript compared to the level of a diff erent tran-
script or sample. Recently a technique known as real competitive PCR (rc PCR)[104] 
has evolved which combines competitive PCR and mass spectrometry and it is a 
promising method for absolute quantifi cation of mRNA. However, all of these meth-
ods require prior knowledge of the sequence of the transcript to be investigated. If no 
prior knowledge exists of which mRNA transcripts diff er between samples or treat-
ments, then using these techniques to fi nd diff erentially expressed transcripts would 
be very time consuming and expensive, considering the number of measurements 
required. 

Instead, techniques where no prior knowledge of the sequence of the transcript 
is needed have evolved. Some of the fi rst methods used was subtractive hybridiza-
tion[105], diff erential display[106], complementary deoxyribonucleic acid (cDNA) frag-
ment fi ngerprinting[107,108] and serial analysis of gene expression (SAGE)[109]. In prin-
ciple these techniques detect diff erentially expressed transcripts that are subsequently 
sequenced. 

Gene expression microarrays
As an alternative to these methods macroarrays have been developed. Th ey contain 
probes, most often cDNAs, which have been immobilized to a solid surface such 
as nylon[110]. One sample is hybridized to each array and the signal (in many cases 
detected using radioactivity) of the corresponding spots is compared between arrays. 
In 1995 libraries of PCR amplifi ed cDNA clones were spotted onto glass instead, 
using a custom built array machine[111]. Th e glass slides were microscope sized slides 
and the term “microarray” was born. 

One of the advantages with using the micro format is that many more sequences 
can be measured in parallel compared to the macroarray format and cyanine dyes 
(Cydyes) are used instead of radioactivity as the detection system. Th e principle in the 
technique is to measure the diff erential amounts of the sequences assessed. 

Th e most frequently used labeling molecules are the cyanine dyes Cy5 and Cy3. 
Th ese molecules can be attached directly, in-directly or incorporated to amplifi ed com-
plementary ribonucleic acid (cRNA). Th e direct labeling needs fairly large amounts 
(>30µg) of total RNA, whereas the indirect and amplifying labeling methods of RNA 
only need approximately 5 and <1 µg total RNA, respectively. In our early studies on 
mouse embryos we used direct labeling and therefore needed a lot of embryos (one 
embryo correspond to approximately 1 µg total RNA), but by using alternative label-
ing techniques we have been able to decrease the number of embryos needed. 
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Th e probes on a microarray typically consist of PCR generated cDNA clones or 
synthesized oligonucleotides. Th e fi rst academically produced microarrays often con-
sisted of long cDNA clones, whereas the commercially produced microarrays often 
consist of shorter oligonucleotides. Th ese commercial arrays are typically one color 
systems where only one sample is interrogated at a time. 

Total RNA

Mouse embryos

Reverse transcription
and labeling

cDNA

Hybridization Scanning using lasers

Data analysis

Up-regulated

Equal expression

Down-regulated

Composite image

Figure 1. Th e procedure for a two-color microarray experiment. Th e mRNA from two dif-
ferent samples (for example from control and treated embryos) are converted into cDNA 
and labeled with Cy5 and Cy3. Th e pool of cDNA is then hybridized to the microarray. 
After washing the microarray is scanned with lasers and the intensity of the fl uorescent signal 
is detected for each spot. Th e resulting images are then superimposed. A red spot indicates 
higher intensity from the Cy5 fl uorophore and a green spot indicates higher intensity from 
the Cy3 fl uorophore. A yellow spot indicates equal intensities from both fl uorophores. An 
image analysis software is used to quantitate the expression intensity values for each spot. 
Both embryos at the top of the image are ten days old. Th e embryo to the left is a control 
embryo and the embryo to the right was removed from the uteri of NMRI mouse dams 
which on day eight had been administrated intraperitoneal VPA (600 mg/kg body weigth). 
Th is resulted in failed anterior neural tube closure (black arrow head, 48 hr post-treatment). 
Abbreviations: ba, fi rst branchial arch; fb, fore brain; mb, mid brain. Please note that all 
microarray studies on embryos included in this thesis have been conducted on embryos 
exposed for a maximum of 6 hr.

In most cases the academically produced microarrays generate lower data quality 
compared to the commercial ones[112]. Th e data quality between the commercial one- 
and two-color systems is essentially equivalent according to some studies[113] while 
others claim the one-dye platforms to be more consistent[112]. In our experience the 
two-dye system tends to have a lower dynamic range (paper II) compared to the 
one-dye system. For the microarray studies conducted on embryos we have used the 
two-dye system (paper I and II) and the in vitro cell studies have been conducted on 
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both a two-dye (paper I) and a one-dye system (paper II). In most cases we have found 
the one-dye system easier to work with since it off ers a more fl exible and extendable 
design. Today a microarray for gene expression studies typically consists of 30,000-
50,000 probes. A procedure for a two-dye experiment is shown in Figure 1.

Preprocessing of data
Th e fi rst few years in microarray history were mainly focused on resolving the techni-
cal diffi  culties in using microarrays. When conducting microarray experiments the 
resulting raw data is in most of the cases biased. Th is bias may be due to both system-
atic variations within a microarray slide and between microarray experiments. When 
using two-dye systems there is a bias known as dye-bias. Th is bias can partly be due 
to one of the dyes generating an overall higher intensity data compared to the other 
dye. Th is bias may also vary on diff erent regions of the microarray, called spatial bias. 
In my opinion one of the most important works in correcting this bias was presented 
in 2002[114]. Th e authors presented a method known as global lowess normalization 
and print-tip normalization. Th ese normalization methods were made freely available 
in the statistical package sma and are now often used in the limma[115] package in the 
freely available software R[116]. Since then the number of methods for normalizing 
microarray data for both one- and two-dye systems has increased a lot, and some of 
them have recently been reviewed [117,118]. Proper normalization in combination with 
fl ipping the use of Cy5 or Cy3 for labeling of the samples (dye-swapping) are impor-
tant steps in generating reliable microarray data.

