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ABSTRACT

Large scale mutagenesis programmes are crucial for both the identification of new 

genes and for understanding their function. Gene trapping provides identifiable 

mouse mutations and mutant phenotypes and the use of embryonic stem (ES) cells 

allows for large scale screens to be undertaken and several have been carried out 

(Skames et al., 1995; Chowdury et al., 1997; Hicks et al., 1997; Zambrowicz et al., 

1998). Many of these studies employ promoterless plasmid vectors which are 

dependent upon the transcriptional regulation of the genes in which they integrate 

to drive their expression. As such, they are limited to trapping those genes whose 

level of expression at the ES cell stage of development is sufficient for their 

selection. The data presented here demonstrate that gene trapping dependent 

upon gene expression in ES cells does allow for the discovery of genes expressed in 

the adult brain. Using the secretory trap vector pGTl.Stm (Skames et al., 1995), 

six out of 37 genes trapped (16%) were found to be expressed in the adult brain. 

Thus a significant fraction of genes involved in adult brain function can be 

accessed by gene trapping. The complete adult brain mRNA expression patterns 

of six genes a-mannosidase II, APLP2, SDR-1, laminin-yl, glypican-4 and one

protein of unknown function, have been analysed.. Comparative studies of the p-

galactosidase staining patterns and in situ hybridisation data for the gene encoding 

APLP2, confirm that P-galactosidase expression in gene trap lines is a faithful

representation of mRNA expression for splice variants incorporating the exon 

fused to the marker gene. The insertion into the gene encoding laminin-yl has also

proven lethal when breed to homozygosity, in concurrence with targeted 

disruptions of this gene (Smith et a l, 1999; Murray and Edgar, 2000). Altogether
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these data provide evidence that gene trapping with promoterless vectors in 

embryonic stem cells is able to produce mutations of interest in highly 

differentiated tissue such as the brain.

An insertion into the gene encoding glypican-4 was then selected for more detailed 

study. GPC4 was originally cloned from kidney cells (Watanabe et al., 1995) and is 

a member of a family of heparan sulfate cell surface proteoglycans. This insertion 

into GPC4 lies within the first intron of the gene and P-galactosidase activity in the

transgenic embryo matches that of the previously published in situ patterns. The 

expression pattern of GPC4 in the adult brain is highly limited, with high levels of 

P-galactosidase activity observed in the dentate gyrus and in specific layers of the

cerebral cortex. This mutation has proven viable and fertile and shows no 

behavioural abnormalities in the open field test or in the Morris water maze. RT- 

PCR analysis of heinizygous tissue, however, shows that this gene trap insertion 

has not provided a null allele; production of properly spliced endogenous 

transcript continues despite the insertion of the vector into intron 1 of the gene. 

Such incomplete disruptions of endogenous mRNA have been found in other gene 

trap insertions (eg-McClive et al., 1998; Voss et al., 1998). The E xl94 mutations 

most likely represents a hypomorphic allele of the gene GPC4. The full disruption 

of this gene has yet to be reported, and the line remains of value as an expression 

marker and may yet reveal subtle phenotypes.
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PARTI
The ExCell Expression Screen



INTRODUCTION TO GENE TRAPPING



Gene trapping in mouse embryonic stem cells represents a viable method to 

examine the mammalian genome through the function of individual genes. In this 

introduction and the chapter that follows, a brief explanation of the development of the 

links between mutagenetic screens, molecular biology and embryonic stem cell 

technology will show the relevance of gene trapping and place the screen presented in 

this thesis within the context of the development of the technology.

GENETICS 

Evolutionary Determinism versus Random Variation

In the past one hundred and fifty years an entirely new concept of biology has

been bom. For centuries biological material had been treated apart for all other matter. 

Several small changes in the theoretical perception and definition of the species, the 

definition of an allele and the identification and of the gene in the sequences of DNA, 

have revolutionised our current understanding. At present an exponential growth of 

information regarding the sequence of the genome and the essential roles of individual 

genes is being undertaken for both medical research and for an overall understanding of 

biology.

This revolution is directly linked with Darwin's observations of isolated species 

and their evolution (1859) that allowed him to propose a hereditary theory of evolution
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based upon random selection. In leaving behind these previous instructive models of 

evolution, Darwin proposed random variation as the driving force of biological 

evolution. Those individuals of a given species, whose random variations provided for 

greater viability, would be the progenitors of the next generation. Ultimately this 

"survival of the fittest" would lead to the evolution of entirely new species. Although 

Darwin's work provided neither the identification of individually heritable traits, nor a 

vehicle for their transmission, his system was based entirely on the observation of 

individuals. This reduced the species to a working concept rather than a determinant 

reality. Most importantly, in accepting random variation Darwin provided the paradigm 

shift required to bring biology into the field of modem sciences (review, Kupiec and 

Sonigo, 2000).

Identification and Analyses of Alleles

Whereas Darwin's observations of the fossil record and field studies of isolated

populations provided the ideal for tools observing evolution and for his development of 

the theory of natural selection, a different set of tools were required to begin to 

understand how these traits might be inherited. To understand the transmission of 

heritable traits, a broad range of information, collected over a series of generations and 

under tightly controlled conditions is necessary. Mendel's use of the pea plant allowed 

for such experiments to be conducted. Through the identification of easily visible



' phenotypes, the use of a model organism that reaches sexual maturity rapidly and

controlled breeding, Mendel was able to identify single "alleles," or visible phenotypes, 

that were passed from generation to generation (1865).

At present, the explanation on a molecular level of the events described in 

Mendel's studies has provided a new goal: the identification and characterisation of new 

genes. Together, the experiments of Avery et al. (1944), the identification of the 

structure of DNA (Watson and Crick, 1953) and the standardisation of our ability to 

read its sequences (Sanger, 1981) provided the tools that created molecular biology. 

Along with numerous other discoveries, the central dogma of a molecular era of biology 

has been established. Therein, DNA is transmitted from generation to generation and 

variations in the genome lead to the phenotypes observed in each individual. The 

advent of recombinant DNA technologies has provided a link between the biochemical 

study of protein function and the phenotypic observation of genetic variations.

In this introduction, a general overview of the genetic tools that have led towards 

the development of gene trapping technology in the mouse will be presented. To 

understand the genome in vivo, mutations are selected or induced, isolated and their 

phenotypes are analysed. In performing such mutagenic screens the practical challenges 

that Mendel faced in 1865 remain the same for geneticists today. As such, the model 

organisms of choice are those that are small and easily reared over a short generation 

time.
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In performing such genetic screens, the mutations created in the genome of the 

model organism are the sole variation studied. Those model systems that allowed for 

rapid phenotypic screens, such as bacteria, yeast and the fruit fly Drosophila 

melanogaster were the systems of choice and remain invaluable. Mammalian models, 

however, provide a closer to link to human pathologies. Due to its size and tractability, 

the development of gene targeting technology and the availability of a thorough 

chromosomal linkage map (review, Denny and Justice, 2000), the mouse has become 

the premier mammalian model system.

Genome Sequencing and Functional Genomics

The basis of the "good genetic tools" cited above is our knowledge of the full

DNA sequence of an organism. Programmes for mapping and sequencing the entire 

genomes of various species-including E. coli (eg-strain 0157:H7, Pema et al., 2001), 

yeast (Mewes et a/.,1997), Drosophila melanogaster (Adams et al., 2000), mouse 

(Dietrich et a l, 1996) and humans (International Human Genome Mapping Consortium, 

2001 and Venter et a l, 2001)-are now being completed and a new set of post-genomic 

research goals are developing. This advance in knowledge has reduced the scale of a 

m am m alian genome from a seemingly inexhaustible horizon to a set of information that 

will soon be complete.
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The identification of genes within a sequenced mammalian genome, however, 

remains a significant challenge. From a bacterial to a mammalian genome, a leap of 

several orders of magnitude in size has been undertaken, the human genome being "25 

times as large as any previously mapped genome" (International Human Genome 

Mapping Consortium, 2001). Furthermore, whereas prokaryotic genomes are without 

intronic sequences, within the approximately 3 billion base pairs of a mammalian 

genome only 5% of those DNA sequences directly encode genes.

Organism_______  Size of Genome (bp)
Bacteriophage X 48,514

E. coli 4.6 x 106
Yeast 1.6 x 107 (6,000 genes)

Drosophila 1.1 x 108(14,000genes)
Mammals 3.1 x 109 (30,000 genes)

The approximate sizes of various genomes and their estimated number of genes.

Our knowledge of the complete genome has lead to the new approach of 

functional genomic studies. In unicellular organisms such as yeast, variations in the 

transcriptome (the ensemble of mRNA transcribed at a given point in time) may be 

viewed globally (Shalon et a/., 1996; Sudarsam et a l, 2000). Such studies are
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expanding the link between molecular biology and classical genetic studies in 

phenotypic variation.

In higher eukaryotes, where such global approaches are not yet fully available, 

the sequencing and mapping of the human genome nonetheless greatly facilitates our 

understanding of individual genes, via the linkage of chromosomal sites of mutation in 

known maladies with specific genes. But the identification of the gene affected in a 

given genetic disorder still requires a further search within the localised genomic 

sequences for open reading frames (ORFs). In turn these sequences may be used as 

probes in searching databanks of expressed sequence tags (ESTs)-previously cloned 

portions of unidentified genes in cDNA form. Finally, the reconstructed cDNA of a 

gene altered in a human disease may provide a link between the various cases that have 

been studied clinically and the biochemical processes that underlie the observed 

symptoms. Such data lay the foundation for in vitro and cell culture experiments 

conducted with the cloned gene in search of the protein’s function in the organism and 

possibly for the identification of potential therapeutic reagents.

Although such in vitro studies are invaluable, the need for in vivo systems 

remains. The mutation of a model organism thus provides the means to study, outside 

the reliance upon medical records of clinical observations, the in vivo function of a 

gene. As such, large-scale mutagenesis programmes have been crucial in understanding 

gene function in vivo and also remain valuable for the identification of novel genes.
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Furthermore, our expanded knowledge of the genome of given model organisms has 

greatly facilitated genetic research: mutations may be identified more quickly.