Statistical testing of microarray data
Th e key to a successful microarray study lies not only in how data is normalized or 
how hypothesis testing is conducted, but rather on the original design of the study. 
Once the microarray study has been performed, diff erent methods for normalization 
and hypothesis testing can be applied, but it is diffi  cult to change the original design 
of the conducted study. Even if a study has been carefully planned it is not unusual 
to in the end wish that things had been conducted a little diff erently (personal expe-
riences). On several occasions the importance of the original design of a microarray 
experiment has been discussed in the literature[119-123].

Th e list of statistical methods for detecting diff erentially expressed probes/clones/
genes is as long as the list of methods used for normalization. In the early days of 
microarray technology it became evident that using traditional t-statistics for hypoth-
esis testing was unsuitable. Many hypotheses are tested in parallel and therefore the 
probability that a type I error is committed increases sharply with the number of 
hypotheses. Th is problem of multiplicity is not unique to microarray experiments, 
but the magnitude is, since a single experiment may involve tens of thousands of 
genes, which dramatically intensifi es the problem. 

An attractive method to detect diff erentially expressed clones is to use an empirical 
Bayes approach[124,125]. Its use of moderated (penalized) t-statistics overcomes several 
of the problems with ordinary t-statistics such as the strong infl uence of small stan-
dard errors and outlying observations. Normally the resulting estimates are plotted 
in volcano plots showing the statistical signifi cance of change, lodsratio (for log-odds 
ratio) versus the fold change. Grasping large amounts of data can be very diffi  cult but 
by applying this visualization it is possible to get an overview of the fold changes for 
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the clones and their variability. 
A diff erent method, which also moderates the t-statistics, is the signifi cance analysis 

of microarray (SAM)[126]. Th is method adds a suitable dataset dependant constant in 
the denominator of the t-statistics in order to stabilize the variance. It has become very 
popular to draw attention to the proportion of errors among the identifi ed diff eren-
tially expressed clones by applying a method named false discovery rate (FDR)[127,128]. 
A whole variety of other methods exists, many of them being modifi cations of already 
existing methods[129].

Real time qPCR
Real time qPCR (RT-qPCR) are in many instances seen as the golden standard for 
validating results from microarray studies. Th e major advantages in using this tech-
nique are an increased detection sensitivity, sequence specifi city and large dynamic 
range. In comparison the dynamic range for most microarray platforms are 3-4[130,131] 
orders of magnitude, while RT-qPCR can achieve approximately 5-7[132,133] orders of 
magnitude.

In quantitative RT-PCR, the aim is to compare the amount of a given mRNA mol-
ecule in two diff erent samples and since this is measured in real time it is called real 
time qPCR. PCR cannot be applied to RNA, therefore the transcripts are fi rst reverse 
transcribed (RT) to cDNAs that are used as PCR templates. 

Some of the systems used for RT-qPCR are those based on TaqMan™ probes 
developed by Applied Biosystems, SYBR Green I[134] and the recently developed 
ProbeLibrary supplied by Roche Universal ProbeLibrary. Th e systems have diff erent 
approaches but the principle is to measure a fl uorescent signal after each subsequent 
PCR cycle. When enough transcripts (signal) have been produced to reach the expo-
nential phase of the PCR reaction, this cycle is recorded as the threshold and com-
pared between samples. To normalize for diff erences in starting concentrations, the 
relative abundance for the gene of interest can be compared to a reference gene[135] 
(“house keeping gene”, e.g Gapdh, Ppia or Tbp) that is thought not to be aff ected by 
the treatment of interest. Th e selection of “good” reference genes with stable expres-
sion levels is critical since all measurements will be made relative this gene. It is pre-
ferred to use several diff erent reference genes and try to evaluate which one/ones are 
not aff ected by the treatment. Alternatively, the results from the microarray study can 
be used to help in the selection of a reference gene[136]. 

To calculate correct estimates of diff erences in levels of transcripts the effi  ciency in 
the PCR reaction should preferably be calculated as for example described in Liu and 
Saint (2002)[137] and included in the calculations of the relative abundance of a tran-
script[138]. In spite of the advantages of RT-qPCR to measure the relative abundance 
of transcripts the downstream data handling is often lacking[133,139]. In the papers (I 
and II) we have tried to take into account both the technical (e.g. PCR effi  ciency) and 
biological (biological variation) aspects of the work with RT-qPCR. Some reviews on 
the statistical methods used for analysing data generated by RT-qPCR have recently 
been published[133,139-141].
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Methods in proteomics

Background
To be able to analyze the abundance of proteins in complex samples, the proteins usu-
ally have to be separated. Traditionally this has been done in a gel-based manner where 
the proteins can be separated for example according to their isoelectric point (Ip) and 
their size. A method known as two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE)[142] or 2-D electrophoresis (2-DE), which takes both these principles 
into account, was developed in 1975. It has subsequently been the subject of several 
improvements such as the development of immobilized pH gradients (IPGs)[143], more 
sensitive silver staining methods[144] and staining methods with improved dynamic 
range such as Sypro[145,146] and Deep purple[147], which have resulted in improved 
reproducibility and sensitivity. In spite of this the dynamic range in 2-DE is probably 
no more than four orders of magnitude[27,147]. Considering that proteins in serum span 
a range of nine orders of magnitude in concentration, diff erent pre-fractionating strat-
egies may have to be taken into consideration when trying to measure less abundant 
proteins[27]. Th e reproducibility of gels and the ability to match spots between gels is 
also one of the major concerns with 2-DE. An increased resolution in gel maps can be 
achieved by the use of narrow pH range gels[148,149], but as long as isoelectric focusing 
is a step of the 2-DE process there will be a problem measuring poorly water-soluble 
proteins such as membrane proteins and nuclear proteins. 

As a consequence of the problems mentioned above, alternative approaches have 
been developed which make use of mass spectrometry (MS) in the relative quantifi -
cation of peptides. One method is known as stable isotope labeling by amino acids 
in cell culture (SILAC)[150] where mammalian cell lines are grown in the presence or 
absence of an isotopically labeled form of an amino acid. After mixing protein popula-
tions from the experimental and control samples the relative abundance of this amino 
acid incorporation in peptides can be compared using MS. Th e current limitation 
with this technique is that it can only be used for cells in culture. A diff erent approach 
known as isotope-coded affi  nity tags ICAT[151] labels cysteine residues in proteins and 
the relative abundance of “light” and “heavy” labeled peptides can subsequently be 
measured using MS. Th e limitation with this technique is that it only measures cyste-
ine-containing peptides and has reported to have limited robustness[152]. Th is has been 
overcome in the development of iTRAQ[153], where every peptide is labeled with one 
of up to four diff erent isotope tags. Th is appears to be a promising method[152,154], but 
it is rather expensive due to the reagents used.

One major drawback with these alternative approaches is that they require access 
to MS for both quantifi cation and identifi cation. Th e techniques are technically very 
demanding and mass spectrometers are expensive, which makes it a diffi  cult approach, 
especially for small research groups with limited resources. 

Two-dimensional diff erence in gel electrophoresis (2D-DIGE) 
In parallel with the development of MS as an instrument for quantifi cation of pro-
teins/peptides expressed in biological systems, the traditional 2-DE has also been fur-



22

Kim Kultima

ther developed. In the development of two-dimensional diff erence in gel electropho-
resis (2D-DIGE)[155] higher sensitivity, better dynamic range (app. fi ve orders of mag-
nitude) and reproducibility have been achieved compared to traditional 2-DE[156-158]. 

Gels using the 2D-DIGE method usually contain three protein samples labeled 
with three distinct fl uorescent dyes, Cy2, Cy3 and Cy5. Th ese dyes can either be 
attached to the lysine side chains (minimal labeling) or to every cysteine residue 
within a protein (saturation labeling)[159]. Th e saturation labeling is more sensitive 
but it excludes proteins that contain no cysteine residues[159,160]. Once the Cydyes 
have been attached, all three protein samples are run on the same 2-DE gel. Using a 
fl uorescent scanner, an image is then captured for each specifi c excitation wavelength 
of the three dyes and the images are superimposed to enable fi nding quantitative dif-
ferences in spot size and intensity. Normally Cy3 and Cy5 are used for labeling the 
samples of interest and the Cy2 is used for labeling a pool of all samples included in 
the study. Th is labeled pool of samples is often referred to as the internal standard and 
it is used for matching spots between gels[161] and in some methods for normalizing 
the resulting spot intensities between gels[161-163]. A typical procedure for a 2D-DIGE 
experiment is shown in Figure 2.

Label proteins
with Cy3

Pool of proteins
labeled with Cy2

Extract proteins

Label proteins
with Cy5

Mix labeled extracts

2D-separation

Scan gel 

Composite image 

Cy3 Cy2
Cy5

Data analysis
+

Spot identification
using MS

Exposed mouseControl mouse

Figure 2. Th e procedure for a 2D-DIGE experiment. Th e protein samples to be compared are 
labeled with either Cy3 or Cy5. A pool of all protein samples used within the study is labeled 
with Cy2. Each 2D gel performed within the study will then have a pool sample (Cy2) and 
the labeled protein samples of interest run on the same gel. Th e 2D-gel is then scanned with 
lasers and the intensity from each of the fl uorophores is recorded. Th e resulting images are 
then superimposed. Image analysis software is then used to fi nd spot boundaries and to cal-
culate the total intensity in each spot. Th e Cy2 channel is used for matching spots between 
replicate gels. Finally, spots are picked for identifi cation using MS. Spots may be picked from 
the 2D-DIGE gels directly or from matched post-stained gels. (Th e gel in the image is the 
same as used in Figure 5.)
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Preprocessing of data
Th e data generated from 2D-DIGE experiments exhibits many similar characteristics 
to that obtained from a two-dye microarray experiment, but are in many ways even 
more complex. In comparison to spots on microarray slides the gel spots do not have 
fi xed positions or size, the spots in proximity may be diffi  cult to distinguish from 
one another and spots may be missing between gels. Th e protein content of spots is 
unknown until it has been correctly identifi ed by MS. Many spots can be modifi ed 
proteins (PTMs) but to establish which modifi cation a protein has undergone can be 
very diffi  cult. 

Currently only a handful of papers concerning the normalization of data produced 
with 2D-DIGE exist, compared to more than 300 papers concerning normalization 
of data produced with microarrays. We have found most of the existing methods used 
for normalization of 2D-DIGE data partly insuffi  cient[161-163] and we have therefore 
developed alternative methods (paper III). In paper III we have refi ned normalization 
methods used for microarray gene expression data and adapted them to be used in 
data produced with 2D-DIGE.

Statistical testing in 2D-DIGE
Studying recent papers including data generated with 2D-DIGE, diff erent approaches 
are used to fi nd diff erentially expressed spots. Some use no statistical test, instead 
spots are selected based on a arbitrary average fold change[164] and some use unpaired 
t-tests[165]. Traditional analysis of variance (ANOVA) tests[161] and t-statistics are the 
most frequently used methods. Th e data generated with 2D-DIGE is in many cases 
very similar to that generated with gene expression microarrays. Th e problems with 
ordinary t-statistics, such as the strong infl uence of small standard errors and outly-
ing observations, and to some extent the issue of multiple testing, is also of concern 
in data generated with 2D-DIGE. In spite of this, statistical methods developed for 
use in data originating from microarrays are infrequently applied to data generated 
with 2D-DIGE. Recently we (paper III) and others[157,162,166-168] have discussed these 
issues and suggested alternative statistical methods, often based on existing methods 
developed for use with gene expression microarray data. 