SCREENING FOR MUTANTS

In single cell organisms such as bacterium and yeast, a population density on a 

petri dish may be reached where there will be a number of random mutations that arise 

in the population. Using selective pressures such as altered media, random mutations 

may be isolated in the form of single colonies. This is in contrast to induced 

mutagenesis, which in bacteria may be performed using ultraviolet light, for example, as 

seen in the work of Kato and Shinoura (1977). Finally, a combination of approaches is 

most often employed, in which mutants are induced and then the bacteria or yeast are 

grown under specific selective pressure. In these phenotypic screens, a high rate of 

mutagenesis is guaranteed and only those mutations in genes involved in a specific 

pathway are selected.

This sort of phenotypic mutagenesis screening can be applied to multicellular 

organisms as well and has been most thoroughly exploited using the fruit fly, 

Drosophila melanogaster. Indeed, with the development of transgenic methods of 

mutagenesis there are a growing number of resources from which identified mutations
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in these species are now available. As each of these resources is built, complete model 

systems are becoming available for genome-wide studies of these species (review, 

Coelho et al., 2000)

It is this linking of all genes with their functions in the organism, and potential 

dysfunctions, that underlies the future challenges in genetics. Examples of such projects 

in lower organisms include the Stanford University based Yeast Deletion Database 

(Winzeler et a l, 1999), whose goal is to provide mutations corresponding to every gene 

within the yeast genome. Drosophila mutagenesis screens using both classical 

(chemical and radioactive) and modem (transgenic) techniques are another important 

resource. A virtual library named FlyBase, e.g.-http://astorg.u-strasbg.fr:7081A exists 

where individual mutant stocks may be searched by a variety of methods in complement 

with the Drosophila genome project.

Gene trapping is a form of insertional mutagenesis that has set out to create a 

similar resource of mouse mutations. This technologies was first based upon several 

Drosophila mutagenesis techniques and the ability to culture pluripotent mouse 

embryonic stem cells. These cells allow for the mutagenesis and subsequent in vitro 

screening of hundreds, even thousands, of random mutations that may later be re

introduced onto the germ line of mice and analysed in vivo. To place these concepts in . 

perspective a brief review of classical Drosophila mutagenesis screens, reverse genetics 

and insertional mutagenesis from bacteria to mice is presented below.

http://astorg.u-strasbg.fr:7081A


CLASSICAL DROSOPHILA GENETICS

The use of the fruit fly for genetic experiments began in earnest in the laboratory 

of Thomas H. Morgan at Columbia University in New York and many of the 61 

mutations he described in The Genetics o f Drosophila (1925) remain in use today. 

Among the mutations identified include changes in eye colour, wing shape and other 

visible traits which were attributed to single alleles within the Drosophila genome. 

Such viable and readily visible mutations have since been put to even greater use.

The fruit fly has many traits to recommend its use in genetic experiments, not 

least of which are its size and generation time: hatched eggs develop into fertile, 3 mm 

length adults within two weeks at which point each female is capable of producing 

hundreds of eggs. Taken together, these traits allow for the maintenance of large 

colonies and the realistic undertaking of complex genetic crosses requiring several 

generations of progeny to obtain desired genotypes. But the true power of Drosophila 

genetic manipulations comes from the tractable size of its genome; the ability to track 

genotypes by visually recognisable markers; and the ability to curtail meiotic 

recombination.
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The fruit fly genome consists of only four pairs of chromosomes and meiotic 

recombination between these chromosomes is completely absent in the male gametes of 

Drosophila strains used in the laboratory (overview, Ashbumer, 1989). Further genetic 

stability is possible through the use of balancer chromosomes first discovered by 

Hermann J. Muller (1918). A balancer chromosome is the result of a series of 

inversions that render it incapable of recombination with its wild type partner during 

meiotic division. Such chromosomes have since been produced carrying mutations for 

easily visible phenotypes as well as with other selectable mutations. These various 

strains are maintained and available to the research community as a whole, catalogued 

and described at FlyBase, as previously cited.

EMS and ENU Mutagenesis Screens

Given the use of balancer chromosomes and the lack of recombination in males,

Drosophila provide an ideal system for the isolation of novel mutations and their 

continued analyses. Mutations may be produced with chemical reagents, radiation or 

transgenic methods. The chemical methods using ethylmethane sulfonate (EMS) and 

ethylnitrosourea (ENU) tend to produce point mutations within the genome as opposed 

to the large deletions and chromosomal inversions created in radioactive mutagenesis. 

Thus it is with these chemical mutagens that Niisslein-Volhard and Wieschaus set out to 

perform saturating screens of the Drosophila genome in search for single alleles that



affected a defined developmental point: segment formation during larval development 

(Niisslein-Vollhard and Wieschaus, 1980, methodological overview in Greenspan, 

1997).

When feeding male flies, homozygous for a visible recessive marker gene whose 

chromosomal location is known, are fed a controlled amount of EMS or ENU, each of 

their gametes should carry a unique point mutation. In mating them before any new 

gametes may be produced each of their progeny should thus carry a unique mutation. 

Careful selection of the female mating partner genotypes those point mutations that are 

carried on the same chromosome is crucial so that chosen recessive marker gene may be 

tracked. Ultimately an intercross between heterozygotes for each new mutation may be 

carried out; those lines failing to produce homozygotes, as seen by the visible phenotype 

of the originally selected recessive marker gene, have had a lethal mutation introduced 

onto this chromosome. As such, the remaining heterozygotes from this same cross may 

be used as a stock for the propagation and analysis of the newly created mutation. Each 

of the chromosomes was thus "targeted" for mutagenesis, including alternative 

methodologies which allowed for the selection of the mutation of genes on the X- 

chromosome (review, Greenspan, 1997); among the fifteen loci identified in their study, 

Niisslein-Volhard and Wieschaus (1980) isolated mutations of the genes wingless,, 

hedgehog, engrailed and patch.
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Using the same or similar methodology other mutagenesis screens have been 

carried out in Drosophila, each using different screening criteria for the final selection 

of those mutations to be kept for further analysis. These recessive, genome-wide 

screens require a minimum of three generations of breeding to detect a phenotype. 

Altogether, such a screen would take roughly two months and, through the careful 

selection of genetic markers, genotyping may be performed visually at all stages.

Mapping New Loci

After the identification of the new mutation and initial characterisation of its

phenotype, the mapping and ultimate identification of the affected gene presents the 

next step in its analysis. This may be accomplished via linkage and recombination 

analyses followed by deletion mapping. As previously cited. Drosophila breeding 

schemes may be designed to prohibit meiotic recombination. Thus, in the initial linkage 

analysis of a given mutation, Mendel’s principle of the segregation of alleles should be 

strictly followed. By a series of crosses with flies carrying a dominant marker gene on 

the same chromosome that was "targeted" in the creation of the new mutant, in the 

absence of meiotic recombination the dominant marker and the new mutation should 

always segregrate independently, thus confirming the mutation’s chromosomal location.

Next, previously mapped loci may be used to locate the new allele on the 

chromosome. The production of females heterozygous for the new mutation and
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heterozygous for an "unbalanced" homologous chromosome carrying a series of 

previously mapped dominant marker genes allows for meiotic mapping. In this cross, 

the meiotic division during egg production in these females allows for recombination 

between the marker chromosome and its newly mutated homologue. As the frequency 

of chromosomal exchange is related to the distance between loci, by scoring the 

progeny displaying the dominant phenotypes mentioned above, the new loci may be 

mapped in relation to each of these marker genes from its homologous chromosome.

Once the general location of the new mutation has been defined, finer mapping 

is possible by crossing the new mutant line with various chromosomal deletion 

mutations that map to roughly the same area. Flies carrying chromosomal deletions 

lacking the gene affected by the new mutation should produce no progeny carrying the 

recessive lethal allele, whose phenotype would be uncovered in the heterozygous state. 

Each of these mapping techniques are likely to require several generation of breeding, 

and in the case of meiotic mapping, a large number of progeny to produce statistically 

valid results. Again, all of these techniques are reviewed by Greenspan (1997) and 

details of individual marker loci available and mapped are presented at FlyBase.
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CLASSIC PHENOTYPIC SCREENS IN THE MOUSE: ENU MUTAGENESIS

The available pool of classical mouse mutations and the extensive 

characterisation of their predominant phenotypes provide an invaluable resource. In 

classical chemical or radiation mutation studies, the size of the mammalian genome had 

made attempts to identify the point of mutation in a given line of interest slow and 

ungainly. The physical map of the mouse genome is in progress, however, and the pool 

of available identified mutations is growing and more centrally organised 

(http://www.nih. gov/science/models/mouse!. This has produced a renaissance in the 

use of ENU (N-ethyl-N-nitrosourea) mutants, both in the continued production of new 

mutations and in the availability and analysis of established lines.

ENU mutants are established by exposing adult male mice (and more recently 

ES cells) to high levels of the chemical mutagen and then using those that remain fertile 

to found lines of mice which are then bred and selected for phenotype (Russell et al., 

1979). Furthermore, screens may be conducted focusing upon specific phenotypes, for 

which a variety of genes may interact in a complex fashion that would be otherwise 

difficult to link. Thus, if the space required is available, ENU screens may provide for a 

saturation screen of the genome in mice similar to those available in the yeast or 

Drosophila. However, the time required to breed and maintain colonies of adult mice is 

a daunting in comparison with the space required to house Drosophila stocks. And

http://www.nih


phenotype screens in mice require even more space and must be far more complex than 

those derived for lower organisms. These problems are being addressed by the creation 

a genome saturating pool of ENU mutants (http://www.gsf.de/isg/groups/enu- 

mouse.htmn and at Jackson Laboratories such resources may be searched by gene or 

phenotype (http://www.informatics.jax.orgA).

These resources demonstrates that classical mutagenesis will continue to have a 

growing role in the study of the mouse genome. Further improvements in ENU 

mutagenesis and other techniques, together with the continued growth of the map of the 

mouse genome will ultimately produce a genome-wide pool of mutants. The creation 

and identification of such a pool, however, will not be completed for many years. 

Unlike in Drosophila breeding schemes, two to three months are required for each 

generation of breeding. Furthermore, no balancer chromosomes are available and the 

mouse genome is far larger than that of the fly. Indeed, despite the vast improvements 

in the physical map of the mouse genome, it might still take several years to identify a 

single site of mutation in the mouse. Genotyping is also of great difficulty and the 

number of offspring required for any statistical analyses is nearly unfeasible.
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I REVERSE GENETICS

While advances in the technology of Drosophila genetics were allowing for 

phenotype-based genome-wide mutagenesis screens, an entirely different approach 

developed in the study of mammalian biology. Evans and Kaufman (1981) established 

a technique for the culture and maintenance of pluripotent embryonic stem cells. The 

cells, derived from mouse blastocysts, are able to differentiate into a variety of 

phenotypically different cell types in vitro or may be reintroduced into the blastocysts to 

produce chimaeric animals (Bradley et al., 1984).

During their period in vitro, ES cells are amenable to a variety of genetic 

manipulations. Exogenous DNA introduced into ES cells in vitro may in turn be 

reintroduced into blastocysts to create chimaeric mice which ultimately transmit these 

transgenes onto the germ-line (Robertson et al., 1986). Transfected plasmidic DNA in 

ES cells, which may be selected for by antibiotic resistance genes carried within the 

plasmid, was also successfully transmitted onto the germ line (dossier et al., 1986). 

Ultimately transfection of plasmids carrying specific regions of genomic DNA allowed 

for targeted mutagenesis, or reverse genetics, by selection for homologous recombinants 

(Doetschman et al., 1987; Thomas and Capecchi, 1986 and 1987). These techniques 

have allowed for the creation of disruptions, or knock-outs, of known genes. The ability
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to genetically modify ES cells and re-introduce them onto the germ line, however, also 

provides further opportunities for forward genetic mouse mutational screens.

INSERTIONAL MUTAGENESIS 

A lternative Prom oters for th e  lac Operon

Insertional mutagenesis depends upon the random insertion of exogenous genes

into the genome under conditions that allow for the selection and isolation of individual 

clonal events. Casabadan (1975) first used the lacZ gene of Escherichia coli to provide 

a simple marker of transcriptional control, an assay for P-galactosidase activity, in

separating it from its promoter elements and fusing it with the promoter regions of the 

gene of interest. This allowed for the p-galaetosidase protein to be produced under the

control of another promoter element.

The technique was later applied to a random mutagenesis screen, wherein 

Casabadan and Cohen (1979) built a modified Mu phage capable of randomly inserting 

into the E. coli genome, where its lacZ sequences could be used to screen for and 

identify new transcriptional control sequences. The power of such random insertions is 

that the known exogenous DNA provides a foothold in from which the site of insertion 

may be identified. Furthermore, the integration of a marker gene such as fî-



galactosidase provides for a simple assay to follow the expression of any gene 

interrupted by the insertional mutation.

Molecular Biology Invades Drosophila

Despite all of the remarkable genetic tools available to the Drosophila

community, the concommitant advances in molecular biology had a limited effect on 

the field. Similar methods for the random introduction of exogenous DNA, as outlined 

above, remained unavailable. These problems were solved by an amazing coincidence: 

the invasion of a group of transposable elements, named P-elements, into wild fruit fly 

populations of various species within the Drosophila genus. Remarkably, this has been 

proposed to have begun less than 200 years ago, and P-strains were not endemic at the 

time of the first collections of flies for genetic experiments (review, Engels, 1992). This 

invasion of the P-element into certain strains of Drosophila (Kidwell et al., 1977) has 

led to the subsequent invasion of molecular biology into Drosophila genetics.

The structure of the P-element (OTîare and Rubin, 1983) consists of a small, 2.9 

kilobase pair, sequence with 31 base pair inverse terminal repeats. Within this sequence 

lies the gene encoding a P-element transposase protein (Rio and Rubin, 1988) 

responsible for the "hybrid dysgenesis" observed by Kidwell et al. (1977). Hybrid 

dysgenesis involves an irregular transposition between chromosomes at the 31 base pair 

inverse terminal repeats of the P-element. These inverse repeat sequences remain



mobile, independent of the internal P-element gene encoding for the transposase protein 

that activates this mobility at fertilisation. In summary, when males carrying P- 

elements are bred with females lacking P-elements, these sequences are induced to 

"transpose" in a relatively random fashion throughout the genome of the progeny.

These properties of P-elements have allowed for the insertion of transgenes 

between the 31 base pair repeat structure of the P-element (Spradling and Rubin, 1982) 

and the production of random mutations by the transposition of such P-elements 

carrying a transgene throughout the genome (Rubin and Spradling, 1982). Furthermore, 

mutations created by P-element transposition aid in the cloning of sequences adjacent to 

the site of insertion (Searles et a l, 1982).

These techniques were expanded with the use of vectors such as P-lacZ (O’Kane 

and Gehring, 1987). This vector carries no promoter sequences, thus expression 

patterns visualised by the transgene are driven by adjacent enhancer sequences that are 

likely to represent the endogenous expression pattern of any gene interrupted by the 

mutation. Such vectors are designed for their own replication in bacteria, encoding an 

antibiotic resistance gene and a bacterial replication site of origin: these permit the 

plasmid rescue cloning of the vector and the flanking genomic sequences of each newly 

created insertion (Cooley et al., 1988). On the other end of the vector, an eye colour 

gene is included to permit visual selection for progeny carrying P-element insertional
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mutations and a visual marker for expression is provided by a promoterless lacZ 

transgene.

This addition of a gene expression marker system to Drosophila genetics has 

allowed for the expression screening for new mutations in the heterozygous state and is 

called enhancer trapping (eg-Bier et al.t 1989; Bellen et al., 1989; Wilson et al., 1989). 

From here, lines displaying patterns of interest could be taken and intercrossed to screen 

for lethals. Furthermore, selecting lines of interest by their pattern of expression has 

allowed for the identification of second periods of expression, past the point in 

development in which a gene's absence might result in an early lethal phenotype. Today 

the FlyBase resource of insertional mutations may be searched by their pattern of 

expression as well as their site of insertion.

Insertional Mutations in Mice

The first insertional mutations created in mice used the Moloney leukemia virus 

to infect embryos (Jaenisch, 1976). The production and isolation of a prenatal lethal 

viral insertional mutation did take place in this first insertional mutagenesis screen in 

mice (Jaenisch et al., 1983) and this line, Mov 13, was subsequently identified as an 

insertion into a gene encoding for a collagen protein (Harbers et al., 1984). A larger 

scale screen was subsequently attempted (Soriano et al., 1987), but between the two 

screens a total of 48 proviral lines produced only two lethal mutations. Furthermore, the
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identification of the integration site of each mutation, and characterisation of the effect 

of the gene, is a very time consuming effort.

An enhancer trap screen using the random integration of a plasmid vector was 

performed by Allen et al. (1988), by the injection of plasmidic DNA into the embryos. 

These embryos were subsequently examined for expression of the lacZ transgene by a 

P-galactosidase assay, and over 25% of the 200 embryos injected carried integrations of

the exogenous DNA. The introduction of a lacZ transgene into these insertional 

mutations opened the possibility of performing expression screens by enhancer trapping 

as has been done in Drosophila. In many ways the production and isolation of such 

mutations, however, presented the same difficulties as those of the ENU mutagenesis 

screens in mice when compared with the same technique applied to the Drosophila.

Firstly, the production and maintenance of a great number of potential mutations 

is far more burdensome when dealing with mice rather than fruit flies. Secondly, unlike 

in ENU mutagenesis where a single male may be treated with the mutagenic chemical 

and be used for several months to produce random mutations, each of these mutations 

was individually produced by injection of DNA into the male pronucleus of fertilised 

mouse eggs. And thirdly, once the mutation of interest has been identified by 

expression pattern, the cloning of insertion sites in the mammalian genome, even with 

the known exogenous sequences of the mutagenic plasmid, is far more difficult than
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from the Drosophila genome. And of course, the attachment of these genomic 

sequences with the genes surrounding them is a further difficulty.

The first two of these difficulties were addressed by the use of cell culture. 

Concurrent studies (eg-Hamada, 1986; Bhat et al., 1988) demonstrated that similar 

insertional mutagenesis, or enhancer traps, could be performed in cell culture. Cell 

culture allows for the isolation and screening of large numbers of mutations in a 

relatively small area when compared with the animal facilities required for the injection 

and maintenance of hundreds of potentially mutagenic lines. Furthermore, the use of 

antibiotic selection in the creation of stably transformed colonies allows for a single 

plasmid transfection to produce hundreds of colonies rapidly, inexpensively and with far 

less technical difficulty than the micro-injection of DNA into the mouse egg. As 

reviewed in the previous section on reverse genetics in the mouse, ES cells may be 

removed from the blastocyst, genetically manipulated and reintroduced onto the germ- 

line. Thus, the introduction of random mutations in ES cells would allow for a far 

larger scale enhancer trap screen than that conducted by Allen et al. (1988) and the 

analysis of the exogenic insertion sites could be performed prior to introduction into the 

germ-line.

The identification of the sites of insertion, and the probability of creating 

mutagenic insertions with enhancer traps, however, remains highly prohibitive. This 

third difficulty in performing a large scale insertional mutagenesis screen was addressed
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by a complete change in vector design. Chu and Sharp (1981) had previously shown 

than the splice donor and splice acceptor sites of different genes were able to work 

together to create a single fusion mRNA that could be translated into a protein product. 

Brenner et al. (1989) exploited this fact by infecting cultured NIH 3T3 cells using a 

modified Moloney leukemia virus that carried a lacZ gene sequence with no promoter 

and no ATG translation start site, but rather, a splice acceptor site. The selection of 

infected cells carrying random insertions of this vector provides a molecular tag from 

which to clone the site of insertion. Furthermore, the transgenic lac,7 gene product 

allows for a simply visual assay of the expression of the endogenous gene interrupted 

through P-galactosidase activity.

The use of such insertional mutagenesis vectors for gene trapping was soon 

applied to ES stem cells, which may then in turn be used to create mice carrying the 

mutations created in cell culture (Robertson et al., 1986; Gossler et al., 1986). Friedrich 

and Soriano (1991) used a retroviral vector approach to infect ES cells, whilst Skames 

et al. (1992) transfected ES cells with a plasmid vector carrying the engrailed 2 {en2) 

splice acceptor and a fusion of the genes encoding for P-galactosidase and neomycin

resistance (P-geo) followed by a poly-adenylation site. This approach alleviates the

problem of the large amount of space and time required in more classical mouse 

mutagenesis screens, as mutations may be identified at the ES cell level prior to
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introduction into the germ-line. The gene trap vector’s molecular tag also allows for the 

rapid analysis of the expression pattern of the endogenous gene at its site of insertion 

without the cloning of the gene for the production of in situ hybridisation riboprobes or 

the production or availability of antibodies (invaluable in the study of novel genes). 