Protein identifi cation
Th e content of a spot in 2D-DIGE is unknown until it has been identifi ed by use 
of mass spectrometry. Many types of mass spectrometers exist but they all have in 
common that they separate ions according to their mass-to-charge ratio (m/z). Mol-
ecules are fi rst ionized by either of two main ionization techniques, matrix-assisted 
laser desorption/ionization (MALDI)[169] (used in paper III) or electrospray ionization 
(ESI)[170] (used in paper IV and V). Once the molecules have been ionized their mass-
to-charge ratio is measured using mainly quadrupoles, time-of-fl ight (TOF) instru-
ments or ion traps[171]. Th ese mass analyzers can be set up in diff erent combinations to 
perform tandem MS known as MS/MS. 

Information about protein identity may be obtained in MS mode, after enzymatic 
digestion, known as the peptide mass fi ngerprint. Th ese masses from detected frag-
ments can be matched against theoretical masses from databases (e.g. using the search 
engine Mascot[172]) of proteins cleaved with the same enzyme. However, since no 
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sequence information is obtained this is not an optimal method for protein identifi ca-
tion. In MS/MS mode selected peptides are fragmented to obtain sequence informa-
tion. Th e peptide fragmentation spectra can now be used to identify peptides and 
proteins by searching databases (for example Swiss-Prot[173] now incorporated into 
UniProt[174]) using various search engines (e.g. Mascot[172]). In paper III a MALDI–
TOF with a Bruker Ultrafl ex II was used and in paper IV and V a HPLC-ESI-linear 
ion trap was used. Both systems can perform MS and MS/MS analyses. A nice over-
view of MS instrumentation and MS (MS/MS) analyses can be found in Canas et al., 
(2006)[171].

Gene ontology (GO)
Expression studies in transcriptomics and proteomics often result in very long (micro-
array) or long (2D-DIGE) lists of genes or proteins that are expressed diff erently 
under various conditions. Interpreting and making conclusive remarks based on these 
lists can be extremely diffi  cult and very time consuming. After the foundation of the 
Gene Ontology (GO) Consortium[175] it has become easier to make remarks about 
global eff ects in a biological system based on gene expression or protein expression 
data.

Th e biological role of a protein in one organism can often be transferred to other 
organisms[175]. Based on this the GO Consortium defi ned a goal to: “produce a struc-
tured, precisely defi ned, common, controlled vocabulary for describing the roles of 
genes and gene products in any organism.”[175]. Th e vocabulary consists of three major 
ontologies: molecular function (MF), biological process (BP) and cellular component 
(CC). Th e basis is that a gene product (e.g. protein) may have one or several molecular 
functions which are used in one or several biological processes which may be associated 
to one or several cellular components. Th is means that a gene product can be associated 
with several diff erent functions and the “proof” or evidence for these functions comes 
from diff erent sources, known as evidence codes[175]. Th irteen diff erent evidence codes 
exist, where the “best” evidence code is that based on traceable author statement 
(TAS) and the “least reliable” but also the largest category is that inferred from elec-
tronic information (IEA). Based on information from the various evidence codes each 
gene is mapped to one or many GO terms. Th ese terms are connected in a directed 
acyclic graph (DAG) where more specifi c terms (children) are branches to less specifi c 
terms (parents). A “child” for example may have several “parents”. Th e ontology BP 
has the largest number of terms (13493), MF has 7567 and CC has 1937 terms (14th 
of April 2007, http://www.geneontology.org) 

Based on the annotation of genes in GO terms, it is possible to do hypothesis 
testing with the aim to study if a set of genes (e.g. your list of diff erentially expressed 
genes) is a list of randomly selected genes or if there is a over- and/or under-represen-
tation of genes assigned to certain terms compared to a background distribution (e.g. 
the rest of the genes expressed on the microarray). Th e over/under-representation of 
gene sets are normally tested using a 2×2 contingency table with a test for indepen-
dency e.g. using the hypergeometric test (Fisher’s exact test).
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Results and discussion

Transcriptomics

Paper I and II
Th e exposure of mammalian embryos to xenobiotics can induce developmen-
tal damage. However, due to the complexity of biological processes in developing 
embryos it is very diffi  cult to pinpoint the exact mechanisms of toxicity. If these were 
known it might be possible to identify early molecular markers also that could be used 
in a predictive manner. If these molecular markers showed a similar toxic response 
pattern in vitro as in vivo it would be possible to predict a risk of developmental toxic-
ity in vivo by simply testing the compound in vitro.

To compare the eff ects of VPA on a transcriptional level in mouse embryos and the 
pluripotent mouse embryocarcinoma cell line P19 we have conducted large scale gene 
expression studies using microarray technology. At the time of the fi rst study (paper I) 
only a handful of publications had addressed global gene expression eff ects of diff er-
ent compounds in mouse embryos. To our knowledge the teratogenic eff ects of VPA 
had not been addressed and there were very few studies comparing gene expression 
eff ects in vivo and in vitro in any biological system[179].

Experimental design and pooling
Th ere are various aspects that have to be taken into account when conducting micro-
array studies. One of the most important is the experimental design of the study. In 
both papers (I and II) we have pooled large amounts of embryos. On several occa-
sions diff erent perspectives on pooling samples in microarray experiments have been 
discussed in the literature[180-183]. Pooling is in principle not recommended but may 
be needed to get suffi  cient amounts of RNA. In paper I we pooled embryos from 
several litters of embryos to get enough RNA for successful hybridizations. Th e same 
approach was undertaken in paper II, although much less total RNA was needed 
for the hybridizations. In general, all embryos in one litter were considered as one 
sample. However, embryos that appeared younger than the late bud stage, as defi ned 
by Downs and Davies (1993)[184], were excluded. No unexpectedly large embryos 
were ever found. When the scoring of VPA exposed embryos is conducted 48 hr post-
treatment there is a variation both within and between litters in terms of degree of 
induced developmental toxicity. At the latest time point (6 hr) of harvesting embryos 
for our microarray studies it is, however, impossible to judge which embryos will 
actually have developmental toxicity. As a consequence we choose to pool all embryos 
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from three litters to create one pool. Our pooling strategy will hopefully reduce the 
risk of having a sample where all of the embryos would exhibit very little develop-
mental toxicity. 