Finally, the chance of interrupting the transcription of the gene at the site of insertion 

using a gene trap vector is far greater than that of previously enhancer trap insertional 

mutations (Soriano et al., 1987; Allen et al., 1988).

GENE TRAP SCREENS

Gene trapping allows for a large-scale screen of mouse mutations to be 

undertaken at the ES cell level. Several large scale screens are being earned out 

(Chowdury et al., 1997; Hicks et al., 1997; Zambrowicz et al., 1998; Wiles et al., 2000, 

Mitchell et al., 2001; review, Stanford et al., 2001) and provide a large number of 

identifiable mutations that result in phenotypes in the mouse. A variety of gene trap 

vectors have been used to create these insertional mutations, using either retroviral 

insertions or plasmid transfections to integrate exogenous DNA randomly into the 

genome. Figure 1.1 (after Stanford et al., 2001) outlines four main types of vector: the 

promoter trap, and the gene trap vectors P-gal, P-geo and polyA.
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The promoter trap vector carries only resistance to an antibiotic, or a P-geo

sequence, with no promoter sequences to activate the transgenes expression (eg-Hicks et 

al., 1997). Cells infected or transfected with such a vector require insertion into the 

exons of genes expressed in ES cells to survive antibiotic selection. One added 

advantage of this system is that the subsequent cloning of the insertion sites, by a 

plasmid rescue technique in the screen performed by Hicks et al. (1997), will contain at 

least some exon sequence.

The P-gal gene trap vectors include, from 5' to 3', a splice acceptor attached to

the lacZ gene with a poly-adenylation site, followed by a general promoter driven gene 

for antibiotic resistance. As their antibiotic resistance gene is under the control of 

strong exogenous promoter, these vectors allow for the selection of integrations into 

genes that are not expressed in ES cells. The production of resistant colonies however, 

does not guarantee insertion into genes, greatly reducing the chances of creating 

mutations. In one large scale screen, only 393 of the 38 730 isolated ES cell clones 

were shown to express lacZ, and thus considered possible disruptions of genes (Wurst 

et al., 1995).

In contrast, the P-geo gene trap vectors carry no exogenous promoter. From 5'

to 3', they contain a splice acceptor, a fusion of lacZ and the gene encoding neomycin 

resistance and a poly-adenylation site (eg-Skames et al, 1992; Wiles et al, 2000). The
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draw back of these vectors is that selection for insertions requires that there is a minimal 

level of expression in undifferentiated ES cells. Indeed, the goal of this first half of this 

thesis is to investigate the number of genes that might be interrupted during transfection 

with a P-geo gene trap vector in ES cells and also be expressed in the adult central

nervous system (CNS).

The polyA gene trap vectors do allow for selection of insertions into genes not 

expressed in ES cells (Niwa et al., 1993; Salminen et al., 1998). From 5' to 3', a polyA 

gene trap vector consists of a splice acceptor followed by the lacZ gene with a poly- 

adenylation site, then a general promoter driving the expression a gene encoding the 

neomycin resistance and a splice donor site, no poly-adenylation site is added. The 5' 

end of the vector acts to disrupt endogenous gene expression and provides for the lacZ 

gene to follow the interrupted genes pattern of expression under its own regulatory 

elements, whilst the 3' end of the vector allows for the selection of insertions into genes 

that may or may not be expressed in ES stem cells.

All of these approaches are currently being used at several academic centres to 

ultimately create a genome saturating pool of mutations that may be searched over the 

internet and ES clones and/or mouse lines may be subsequently requested. The work of 

Hicks et al. (1997) has continued and promoter trap insertions into ES cell lines may be 

searched at http://www.escells.ca to request clones from the University of Manitoba
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Institute of Cell Biology. The Bay Area Gene Trap Project represents a continuation of 

the ExCell gene trap screen discussed in this thesis and insertional mutations may be 

searched at http://baygenomics.ucsf.edu/. The Centre for Modeling Human Disease 

(CMHD) Gene Trap Project at the University of Toronto is conducting a large scale 

polyA gene trap screen, along with an ENU phenotypic mutation screen; ES cell clones 

and mouse lines may be searched at http://www,cmhd.ca. And the Gene Trap Project of 

the German Human Genome Project (Wiles et al., 2000) may be searched at 

http;//tikus,gsf,de,

In vitro  Screening and Vector Modifications

The lacZ gene may be used as an expression marker in vitro for a variety of

screening processes. Tate et al. (1998) have performed a simple screen using a P-geo

gene trap vector to follow the cellular localisation of the endogenous-p-geo fusion

protein in selecting for genes carrying a nuclear localisation signal. This screen has 

since been expanded (Sutherland et al., 2001) and genes have been identified that 

express not only within the nucleus, but within specific compartments or regions 

therein.

The use of ES cells are pluripotent, being derived from cells of the early embryo 

(Doetschmann et al., 1985). Numerous in vitro approaches have been undertaken to
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differentiate these cells into other cell lineages, and these approaches may in turn be 

applied to gene trap screens. Alterations in cell culture conditions have been shown to 

induce morphological changes in ES cells which may form "embryoid bodies" and may, 

for example, develop blood islands (Bautch et al., 1996) or transform into neuronal like 

cells (Shirai et cd., 1996). Alterations in gene expression have also been observed (Abe 

et al., 1996), indicating that these morphological changes are correlated with specific 

gene expression changes in these differentiated cells.

The differentiation of ES cells clones in vitro allows for the expression screening 

of gene trap clones; thus allowing for an additional level of selection prior to producing 

transgenic animals. The first induction screen conducted used vectors that allow for 

colony selection without the expression of the gene at the site of insertion, Forrester et 

al. (1996) used retinoic acid as a means for creating a variety of different cell types in 

vitro. Indeed, expression screening in vitro of such ES cell clones has subsequently 

identified genes expressed in the developing heart in vivo (McClive et al., 1998).

Induction screening may also be used to regulate the expression of the antibiotic 

resistance gene of the gene trap vector. In their search for genes whose expression is 

regulated by homeobox proteins, Mainguy et al. (2000) have exploited the fact that 

homeobox domains may be applied to cells in vitro, enter their nuclei and bind DNA to 

inhibit transcription of specific genes. In their screen, gene trap clones were isolated 

using a P-geo vector, then each clone is tested for sensitivity to homeobox domain
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application: those colonies that lose antibiotic resistance gene expression represent 

insertional mutations in genes regulated by homeobox proteins (eg-Montesinos et al., 

2001).

Modifications of the gene trap strategy have also been used in combination with 

a Cre-ZojcP system (Sauer and Henderson, 1988; Gu et al., 1993) in a variety of cell 

lines. Russ et al. (1996) created a new kind of gene trap vector that encodes for Cre 

recombinase rather than antibiotic resistance. First, IL-3 (Interleukin-3) dependent 

FDCP1 cells were stably transfected with a vector encoding for antibiotic resistance 

placed between two loxP sites and followed by the gene encoding IL-3. As FDCP1 

cells undergo apoptosis upon withdrawal of EL-3, random insertions of the Cre encoding 

gene trap vector into genes expressed during this apoptosis, will rescue the cell by 

allowing for the production of EL-3. Furthermore, insertions into genes only transiently 

expressed are still able to induce this change in phenotype. Variations on this technique 

have since been applied to identify those genes under the control of a specific hormone 

nuclear receptor (Wan and Nordeen, 2002).

The Cre recombinase system has also been put to use in the creation of ES cell 

gene trap clones. Araki et al. (1999), have contructed an "exchangeable gene trap 

system" by flanking the P-geo encoding sequences of their gene trap vector with loxP

sites. Gain of function mutations can later be created at the sites of vector integration
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by the introduction of a second vector into the ES cell clone of interest that carries the 

gene of interest likewise flanked with loxP sites. Mice produced from these doubly 

transfected ES cell clones may be crossed with Cre recombinase producing mice to 

create the new gain of function allele in vivo. Likewise, a simple rescue of phenotype 

could be performed by transgenically producing Cre in specific cell types. This might, 

for example, permit for the study of a gene's role in a variety of different systems whilst 

avoiding a lethal phenotype.

To select for insertions into genes transiently expressed during development, 

Thorey et al., 1998 have employed a system in which genes are interrupted by the gene 

encoding Cre recombinase, as the lacZ gene has been used in P-gal gene trap vectors.

An additional reporter system within the retroviral vector carries a gene encoding 

resistance to neomycin under the control of a general promoter and flanked by loxP 

sites, followed by lacZ (Thorey et al., 1998). Thus, even transient expression of the Cre 

recombinase will create cells within the developing mouse that will permanently 

express the lacZ reporter gene. The endogenous promoter of transiently expressed 

genes is therefore harnessed to mark cell fate, allowing for the pursuit of specific 

populations cells which migrate during development neurons.
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CONCLUSIONS

The understanding of multicellular biological organisms is centred around the 

temporal and spatial variations of gene expression. Mutagenesis screens have played 

and invaluable part in providing in vivo models for the understanding of individual 

genes and their role in development and maintenance of organisms. The applications of 

such techniques to mammalian models presents a number of difficulties, but the need 

for a medically relavent models is pressing. The advent of insertional mutagenesis 

using exogenous DNA to create mutations in ES cells has circumvented a great number 

of the problems faced in mouse mutagenesis screens by allowing for genotypic screens 

on the ES cell level.

The ongoing creation of ES cell mutations using a variety of gene trap vectors 

will ultimately provide for a saturation level of mutants: at least one insertion in all of 

the genes in the mouse genome. Furthermore, the creation of new gene trap vectors is 

allowing for screening of mutations on the ES cell level, for genes expressed in réponse 

to specific stimuli or for genes encoding certain classes of proteins. The mutations 

created in these screens, or made feasible via the use of loxP sites introduced into 

specific genes, will provide important tools for the understanding of human pathologies 

and basic biological processes.
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Figure 1.1: A schematic depiction of four types of insertional mutagenesis. The 
endogenous gene is shown with green exons, a yellow promoter region and purple 
poly-adenylation site. A. Shows a typical promoter trap vector, and its insertions into 
an exon is depicted. B. Shows a (3-gal gene trap vector, with a splice acceptor site 
(SA) allowing for the interruption of genes when inserted into their introns. C. Shows 
a typical p-geo vector, carrying a splice acceptor and a fusion transgene encoding 
p-gal and neomycin resistance. D. Shows a polyA trap vector, carrying both a splice 
acceptor and a splice donor site. (After Stanford et al., 2001.)



NEURONAL EXPRESSION SCREEN RATIONALE



The ExCell gene trap screen, a large scale secretory trap screen using the 

pGTl.Stm vector and funded by Exelixis, facilitated an expression screen of gene-trap 

events. In focusing upon the brain, a rapid method of analysing adult brain expression 

was developed by examining two previously established lines (Skames et a l ,  1995); pty 

is an insertion into the gene encoding the receptor protein tyrosine phosphatases EAR 

(Leukocyte-common Antigen Related molecule) and mill represents an insertion in to 

the gene encoding its family member, R-PTP-k. Several images of lacZ  expression

seen in these two lines are shown, and a scheme for undertaking the large-scale screen is 

put together. A review of the pG Tl.Stm  vector's "secretory" trap strategy is also 

presented, along with a explanation o f the genotyping of the transgenic animals 

produced by this vector.

NEURONAL EXPRESSION SCREENING

As reviewed in the previous chapter, gene trapping provides for a large number 

of identifiable mouse mutations. However, when using a promoterless vector such as 

pGTl.Stm the production of these mutants requires a minimum level of transgene 

expression in the ES cell. An initial analysis of the transgenic mouse lines that have 

been targeted by gene trapping with this vector indicated that there were insertions into

44



genes that are of interest beyond early development. Frequent mutagenesis events 

which target genes expressed in such a highly differentiated and specialised tissue as the 

brain, however, could not be assumed. Taking the animals produced in the orginal 

secretory trap lines (Skames et al, 1995), Steel et al. (1998) were able to analyse the 

adult brain expression of the lines that were produced. Their results show that 

approximately 17% of the lines produced by gene trapping have reporter gene 

expression in the adult brain. It was with this knowledge that a larger scale neuronal 

expression screen was planned in late 1995.

The ExCell gene trap screen was corporately funded and amongst the first large 

scale gene trap screens conducted. Herein the vector pGTl.Stm was used to build a 

pool of ES cell mutations. There were several members of the Skames laboratory at the 

Centre for Genome Research (CGR) and further assistance was provided by three 

scientists from Exelixis to isolate ES cell clones, identify their site of insertion and inject 

the ES cells into blastocysts for transmission for the productions of transgenic animals 

for expression analyses. As the work began in 1995 the direct sequencing protocol was 

still being developed (Townley et a l ,  1997) and a great deal of ES cells lines were 

injected into blastocysts, bred into the germ line and analysed for expression prior to 

their molecular analysis.

During my initial months at the CGR, the lines from the previous secretory trap 

screen were available, and there was some time to wait as new lines were being
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produced. This afforded the opportunity to undertake a preliminary examination of 

these lines and in doing so develop a strategy for the rapid, but thorough, analysis of the 

lines that would soon be available for expression screening.

Firstly, as previously used by Steel et al. (1998) and many others, the Neutral 

red counterstain was selected to provide contrast with p-galactosidase staining. As the

other members of the Skames laboratory were looking for mutations of importance in 

development, the majority of their expression data was collected via wholemount P-

galactosidase staining of early to mid-gestation embryos, which do not require any 

counterstain. In the adult brain, however, a counterstain is necessary for the clear 

identification of the major nuclei that does not interfere with the transgenic stain. 

Neutral red provides an ideal colour contrast and stains all nuclei in the brain clearly. 

The procedure is rapid and as neutral red is soluble in ethanol, overstaining is easily 

removed during dehydration of the samples prior to mounting. Figure 2.1 demonstrates 

the counterstain and its overlap with p-galactosidase activity by showing the staining of

the ubiquitously expressed line, olf. Having decided upon the appropriate counterstain, 

two of the previously available lines were then examined and sectioned in a variety of 

planes to develop a quick and efficient methodology for examining the large numbers of 

lines that would soon be produced.
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p ty  a mill TEST RUN

There are estimated to be up to two thousand individual phosphatase genes in the 

human genome (Hooft van Huijsduijen, 1999). This includes both intra and 

extracellular proteins, and both serine/threonine as w ell as tyrosine specific  

phosphatases. This protein tyrosine phosphatase (FTP) group may be further divided 

into a series of 17 subtypes classified by sequence alignment (Andersen et a i ,  2001). 

The lines pty  and mill represent mutational insertions into the receptor PTPs, LAR and 

R-PTP-k, respectively. The R-PTPs represent a large subfamily family of these genes

which have been demonstrated to be expressed in a variety of tissues both in adult and 

during development (review, den Hertog, 1999). They are composed of a variable 

extracellular region attached via single transmembrane domain to a pair of phosphatase 

domains (Figure 2.2). It is believed that the membrane proximal, or N-terminal, PTP 

domain provides the active catalytic domain, and in both of the insertions the gene is 

disrupted to the 5' of this catalytic site (Skames et a l ,  1995).

The R-PTPs are thought to be constitutively active, but their activity may 

suppressed upon dimérisation as has been shown for the R-PTP-a (Jiang et a l ,  1999).

The understanding of this dimérisation and its ability to inhibit enzymatic activity, 

however, remains unclear (review, W eiss and Schlessinger, 1998), and the identified
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ligands for these putative receptors remain few. Although the identification of R-PTP 

ligands has remained difficult, their subcellular localisation and interactions with SRC 

family kinases in the cell, and with various extracellular matrix molecules outside the 

cell, has led to their signalling capacities to be compared with those of the integrin 

kinases (Petrone and Sap, 2000). Indeed, the R-PTPs represent excellent candidates for 

cell migratory and guidance molecules, and the Drosophila LAR homologue has been 

implicated in axonal guidance (Desai e t al., 1997a; review, Desai et a i ,  1997b).

LAR is a widely expressed molecule which contains a large extracellular region, 

the transmembrane domain and a typical tandem repeat of intracellular phosphatase 

domains (Streuli et a l ,  1992). Its extracellular domain consists of a series of 

immunoglobin-like and fibronectin type-III repeats, some o f which are subject to 

alternative splicing (O ’Grady et a l ,  1994). LAR is initially translated as a single large 

proprotein of approximately 200kDa, but this is cleaved during intracellular processing 

to produce a 150kDa extracellular subunit covalently bound to the short extracellular 

domain of the 85kDa phosphatase containing subunit. This processing allows for the 

rapid release of the extracellular subunit and may play role in regulation and signalling 

(Serra-Pagès et a i ,  1994). This extracellular subunit has been shown to interact with 

laminins (O'Grady et a l ,  1998), a family of structurally important basal lamina proteins.

The LAR gene line, pty, had been already shared with the group of Frank Longo 

(now at the University of California, San Francisco), and like its D r o s o p h i la
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homologue, it has since been implicated in axonal guidance as follows. Firstly, 

expression of mRNA encoding LAR has been shown to be stimulated by NGF and the 

LAR protein is present in growth cones and neurites in a regionally specific fashion in 

the brain (Zhang et a l ,  1995, 1998). More fine analysis of LAR deficient mice has also 

shown decreases in the size of basal forebrain cholinergic neurons and a decrease in 

hippocampal cholinergic innervation (Yeo et a l ,  1997).

R-PTP-k is covalently bound to its phosphatase subunit via a short ectodomain

and extracellular domain, like the LAR protein, is also cleaved during post-translation 

processing (Jiang et a l ,  1993). The extracellular domain contains a series of meprin- 

A5, or MAM, domains that are involved in homophilic cell-cell interactions (Sap et a l ,  

1994) but these interactions have not yet been shown to regulate the activity of the 

intracellular phosphatases. The gene trap line mill, an insertion into the gene encoding 

R-PTP-k, was shared with the laboratory of Dr Jan Sap (NYU Medical Center) and has

since been used for a detailed examination of the adult brain expression of the transgene 

(Shen et a l ,  1999).

For my purposes the lines pty  and mill provided an opportunity to look at a set of 

somewhat restricted expression patterns in the adult brain and develop a scheme for the 

rapid analysis of the lines which were being injected into blastocysts and bred onto the 

germline at that time. Figure 2.3 shows several sections of both lines, and demonstrates
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that horizontal sections of the brain provided the most information per section. A set of 

two histology slides, carrying a total o f 12 horizontal brain sections, is able to provide a 

comprehensive image o f the adult brain expression o f a given line. This is 

demonstrated in the figures of Chapter 3 where selected horizontal sections (of the 

twelve sections taken) provide a summary of the each line's adult brain expression 

pattern.

Additional biochemical studies were carried out using the pty  and mill lines, in 

which embryonic fibroblasts were produced and anti-phosphotyrosine Western blots 

were performed on total cell lysates to look for alterations in phosphorylation. 

However, as there were no obvious changes observed and new transgenic lines were 

becoming available, this project was not further pursued and the data has not been 

included in this thesis.

THE SECRETORY TRAP

In the experiments discussed here, the pG Tl.Stm  "secretory" trap vector 

(Skames et al., 1995) has been used. Transfection and colony selection by neomycin 

resistance with this vector entraps genes as outlined in the introduction. The inclusion 

of the lacZ gene in fusion with the neomycin resistance gene enriches for insertions that
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take place downstream (3') o f a secretion signal sequence by selection for (3-

galactosidase activity. This is accom plished by the additional CD4 type II 

transmembrane domain sequence: insertions that create fusion transcripts without a 5' 

signal sequence will allow the CD4 domain to act as one, thus inserting the C-terminal 

(3-galactosidase portion of the fusion protein into the endoplasmic reticulum (ER)

during translation, p-galactosidase, a bacterial protein, contains many potential sites of

glycosylation; after passage through the ER it is rendered inactive, presumably due to 

extensive glycosylation interfering its enzymatic capacities (Figure 2.4).

Selection for secretory molecules increases the proportion of mutations in genes 

encoding proteins involved in cell-cell contact and tissue boundaries in development, 

and in intercellular signalling. These secreted molecules, and receptors in particular, are 

also of interest as potential targets for pharmaceutical development.