According to some studies[181] the strategy of pooling samples can be considered as 
averaging mRNA levels whereas others[183] think diff erently. Th e major risk with our 
approach is that a single unit (embryo) can overtake a whole pool. For example, if 
one embryo expresses mRNAs that are not present in any other embryo in the pool, 
the measurement of the pool will still indicate that all embryos expressed these genes. 
Of course this will lead to false interpretations of the results. Confi rmation with RT-
qPCR can be conducted using individual samples (all the litters from one mouse) 
or single embryos. Extracting RNA from a single embryo is very diffi  cult therefore 
the most practical is to use the individual samples. Th is approach was undertaken 
in paper II but not in paper I, where the RT-qPCR was performed on the pools of 
samples. Further, to minimize the risk of dissection contaminations we think the 
whole embryo should be used rather than dissected parts of an embryo. Th e fact that 
VPA induces not only NTDs but also more general defects such as growth retardation 
motivates the use of the whole embryo when studying developmentally toxic eff ects 
of VPA.

In both papers (I and II) a design was selected such that each of the two pools of 
treated embryos was compared with each of the pool of control samples whilst dye-
swapping. Th is design which we adopted from Churchill[119] is a trade-off  between 
the need for both biological and technical replication. In paper I the selection of this 
design can be motivated by taking into account the overall low quality of microar-
rays, which may cause high technical variation. In paper II we took into account the 
dependency of the pools in the statistical testing. In spite of this, due to the higher 
quality of the microarrays used, and the need for less technical replication, it would 
have been benefi cial to address more of the biological variation using four instead 
of two pools of both controls and treated embryos for each time point studied. Th is 
would have resulted in the same number of microarrays needed, but a larger number 
of embryos, although the total need of RNA from embryos would still had been lower 
compared to paper I.

Th e eff ects of VPA exposure on gene expression in vivo and in vitro
In paper I we show that maternal exposure to VPA during a developmentally critical 
period results in a high incidence of developmental toxicity in mouse embryos. We 
also show that it is possible to study the gene expression eff ects in mouse embryos in 
response to VPA exposure by using microarray technology. Many of the gene expres-
sion eff ects found in embryos are in many cases also found when the P19 cell line is 
exposed to VPA (Figure 3). 
In paper II we conduct a more systematic study of gene expression eff ects in P19 cells 
in response to VPA. Th is study was performed on two diff erent microarray platforms 
to minimize platform-specifi c results. We showed that for the time points studied 
the best agreement in gene expression responses between embryos and P19 cells is 
found when comparing both systems at 6 hr of exposure. Based on this we believe 
that the 6 hr exposure time in P19 cells may be an appropriate time when searching 
for molecular biomarkers at the RNA level in vitro. In addition, by integrating gene 
ontology studies with the quantitative gene expression eff ects we were able to identify 
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Figure 3. Hierarchical cluster of successfully mapped genes between embryos and P19 cells. 
Only genes with on average the largest eff ects in embryos (1 mM VPA exposure for 1.5, 3 
and 6 hr) and P19 cells after 6 hr exposure for three diff erent doses (1, 2.5 and 10 mM VPA) 
are shown (based on data from paper II). An absolute log2 ratio >0.3 for embryos and >0.8 
for P19 cells resulted in a total of 332 genes. Large clusters of genes are similarly regulated in 
both embryos and P19 cells (clusters marked with red and blue). Some genes display a strong 
dose dependant up-regulation (cluster marked dark red), whereas other genes display a similar 
pattern in both embryos and P19 cells only after 6 hr exposure in embryos (clusters marked 
with pale- red and blue). 

the gene Gja1 as a potential “functional biomarker” of toxicity, including teratogenic-
ity (Figure 4). Gja1 is also a potential marker for screening substances for potential 
HDAC inhibitory eff ects[185] in vitro using the embryocarcinoma cell line P19. We 
have also identifi ed other genes that may serve as potential functional biomarkers, 
which currently are being investigated. 

Validation of gene expression results
Th e fact that we fi nd such moderate gene expression changes in embryos in both 
papers (I and II) is somewhat surprising since we have a high incidence of develop-
mental toxicity. At 48 hr post treatment 52% of embryos from VPA treated dams 
displayed developmental toxicity, mostly growth retardation (36%). One explanation 
is that we simply cannot measure the most aff ected genes due to the limited dynamic 
range of the microarray detection system or because even minor eff ects on expression 
levels of certain genes can still result in adverse eff ects. Yet another explanation may 
be that if several genes in the same pathway, or in the same biological process, are 
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RT-qPCR will be high. One of the most important features of RT-qPCR has been 
to validate that the microarray clones were measuring the correct gene, which was 
the major issue when the microarrays consisted of long spotted cDNA clones. With 
the use of short oligonucleotides this problem has probably been minimized, due to 
the higher specifi city of the clones. An alternative to RT-qPCR for qualitative valida-
tion of results generated by microarrays is to use an second microarray platform and 
map the clones between the two platforms. By doing so, it is possible to compare 
the average gene expression eff ects of a large number of genes. However, since this 
approach compares averages, the choice of design for the microarray study becomes 
very critical. If measurements are based on pools, the potential problem of overtaking 
arises as previously discussed (page 28). It is therefore recommended that such a study 
should be conducted using diff erent biological samples, as done in paper II. Using 
this approach it is possible in my opinion to achieve relatively reliable gene expression 
results, at least qualitatively, even if the gene expression diff erences are small (less than 
two-fold). Th ese small gene expression diff erences can be mechanistically very rel-
evant, but perhaps these genes are not as useful as potential biomarkers. Th is usage of 
diff erent platforms as an alternative to RT-qPCR has just recently also been proposed 
in a paper by Bosotti et al. (2007)[189].

Current limitations in the use of GO
To further evaluate the microarray results, GO[175] is a useful tool to “translate” the 
lists of diff erentially expressed genes into functional profi les. One drawback in using 
GO in its current state, is its lack of more specifi c GO categories and genes associated 
to them for certain areas. Of course this has to do with the fact that some areas have 
been more thoroughly investigated than others. Th e lack of categories has on several 
occasions been commented on in the literature[191,192] and, as suggested by Currie et 
al. (2005)[191], the use of alternative sources, such as the Adult Mouse Anatomical 
Dictionary[193] for creating new ontologies, would be very benefi cial when conducting 
GO studies in the area of toxicogenomics.

Th e mechanism of VPA induced teratogenicity
As discussed mainly in paper I we have proposed several diff erent mechanisms of 
VPA teratogenicity which are in line with our microarray results. One of the most 
convincing is that VPA mediates its gene expression eff ects as an HDAC inhibitor[78-

80,82]. However, in our ongoing studies where we have explored the eff ects of diff erent 
analogues of valproic acid we have found evidence that HDAC inhibition may be 
only a part of the explanation. A teratogenic analogue that is not HDAC inhibi-
tory[194] shows a gene expression pattern largely overlapping that of known HDAC 
inhibitory analogues. We believe that a combination of several diff erent modes of 
action may result in additive aff ects on important biological process which may cause 
the teratogenic eff ects.
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Proteomics

Paper III, IV and V
Th ere are several reasons for measuring the level of proteins in combination with or 
as an alternative to measuring transcripts. For example, the gene expression responses 
do not necessarily correlate with protein expression responses or protein activity, and 
in general the proteins and not the mRNA transcripts are responsible for cellular 
responses due to various physiological stimuli[195]. Another advantage with measuring 
proteins is that it can be based on biofl uids such as plasma[196]. Plasma can be taken 
from humans and from animals without having to sacrifi ce the animal. However, 
global screening for protein expression changes is for several reasons quite challeng-
ing. As discussed earlier, proteins in serum span a range of at least nine orders of mag-
nitude in concentration[27] and the detection and analysis of PTMs[23,30] is diffi  cult. 
We have used the technique 2D-DIGE[155] to search for diff erences in protein expres-
sion in diff erent biological systems. In paper III we studied the early (24 hr exposure) 
eff ects of PBDE-99 in neonatal mouse brain (the striatum and the hippocampus). In 
paper IV we developed and evaluated new methods for normalizing and analyzing 
data produced with 2D-DIGE. In paper V we also studied the eff ects of PBDE-99, 
as in paper III, but now addressing the eff ects in the neonatal mouse cortex instead. 
To get a better resolution in the 2D-DIGE experiments the samples in study V were 
pre-fractionated into cytosolic and membrane proteins prior to analysis. 

Experimental design
In paper III we conducted the study on pools of samples. Th is was done to achieve 
a suffi  cient amount of protein to conduct the experiment. Later, due to suffi  cient 
amounts of protein available, the studies in both paper IV and V were conducted on 
individual biological samples instead of pools of samples. In paper III there was no 
dye-swapping conducted, since no preferential labeling of proteins existed according 
to the manufacturer (GE Healthcare). However, since the risk of preferential labeling 
of Cydyes to single proteins has been reported[156,158] it is nowadays recommended to 
always perform dye-swapping. Th e study in paper IV was conducted under the same 
premises as paper III, hence only limited dye-swapping was conducted. In study V 
we dye-swapped and we found indications of preferential labeling of a few single pro-
teins, but this has not been investigated further. 

Spot picking
In paper III we normalized the data using the DeCyder software suite according to 
the manufacturer’s instructions (GE Healthcare) and assessed ratios above which 
treatment eff ects could be expected as described in Tonge et al. (2001)[158]. In order 
to determine diff erential expression we used the moderated t-statistics[124] as previ-
ously done in our studies using microarrays. For protein identifi cation in paper III, 
we spiked one 2D-DIGE gel for each brain part with extra unlabeled proteins. Th is 
increases the amount of proteins in a single spot and therefore increases the chance 
of successfully identifying the protein. Since this was done on a technical replicate 
we could also compare the spiked and non-spiked gel. We found no indications that 
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this spiking altered protein migration of Cydye-labeled proteins. Prior to spot pick-
ing the spiked gel was post-stained and matched to the 2D-DIGE images. A recently 
published study has shown that there are migration diff erences of Cydye labeled and 
unlabeled proteins[197]. As the dye labels weigh ~500 Da, migration eff ects are mainly 
occurring in low weight proteins. We have mainly robotically picked spots (paper IV 
and V) based on positions in the 2D-DIGE gels since most of the spots picked have 
been in the medium and high molecular weight range of the gels. However, the extra 
post-staining of gels enables a visual control after the automatic spot picking, which is 
especially important for the low molecular weight proteins. We recommend the extra 
spiking of unlabeled proteins to some 2D-DIGE gels, since that increases the chance 
of successful identifi cation and decreases the total number of gels that has to be run. 
In many cases it is also quite easy to match the Cydye labeled and post-stained spot 
maps when the labeling has been conducted on the same gel.

Data analysis
In paper IV we evaluated existing and novel methods used for normalization of data 
produced with 2D-DIGE. We found that in all of our gels studied there was sub-
stantial spatial bias. Th is means that diff erent areas on diff erent gels generated data 
with higher values from either of the Cydyes, not correlating to the samples run on 
the gel. A more random pattern is expected. Th is type of bias has been found in all 
of our studies using 2D-DIGE. Spatial bias is known to be a source of variation in 
gene expression microarray data[114]. We addressed this spatial variation on the gel by 
applying loess spatial location normalization[198] (Figure 5). 
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Figure 5. A spatial gel plot before (A) and after (B) normalization. A reconstructed gel image 
with increasing Isoelectric point (pI) (left-right) and decreasing protein mass (top-down). Th e 
15% highest and lowest log2Cy5/Cy3 ratios are color coded red and blue, respectively. Th e 
un-normalized gel image display a spatial bias such as the top right corner of the gel displays 
higher Cy3 values whereas the top left corner displays higher Cy5 values. After spatial nor-
malization a more random pattern is found, which is expected.