GENOTYPING

Genotyping of all of the transgenic lines produced was performed by dot blot 

immobilisation onto nylon filtres of uncut total genomic DNA prepared from the tails of 

six-week-old animals. These nylon filtres were hybridised overnight with a single
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radioactively labelled double stranded DNA probe taken from the lacZ sequence of the 

pGTl.Stm gene trap vector. After a stringent series of washes the blots were exposed 

onto auto-radiographic film  for several hours. This provided a reliable test for 

distinguishing wild-type and transgenic animals, as the lacZ probe does not hybridise 

within the endogenous mouse genome.

As the dot blot appartus is grossly overloaded in each case, differences in DNA  

concentration between samples is irrelevant; this technique relies upon completely 

saturating the nylon filter's capacity to carry DNA. The intensity of the signals 

produced may then be compared between siblings of the same line to account for the 

possibility o f multiple transgene copies. The results showed that rapid, reliable 

genotyping of heterozygotes and homozygotes is feasible with a unique probe for all of 

the different insertional mutations created (Figure 2.5). As homozygotes are produced, 

these results may be confirmed by backcrossing these animals with wild-type animals: 

all resulting progeny should be heterozygous for the transgene. It is with this rapid and 

broadly applicable technique that all o f the animals o f this screen were routinely 

genotyped.
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FOCUS OF THE SCREEN

There were several distinct biases to the expression screen conducted. The 

primary goal was to look for viable lines, when bred to homozygosity for the transgene, 

so that behavioural work and other phenotypic studies could then be performed. Of 

particular interest were lines expressing in the cerebellum or the hippocampus that 

would provide the opportunity to examine the mutants for deficiencies in simple motor 

skills or to test their capacities of learning and memory respectively. One such line that 

had been previously trapped was an insertion into the gene encoding the Eph receptor 

tyrosine kinase family member, Sek or Eph4A. As shown in the expression pattern of 

the sek line (Figure 2.6), there is a restricted pattern of expression in the hippocampus 

and the Purkinje cells of the cerebellum (tissue samples were the kind gift of Dr Jane 

Brennan). Homozygotes for the mutation also demonstrated an irregular gait, a 

phenotype which correlates with its neuronal expression pattern. However, there was a 

spontaneous mutation in the line, in addition to our vector’s insertion, and the line was 

not studied further by the laboratory.

With the likelihood of creating another spontaneous mutation being minimal, 

and the chances of hitting another gene with a reasonably restricted pattern being high, 

it was considered a priority of this project to identify another line with a restricted 

pattern that would then be studied in detail. Furthermore, the CGR had already

53



established a collaboration with the Centre of N euroscience, also at Edinburgh 

University, where they had examined previous gene trap lines in the Morris water maze 

(Steel et a l ,  1998). It was with this general scheme that the first lines of the ExCell 

screen were examined as they became available in the spring of 1996.
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Figure 2.2: Schematic representation of several members of the R-PTP family. 
Most carry two copies of the highly conserved catalytic PTP domain (in blue) and 
a series of variable, putative ligand binding extracellular domains. These domains 
include fibronectin type III repeats (FN III), carbonic an hyd rase-1 ike domains (CAH), 
immunoglobin-like domains (lg-like) and meprin-A5 or MAM domains.
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Figure 2.3: Panel (a) represents a saggital section of a mill homozygote brain. 
Panel (b) shows a coronal section of a pfy homozygous brain. Panel (d) is a horizon
tal section of a pty  heterozygote, and panel (c) is portion of a horizontal section of a 
m///heterozygote brain, showing the hippocampus, with staining in the cells of the 
mossy fibres, in detail. The horizontal section reveals the striatum, olfactory bulb, 
hippocampus, cortex, thalamus, amygdala and cerebellum all in a single section.
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Figure 2.4: A schematic representation of the pGT1.8tm vector depicts its sequence. 
First, sequence from engrailed 2 (en2) provides a splice acceptor. This is followed by 
CD4 transmembrane domain, a p-geo cassette and a polyA signal. A. depicts insertion 
3* of a secretory signal, wherein the CD4 transmembrane domain displaces the trans
genic end of the fusion protein into the cytosol. B. depicts an insertion into a gene with
out a secretory sequence, here the type II transmembrane domain of CD4 then acts as 
a signal sequence. This places the p-galactosidase end of the fusion protein in the ER, 
where it is inactivated. Thus only insertions 3’ of a signal sequence provide an active 
p-galactosidase (figure the kind gift of Dr David Town ley).
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Figure 2.5: A sample of dot blot genotyping using a lacZ radioactively 
labelled probe hybridised to the total genomic DNA prepared from several 
trangenic animals. Mice 1,2,6,7,9 ad 10 are all wild-type, with no signal. 
Mouse 3 is heterozygous for the insertion of the pGT1,8tm vector. Mice 
4,5 and 8 are homozygous for the same insertion.



Figure 2.6: The above saggital section of a mouse brain from a sek  gene trap 
mutation (a) shows the predominant expression in the cortex, caudate and the 
CA2 pyrimidal neurons of the hippocampus. The lower panel highlights the ex
pression in the Purkinje cells (PC) of the cerebellum, as well as some non-neu- 
ronal cells in the molecular and granule layers (c). Panel b demonstrates trans
gene expression in the CA1, and in particular the CA2 (arrow), of the hippo
campus.



THE ExCELL NEURONAL EXPRESSION SCREEN



Using the secretory trap vector pGTl.Stm  (Skames et a i ,  1995), over 100 

different embryonic stem cell clones were isolated and injected into blastocysts to create 

transgenic mouse lines. Each of these lines was analysed for adult brain expression of 

the transgenic marker lacZ, and three lines carrying complex insertions of the vector 

were the first found to show expression patterns of neurological interest. Of those lines 

identified by direct sequencing analysis (Townley et aL, 1997) to carry simple insertions 

of the vector, we found that six out of 37 "proper" gene traps (16%) were expressed in 

the adult brain. The complete adult brain expression patterns of five genes encoding 

APLP2, laminin-yl, a-mannosidase II, SDR-1 and a novel protein have been analysed.

Comparative studies of the p-galactosidase staining patterns and in situ hybridisation

data for the gene encoding APLP2 show that p-galactosidase activity in gene trap lines

is a faithful representation of mRNA expression for splice variants incorporating the 

exon fused to the marker gene.

THE ExCELL EXPRESSION SCREEN

The ExCell gene trap screen employed the vector pGTl.Stm (see Chapter 2) to 

create mouse mutations. After linearisation, it was used to transfect CGR8 murine 

embryonic stem cells according to Skames et al. (1995). ES cells were electroporated
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in the presence of the vector and cells were left to recuperate for 48 hours under normal 

culture conditions. After this time the cells were challenged with the antibiotic G418 

and colonies were isolated, amplified and stored after approximately 10 days under a 

selective concentration of the antibiotic. As described in the previous chapters, only 

insertions into genes expressed in the ES cells that produce properly translated fusion 

proteins with the transgene will resist the antibiotic. Cells were then stained for (3-

galactosidase activity to identify those insertions that had fallen into genes carrying a 5' 

signal sequence, where the lacZ  encoded portion o f the fusion protein will remain 

outside endoplasmic reticulum and thus remain unglycosylated and active.

Using these criteria over 100 ES cell lines were produced and successfully 

injected to produce chimaeric animals, and transferred onto the germ line. After one 

generation of backcrossing onto the C57B1/6 strain o f mice, tissues were collected from 

six-week old (adult) animals in order to examine the expression patterns of the 

endogenous gene into which the vector was inserted. The strategy developed in Chapter 

2 was used to rapidly screen for those lines showing expression patterns of interest in 

the adult brain, whilst the entire laboratory worked together towards examining the 

expression patterns at a series of embryonic stages (7.5-10.5dpc, see Chapter 2).

Only those ES cell lines that gave rise to viable mice transmitting the insertional 

mutation through to the germline were analysed for transgene expression. In order to
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ensure that subsequent interpretable phenotypic analyses could be directly pursued, 

ideally only those lines that produce a correct splicing of a single exon onto the en2 

splice acceptor of the transgene, as observed by direct sequencing analysis, should be 

analysed in detail. During the time that these lines were being produced, however, the 

direct sequencing analysis of gene trap insertions had not yet been perfected. Lines 

were thus analysed prior to their confirmation as simple insertions of the gene trap 

vector.

C om plex In se rtio n s  o f th e  V ecto r

The first lines found to have an adult brain expression pattern, Ex032 and

Ex059, carried insertions never fully characterised. Upon direct sequence analysis 

(outlined further below), sequences from within the vector were found to follow onto 

the en2 splice acceptor site in the case of line Ex032, and no sequence was read in the 

case of line Ex059. These might represent multiple or tandem insertions of the vector, 

or perhaps an insertion next to an enhancer or a promoter region. In the case of Ex032, 

expression in the adult brain was restricted exclusively to the olfactory nerve layer 

(Figure 3.1a), and in the case of Ex059, expression in the adult brain was restricted to 

the CA2 and CA3 regions of the hippocampus (Figure 3.1b).

An embryonic expression pattern of interest was also noted in the line Ex059, 

where expression is seen at 7.5dpc exclusively in the prechordal plate, and later mid-
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gestation expression is seen in the developing blood vessels around the forebrain and 

surrounding the somites in the tail, as well as in the limb-bud (Figure 3.2c and d, images 

courtesy of the Bay Area Resource o f M ouse Mutations in Secreted and Membrane 

Proteins). A third line of interest was identified in Ex077, where expression at mid

gestation was found specifically at the mid-brain/hind-brain boundary (Figure 3.2, 

images courtesy of the BayArea Resource of Mouse Mutations in Secreted and 

Membrane Proteins).

The first of these three lines, Ex032 has since been shared with another 

laboratory to be used as a marker line for olfactory neurones. In the case of all three of 

the lines shown in Figures 3.1 and 3.2, none displayed any obvious phenotype when 

bred to hom ozygosity for the transgene and this, combined with their enigmatic 

insertions, lead to the lines being abandoned from this screen. These three lines 

represent only a small percentage of the lines carrying complex insertions of the gene 

trap vector that were sectioned and analysed, in replicates, to test for lacZ expression in 

the adult brain and in the embryo. At the time, the identification of the site of insertion 

was still the major rate limiting step in gene trapping, and numerous lines of dubious 

interest were examined for their expression patterns quite thoroughly. Only 37 of the 

well over 100 transgenic lines analysed for this thesis were carrying simple insertions of 

the gene trap vector. Ultimately, only those lines which showed proper insertion into an 

endogenous gene of interest, as identified by p-galactosidase activity and 5' RACE
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direct sequence analysis (Townley et aL, 1997), were taken and injected into blastocysts 

and bred onto the germline.

6 of 37  G ene T raps Lines Display A dult Brain E xpression

Of the 37 lines fulfilling the above criteria that were screened, six (16%) showed

detectable expression of the transgene in the brain (Table 3.1). The six gene trap lines 

seen to express the transgene in the adult brain include one novel gene and the genes 

encoding a-mannosidase II, APLP2, SDR-1, laminin-yl and glypican-4. Of these six

lines, the insertions into the novel gene (Ex061) and into the gene encoding laminin- y l

have proven to be lethal when bred to homozygosity. One has shown a limited pattern 

of expression in the adult brain. This line, an insertion into the gene encoding glypican- 

4, is presented in the second half of this thesis. The adult brain expression patterns of 

the other five lines will be presented in this chapter.

Direct Sequencing Analysis

The generation of random insertions of a gene trap vector into ES cells and their 

clonal isolation is a relatively rapid process. The identification of their insertion sites in 

the genome, however, was the rate limiting step that prevented the realistic undertaking 

of a large scale mutagenesis screen using such a vector. At the start of this work very
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few gene trap cell lines had been linked to their site of integration. Most insertions that 

had been previously identified (eg-Gasca et a l ,  1995; Takeuchi et a l ,  1995) used a 

rapid amplification of cDNA ends (RACE, Frohman et a l ,  1988) approach to obtain 

transgenic mRNA fusion products. RACE employs a single oligonucleotide primer 

from within the known exogenous sequence of the gene trap vector to create an enriched 

pool of cDNA that may be cloned and sequenced. The cloning step of this technique is 

slow and labour intensive, however, and unfeasible for a large scale rapid screen. As 

such, Townley et a l  (1997) perfected a direct sequencing procedure; this allowed for 

the 5' RACE amplification products to be immediately sequenced without any 

intermediate cloning steps.

This protocol is cited in full in Materials and Methods, and is outlined in Figure 

3.3 (made after Townley et a l ,  1997). Briefly, each ES cell clone carrying a unique 

insertion of the gene trap vector was used to produce total RNA using the RNazol 

reagent (Tel-Test, Inc.). RNA was further purified and reverse transcribed using a 

primer sequence from within the pGTl.Stm  vector. In order to obtain clear, readable 

sequence, two purification methods were employed. First, a simple microdialysis was 

performed between reactions to remove primers, dNTPs and uninformative short DNA  

sequences. Then in the final round of amplification the PCR products were produced 

using a 5' biotinylated oligonucleotide that allowed for solid phase purification of the 

sense strand cDNAs on streptavadin coated beads. These single stranded DNAs were
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cycle sequenced using radioactive-labelled primers, producing clear and readable 

sequences of up to several hundred base pairs.

As stated in Townley et al. (1997), only 40% of those ES cell clones isolated for 

G418 resistance resulted in properly spliced gene trap events. And as discussed above, 

nearly all of these ES cell lines initially produced for the ExCell screen were injected 

into blastocysts to produce transgenic animals and then analysed for expression of the 

lacZ marker. All future gene trap screens, however, must employ a direct sequence 

analysis of the ES cell clones prior to the production of transgenic mice. Their 

productivity subsequent to the screen described in this thesis, as measured by the 

number of mouse lines retained for further analysis, should therefore be more than 

doubled.

An average of length of 110 base pairs of direct sequence data was obtained for 

the lines of this screen, with the longest sequence read being 226 base pairs (Ex024) and 

the shortest being only 22 base pairs (Ex023). All sequences obtained by the laboratory 

for each line are listed as an appendix in Chapter 9, and the data is summarised on Table 

3.1. Each of these sequences was subjected to a BLAST search (Altschul et aL, 1997) 

to identify the site of insertion o f our gene trap vector (last repeated 15 November 

2002). Those results giving a homology of over 90% with less then 5% gaps have been 

considered a positive identification o f the site of insertion. Only five lines gave 

sequences that resulted in no such matches. In addition, two lines have been found to
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match to RIKEN cDNA clones for which no open reading frame (ORF) has yet been 

predicted, and one line gave a sequence found to match numerous sites of genomic 

DNA in short stretches on several different chromosomes (Ex261). These eight novel 

lines represent 22% of the genes trapped.

Although a significant number o f lines have resulted in insertions into 

uncharacterised genes, the results of the remaining BLAST searches have revealed that 

the pGTl.Stm vector is efficient in trapping "secretory" genes via the (Tgalatosidase

assay outlined in Chapter 2. All of the known genes and EST sequences with predicted 

ORFs have had their amino acid sequences subjected to a search for secretory signals 5' 

of the site of the transgenic insertion (Nielsen et aL, 1997). Excluding the 8 lines that 

have been dubbed novel, 16 of the remaining 29 lines (55%) have been found to be 

insertions of the gene trap vector into known secreted or transmembrane bound proteins, 

and two others have been predicted to possibly have signal sequences.

Not all of those proteins carrying a signal sequence, however, have proven to be 

extracellular matrix or cell membrane bound proteins. Indeed, genes encoding proteins 

such as a-m annosidase II (E x005, Moremen and Robbins, 1991) and N-

acetylglucosaminyltransferase V (Ex036, Shoreibah et aL, 1993) encode a 5' signal 

sequence, but for their insertion into the Golgi rather than for their secretion from the 

cell. Two of the lines for which no signal sequence has yet been found, Ex009 and
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Ex052, have been identified as ESTs predicted to encode for Glutamine Fructose-6- 

phosphate Transaminase 2 (GFaT-2) and Golgi reassembly stacking protein-1 (Gsrl), 

respectively. As both of these EST clones may be incomplete, it is possible that the full 

5' sequences of their mRNA are not yet known and that the gene might indeed encode a 

signal sequence as the protein's predicted function would imply.

In the end, very few of the lines selected for P-galactosidase activity have been

definitively shown to occur in genes lacking a 5' signal sequence or a transmembrane 

domain and amongst the insertions into non-secretory genes a number of explanations 

are possible. In the case of Ex023, the identification of the gene encoding B-Myb as the 

site of insertion is based upon only 22 bp of sequence, this may simply be a false match. 

The line Ex024, an insertion into the homeobox gene Enx-1 (Robert et aL, 1996), is not 

likely to carry a signal sequence and none has been predicted. Homeobox proteins, 

however, contain peptide sequences that are able to pass through the lipid membranes of 

cells (Chatelin et aL, 1996), both to enter the nucleus and to access the its DNA binding 

sites. It is thus possible that a hydrophobic region of the endogenous amino-terminal of 

the fusion protein formed in the gene trap line allowed for the CD4 transmembrane 

domain encoded by the vector to act as if  a signal sequence had been 5' of the site of 

insertion. Lines such as Ex016, an insertion into the gene encoding the cytosolic signal 

transduction protein Nck-cc, however, must be considered differently. As there is no
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reason to believe that the site of insertion might encode a signal sequence, it is more 

reasonable to assume that tandem or multiple insertions of the vector might have 

allowed for a second CD4-|3-geo portion of the fusion transgene to be expressed and

translated. As the CD4 sequence acts as a Type II transmembrane domain, a second (3-

galactosidase region would remain outside of the ER and thus active.

Altogether the ExCell secretory gene trap screen was successful in producing 

mutagenic insertions into a great number of genes of interest. Since the perfection of 

the RACE direct sequencing technique, large scale mutagenesis screens to provide a 

catalogue of ES cell clones o f insertional mutations have since been undertaken (eg- 

Zambrowicz et a l ,  1998; Wiles et a l ,  2000). Further modifications of vector design for 

in vitro and in vivo screening of ES cell clones will continue to provide more rapid 

identification o f such insertional mutations and improved tools for subsequent 

phenotypic analyses of the transgenic animals created.
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ADULT BRAIN EXPRESSION PATTERNS

As discussed in Chapter 2, a complete range of horizontal brain sections was 

taken from each line. The sections were then exposed to X-gal to stain for (3-

galactosidase activity and counterstained using neutral red, as described in Materials 

and Methods. Of the 6 trapped genes found to drive expression of the lacZ transgene in 

the brain, all but one (Ex 194) show a widespread pattern of expression. When these 

lines are examined in detail, however, it is clear that in no case is the transgene 

expressed uniformly throughout the brain. An analysis of the variation in (3-

galactosidase staining intensities, and thus the overall pattern o f adult brain gene 

expression for these five lines, is compiled in Table 3.2 and a selection of images is 

shown for each line to demonstrate specific points of interest.

Ex005: cc-Mannosidase II

The Ex005 line carries an insertion of the pGTl.Stm vector into the gene oc-M-11

(Moremen and Robbins, 1991). This gene encodes the Golgi localised Af-glycan 

processing enzyme, a-mannosidase II. A variety of glycosyl-transferases produce

complex N-  and O -glycan structures on proteins during their passage through the 

endoplasmic reticulum and Golgi during their processing for secretion or insertion into
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the cell membrane (review, Komfield and Komfield, 1985, Schachter, 1991). Unusual 

alterations of these glycan structures have been linked with the progression of a variety 

of cancers (Feizi, 1985; Dennis et a l ,  1999). Indeed, an inhibitor of a-mannosidase,

swainsonine (Elbein et a l ,  1981), has been employed with success in clinical trials as an 

inhibitor of tumour growth in late-stage cancer patients (Dennis and Lafert, 1985; Goss 

et a l ,  1995 and 1997).

The swainsonine inhibitor of a-mannosidase had been previously linked with

the induction of locoism, a malady induced by the ingestion plants of the Swainsona 

genus (Tulsiani et a l ,  1984). This disease displays a set o f symptoms including 

progressive mental retardation, immune deficiencies, impaired hearing and skeletal 

changes that is similar to the genetically inherited disorder Hurler's syndrome 

(Ôckerman, 1967) and has since been identified as a-mannosidosis (review, Chester et

a l ,  1982). The inhibitory action of this alkaloid has proven to have a global effect on a 

variety of mannosidases, including the lysosom al a-m annosidase protein that is

involved in the catabolism of 7V-glycal structures. It is an alteration of the gene 

encoding for this protein, lysomal a-mannosidase, that is responsible for the human

autosomal recessive mannosidosis disorder (Nilssen et a l ,  1997), and mice targeted for 

the disruption of this same gene have resulted in a similar phenotype (Stinchi et a l ,

1999).
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The a-M -Il  gene encodes a protein related to lysosomal a-mannosidase, and

both proteins are able to cleave mannose residues from high mannose N -glycan  

structures. The lysomal protein, which are involved in catalytic processes, may cleave a 

wider variety of substrates (Al Daher et a l ,  1991). The Golgi localised a-mannosidase

II protein specifically cleaves a-mannose residues bound in a-3 and a-6  links from the

hybrid N-glycan GlcNAclM an5GlcNac2-Asn as part of an anabolic pathway leading to 

further processing o f complex glyco-structures (Figure 3.4; Moremen et a l ,  1991). 