In the use of gene expression microarrays this source of variation may for example 
arise from diff erences in background intensity. In the use of 2D-DIGE we do not 
know the reason for this spatial variation. We suspect several sources of variation, for 
example variations in the lab procedures, diff erences in background fl uorescence of 
the gels and how the background signal of spots is estimated in the DeCyder soft-
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ware (GE Healtcare). In the fi eld of microarray analysis the background estimation 
has been the subject of several studies[199-201]. To my knowledge only one study has 
addressed the issue of background subtraction in the fi eld of 2D-DIGE[202]. Not sur-
prisingly the authors found that subtracting the background resulted in an increase in 
variance[202]. Unfortunately it is impossible to turn off  the automatic background sub-
traction using the DeCyder software. To my knowledge no really good freely available 
software for the analysis of images produced with 2D-DIGE exists, which would be 
the preferred option in order to evaluate diff erent algorithms for spot and background 
intensity estimations. 

For the comparison of samples (both within and between gels) it is common to 
include data from the pool of samples which is often labeled with Cy2 (as done in 
paper III). We investigated what benefi ts this actually had, given diff erent experimen-
tal designs. We want to stress that if a diff erence between only two samples on the 
same gel is to be measured, the standard error of the measurement will be larger if 
the diff erence is estimated via a third sample (using 2D-DIGE this is often a pool of 
all samples used in the study) than if it is estimated directly between the samples of 
interest. Application of our novel type of normalization (paper IV) ensures that two 
samples on the same gel can be compared directly resulting in measurements with less 
variability. Th is type of normalization was applied to the data generated in paper V 
since only two types of treatments were compared.

When three or more treatments are to be compared in the same study it may be 
benefi cial to include information from the pool of samples (Cy2). To be able to do 
this we modifi ed our spatial normalization method to include all three types of dyes. 
To reduce the sources of variation it is still important to make the most important 
comparisons of samples directly within gels, rather than between gels. We used this 
type of normalization in the comparison of the four diff erent biological conditions 
studied in paper IV.

Diff erential expression in predefi ned proteins sets (DEPPS)
To fi nd diff erentially expressed spots in paper IV and V we applied the moderated 
t-statistics[124]. In paper IV we addressed the problem of multiple testing of data gener-
ated with 2D-DIGE and derived potential cut-off s for diff erential expression through 
a permutation test. In proteomic studies using 2D-DIGE it is common only to pick 
spots for identifi cation that are assumed to be diff erentially expressed (for example 
paper III). In paper IV we picked a large number of spots, both aff ected and those 
assumed not to be aff ected by the diff erent treatments, and subsequently did protein 
identifi cation. Th is allowed us to perform further analyses based on the distribution 
of all proteins in terms of for example gene ontology. All our identifi ed proteins were 
subsequently manually annotated in a GO-based manner. Based on the ideas of gene 
set enrichment analysis (GSEA)[203] we developed a test method; diff erential expres-
sion in predefi ned proteins sets (DEPPS), to fi nd sets/terms of proteins associated with 
the diff erent treatment eff ects. Th is is the fi rst time, to our knowledge, such a global 
system approach has been undertaken in a proteomic study. However, the identifi ca-
tion of so many spots is very time-consuming. Th erefore, in paper V only spots which 
were assumed to be diff erentially expressed were picked for identifi cation and subse-
quently no global GO-based analysis approach could be performed.
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Protein isoforms and eff ects of PBDE-99
In all of our studies performed using 2D-DIGE we have found large numbers of pro-
tein isoforms. In both paper III and V the early (24 hr exposure) eff ects of PBDE-99 
in neonatal mouse brain (paper III: the striatum and the hippocampus and paper V: 
cytosol and membrane fractions of the cortex) were investigated. In paper V, we have 
identifi ed 15 spots with beta-actin (for both fractions) in the mouse cortex. In the 
membrane fraction we saw mainly down-regulations, whereas for the cytosol fraction 
there were both up- and down-regulations. Th e fact that we see diff erent regulations 
in the two fractions may be due to protein movements between the cell membrane 
and cytosol as a result of PBDE-99 induced activation. However, if only a small 
number of spots had been picked and identifi ed in each fraction it would potentially 
have lead to the wrong conclusions regarding the eff ects on proteins. Instead we can 
conclude that most of the treatment eff ects we fi nd are eff ects in diff erent protein 
isoforms. We found similar results of proteins identifi ed in paper IV and in expanded 
ongoing study where a total of approximately 470 proteins have been identifi ed from 
the gels used in paper IV. We have found these modifi cations of proteins picked from 
a 2D-gel very diffi  cult to establish, which also makes the interpretation and validation 
of our results diffi  cult. 

Th e protein GAP-43 up-regulated by neonatal treatment with PBDE-99 is one of 
few identifi ed proteins where the diff erent isoforms display the same treatment eff ect. 
Th is up-regulation was confi rmed in the striatum (paper III) and we saw a similar 
eff ect in the cytosolic fraction in the cortex (paper V). Many of the proteins (36%) 
we see aff ected by the PBDE-99 exposure are associated with the cytoskeleton. Th is 
is interesting since learning and memory PCB-induced defi cits have recently been 
associated with the disruptions of actin cytoskeleton[204]. Based on the diff erentially 
expressed proteins in the cortex and in the striatum it appears as if PBDE-99 induces 
neurite alterations.
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Conclusions

Th is thesis has focused mainly on the technical aspects of using microarray and 2D-
DIGE technology as tools to search for molecular markers which potentially can pre-
dict toxicity, including developmental toxicity in vivo. 

• We have studied the eff ects on global gene expression of the developmen-
tally toxic substance valproic acid using microarray technology. Several genes 
were found that display the same gene expression pattern in vivo using mouse 
embryos as the pattern seen in vitro using the embryocarcinoma cell line P19. 
Based partly on this observation the gene Gja1 was suggested as one candidate 
gene for in vitro screening of compounds for potential HDAC inhibitory eff ects 
and potential in vivo toxicity, including teratogenicity.

• Using 2D-DIGE technology, which measures relative protein abundances, the 
eff ect of neonatal exposure to the fl ame retardant PBDE-99 was studied in 
mouse brain (cortex, hippocampus and striatum) 24 hr after exposure. Diff eren-
tially expressed proteins in the cortex and the striatum indicate that PBDE-99 
may induce neurite alterations.

• We have suggested several improvements in the use of the 2D-DIGE technol-
ogy. Novel methods for normalizing data were presented, with several advantages 
compared to existing methods. We have presented a method which we call 
DEPPS that better makes use of all identifi ed proteins in a dataset and thus gives 
a more comprehensive picture of biological processes aff ected. Our results accen-
tuate the need to further refi ne the analysis of protein isoforms, and do more 
in-depth studies of the functional signifi cance of diff erent isoforms.
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Concluding remarks and future research

Th e mechanism of most drug induced malformations is not understood and the phar-
macological properties of the drug may be very diff erent from its developmentally 
toxic eff ects. For example, for the drug VPA it is proposed that the pharmacological 
eff ects (increase in gamma-aminobutyric acid, GABA[205]) in the adult brain in condi-
tions such as epilepsy and bipolar disorders are diff erent from those responsible for 
teratogenicity in the embryo, where HDAC inhibition has been proposed as one of 
the mechanisms.

One of the aims in this thesis was to address the eff ects on gene expression of 
VPA in mouse embryos and in the embryocarcinoma cell line P19. Th e aim was to 
fi nd functional biomarkers which have the potential to be included in future in vitro 
assays which can be used to screen compounds for potential in vivo toxicity including 
teratogenicity. Judged from our results when studying the eff ects of VPA, I believe 
that in the future it will be possible to develop such in vitro assays. However there 
are a few aspects that have to be considered. A single biomarker is probably not suf-
fi cient, instead several biomarkers should be used in combination to get increased 
reliability. Th e selection of these “functional biomarkers” that “predict” diff erent types 
of developmental toxicity is the most diffi  cult part. Our previously mentioned can-
didate Gja1 could be one of these markers. Th ese functional biomarkers can then be 
measured in vitro using RT-qPCR which has a higher dynamic range than microar-
rays, is platform independent and is also cheaper than microarrays. Th is would result 
in a reduced requirement for toxicity testing using live animals and associated savings 
in resources.

As for our work concerning VPA, future research aims at determining the role of 
HDAC inhibition and other epigenetic mechanisms in the teratogenicity of VPA. 
We are currently studying analogues of VPA proposed to have or not have HDAC-
inhibiting properties and being or not being teratogenic. Furthermore, we fi nd it 
relevant to continue our search for genes that are important in the process of neural 
tube closure, since neural tube defects are one of the major malformations found in 
mice exposed to VPA. A similar condition known as spina bifi da is also found in some 
human embryos when the mother has been exposed to VPA in early pregnancy. We 
are currently also studying the eff ects of VPA on murine embryonic stem cells and 
human embryonic stem cells to see if similar gene expression eff ects as presented in 
this thesis can be found in those cells. We will also study other teratogenic drugs in 
order to search for functional biomarkers that can be included in cell-based in vitro 
assays, which potentially can predict in vivo toxic eff ects, including teratogenic eff ects 
of drug candidates and environmental chemicals.

Th e aim in this thesis was also to study the early proteomic eff ects of the compound 
PBDE-99 in the neonatal mouse brain and to develop and evaluate new methods 
for analyzing data produced with the technique 2D-DIGE. In general we can con-
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clude that the analyses, interpretation and validation of studies in proteomics can be 
extremely challenging. With respect to the overall quality of gel-based studies in pro-
teomics we recommend that a lot more spots are picked for identifi cation than what 
is common practice and not only those that are considered as diff erentially expressed. 
By doing this and applying for example GO-based test methods, a more global view 
of the eff ects in a biological system can be obtained.

In many cases the exact modifi cation of a protein picked from a 2D-gel can be very 
diffi  cult to establish. If methods such as Western blotting are used for validation, one 
has to take into consideration that the eff ect found may be specifi c to a certain pro-
tein isoform only. False results may be obtained if the validation is made on the total 
content of the protein instead of the specifi c isoform in question. Th ese diffi  culties in 
the validation of results from protein studies make it even more important to have a 
good experimental design of the conducted study.

As for our work concerning PBDE-99, we are currently studying the early eff ects 
of PBDE-99 on neuronal cells grown in vitro. A large 2D-DIGE study has been 
conducted where the eff ects of diff erent concentrations have been addressed. We have 
found several spots that have dose dependant response patterns. A large number of 
spots are currently being identifi ed to get a global view of proteins found in the gels. 
It is too early to tell if the pattern of changes in protein expression in vitro is similar to 
that found in vivo. Consequently, we can not yet tell whether there is a potential for 
the in vitro system to be developed into screening assays for potential developmental 
neurotoxicity in vivo. 

Until recently, much of our eff orts have been focused on the immediate early eff ects 
(24 hours) of PBDE-99 exposure. Future in vivo studies will include time points out-
side the sensitivity window, which will give us comparative aspects enabling us to 
hopefully pinpoint the proteins that only are aff ected within the sensitivity window. 
Th ese studies may contribute to the understanding of fundamental steps in normal 
brain development, especially during the brain growth spurt period.
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