Disruption of this pathway in the autosomal recessive human genetic disorder HEMPAS 

(Hereditary Erythropoietic Multinuclearity with a Positive Acidified Serum-lysis test, 

Crookston et al., 1969; Fukada et al.,  1990) results in patients suffering anemia, 

erythroplasia with multinucleated erythroblasts and a series o f other complications 

including diabetes and gallstones.

Most patients suffering from HEMPAS live a normal lifespan, however, in great 

contrast with the disruption of the human gene M GAT2  that encodes the GlcNAc 

transferase II protein that performs the step that follows a-mannosidase II in complex

A-glycan synthesis (Figure 3.4). MGAT2  has been identified as the gene mutated in 

CDGS type II (Carborhydrate-Deficient Glycoprotein Syndrome), whose symptoms 

include dysmorphic features and a severe mental retardation (Tan et a l ,  1996). These 

results along with the symptoms displayed in locoism show that the proper assembly
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and maintenance of complex N-glycan structures is required for normal development of 

the brain.

The mice produced for the disruption o f a-M-II  (Chui et a l ,  1997) were found

to develop an anemia similar to HEMPAS, with erythrocytes lacking complex N- 

glycans. Thus, although a-M-II  is known to express in the brain (Moremen and

Robbins, 1991) and to play a pivotal role in N -glycan synthesis, a more severe 

phenotype is not produced by its disruption. The production of complex A -glycan  

structures was shown to continue in most cell types of the mice homozygous for the 

disruption of a-M-II  via an alternate pathway; an a-mannosidase III protein has been

proposed and its activity detected in protein extracts from a-M-II  null mice tissues

(Chui e t a l ,  1997).

These findings also imply the differential expression of the genes involved in 

this alternative pathway. The inability of erythrocytes to circumvent the absence of the 

a-M-II  gene clearly demonstrate that it cannot be assumed that "housekeeping" genes

such as the glycosyl-transferases are necessarily expressed in a uniform and ubiquitous 

manner.

75



Insertion Site

The cDNA clone of a-M-II  (Acc N° X61172) is 6080 base pairs in length,

encoding a protein of 1150 amino acids. The protein is approximately 125kDa and 

consists of an N-terminal 21 amino acid Type II transmembrane domain that follows a 

short (five amino acid) cytosolic domain bearing a signal sequence; the active, catalytic 

domains extend into the Golgi. Our direct sequence data has provided 107 bases of 

sequence that align with base pair 619 o f the cDNA of a-M-II as per BLAST.

a-Mannosidase II (ExOOS)

01 AGATQGIGGA GITTGGAAGC AAGGATHGA CATTAAGTAT GAAGCGGATG 

51 AGIQGGACCA TCAGCCCCTG CAAGIGITTG TGCTGCCTNA CTCGCATAAT 

101 GAGOCAG

>gi|49943|emb|X61172.1|MMAMANII [LocusLink info] [UniGene info] Mouse mRNA for alpha- 

mannosidase H
Length = 6080

Score = 206 bits (104), Expect = 4e-51 
Identities = 106/107 (99%)
Strand = Plus / Plus

Query: 1 agatggtggagtttggaagcaaggatttgacattaagtatgaagcggatgagtgggacca 60 
Sbjct: 513 agatggtggagtttggaagcaaggatttgacattaagtatgaagcggatgagtgggacca 572

Query: 61 tgagcccctgcaagtgtttgtggtgcctnactcccataatgacccag 107 
Sbjct: 573 tgagcccctgcaagtgtttgtggtgcctcactcccataatgacccag 619
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This insertion should lead to the production of a fusion protein carrying the 

initial 111 amino acids of the endogenous a-mannosidase II protein thus including the

initial signal sequence and transmembrane domain follow ed by the exogenous 

transgenic peptide sequence. Recent structural studies of the Drosophila melanogaster 

homologue of a-M-II  indicate that such a disruption of the protein should eliminate

three of the four aromatic residues that line the pocket o f the active site, as well as 

eliminating predicted sites of cysteine linkages (van den Elsen et al., 2002). Thus, the 

fusion protein expressed in the ExOOS animals should be without any a-mannosidase

activity.

Expression and Phenotype Analysis

The mouse line ExOOS has been found to be true breeding and viable, and 

remains available at the Bay Area Resource of Mouse Mutations in Secreted and 

Membrane Proteins. Mice homozygous for the insertion of the gene trap vector display 

no overt phenotype. No irregularities in locomotion, attention or anxiety were 

immediately observable. No detailed analyses, however, for anemia or for deficiencies 

in complex N-glycan structures were undertaken.

Analysis of the transgene expression in the brain of the line ExOOS reveals that 

there is a distinct regulatory control o f  the endogenous gene (Table 3.2; Figure 3.5).
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The differential levels (3-galactosidase activity between the layers of the cerebral cortex

is particularly illustrative of the tight spatial regulation of expression. Other areas of 

note include the olfactory tubercle and the granule cells of the olfactory bulb, where 

expression is high. In contrast, the cerebellar granule cells have no detectable 

expression of the transgene. Finally, expression in the hippocampus is widespread but 

varying in intensity, increasing from the CA1 and 2 regions into the CA3, and nearly 

absent in the dentate gyrus.

Ex057: APLP2-Amyloid P recu rso r-L ik e  P ro te in -2

Here the gene trap cassette has inserted into the gene encoding the Amyloid

Precursor-Like Protein 2 (APLP2, W asco et a l ,  1993). APLP2 is a homologue of the 

amyloid precursor protein (APP), which is implicated in the etiology of Alzheimer’s 

disease. Alzheimer's disease (AD), first characterised by Alois Alzheimer in 1911, is 

the "most prevalent form of late-life mental failure in humans" (Selkoe, 2001). The 

amyloid precursor protein was purified from the blood vessels of Down's syndrome 

patients suffeming from amyloid microangiopathy (Glenner and Wang, 1984a) as well 

as from neuritic amyloid plaques found the brains of patients of AD (Glenner and 

Wang, 1984b; Jarrett et a l ,  1993). The gene encoding APP has been cloned (Kang et  

a l ,  1987) and it encodes several splice isoforms of a widely expressed protein carrying 

a 5' signal sequence and a single C-terminal Type I transmembrane domain.
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Hereditary forms of AD have been linked to missense mutations in the gene 

encoding APP that lead to the overproduction of a ^-amyloid peptide, a proteolytically

cleaved form of the protein found in the neurofibrillary plaques characteristic of AD 

patients (review, Selkoe, 1997). Mutations in other genes such as presenilin (review, 

Hardy, 1997) and apolipoprotein E4 (Strittmatter et al., 1993) have also been found in 

familial forms of AD. These alterations in presenilin and in apolipoprotein E4 encoding 

genes have also been shown to result in increases in the production of the (3-amyloid

peptide (Scheuner et al., 1996; Schmechel et a l ,  1993). Thus irregularities in APP 

cleavage and increased presence certain forms of the cleaved (3-amyloid peptide have

been linked with the pathology of AD.

Two pathways towards the cleavage and liberation of the extracellular domains 

have been identified for APP. The site of a-secretase cleavage is located in the

transmembrane domain (Lammich et a l ,  1999), and the cleavage site of (3-secretase

(Haniu et a l ,  2000) just N-terminal of the first site. It is this latter site of cleavage that 

leads to the production of the (3-amyloid peptide found in the neurofibrillary plaques of

AD patients.

All three members of this gene family share a similar structure. The APP 

protein has been shown to carry a single C-terminal transmembrane domain (Robakis et 

a l ,  1987; Dyrks et a l ,  1988). Jung et al. (1996) have demonstrated that APP is present
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on the cell surface in both neuronal and non-neuronal cells. Both APP and APLP2 have 

been shown to be axonally transported and localised to synapses when neuronally 

expressed (Simons et a l ,  1995; Thinakaran et a l ,  1995). Although the proteins carry an 

intracellular domain, no convicing evidence has shown that they are receptors. Their 

extracellular domains are highly glycosylated and APP has been shown have a heparin 

binding domain at its N-terminal (Small et al., 1994) that has been implicated in the 

protein's role in neuronal outgrowth. Therefore this family o f proteins may be 

envisaged to interact with a wide variety o f basal lamina and other structural 

extracellular matrix components that carry heparin glycosylation sites, both when 

attached to the cell surface and after proteolytic cleavage and liberation from the cell. 

APLP2, for example, has been shown to promote migration towards the basal lamina 

proteins fibronectin and collagen IV (Li et al., 1999).

The physiological role of APP has been studied in vivo. Expression of the gene 

encoding APP is very widespread and begins early in embryogenesis (Ott and Bullock, 

2001). A hypomorphic mutation of the gene has lead to anatomical alteration in the 

brain and a subtle behavioural phenotype (Müller et al., 1994). A null mutation has also 

been created and these mutants exhibit a reactive gliosis (Zheng et al., 1995), a 

decreased motor activity (Tremml et al., 1997), increased levels of copper in the brain 

and liver (White et al., 1999), and an increased susceptibility to seizures (Steinbeck et

80



a i ,  1998). These studies have also implicated APP in neurite outgrowth (Perez et a i ,  

1997).

Nonetheless, mice carrying two null alleles for the gene encoding APP are 

viable and fertile. As the gene encoding APP is part of a family of genes, functional 

redundancy between APP, APLP1 (Wasco et al., 1992) and APLP2 (Wasco et al., 1993) 

was envisaged and has since been established through the study of multiple gene knock

outs. Heber et al. (2000) have reported that the coupled deletions of two of these three 

genes is lethal in all cases except the double deletion of the genes encoding APP and 

APLP1. These more severe, lethal phenotypes demonstrate that the A PP  gene family 

plays a more general role in the extracellular matrix of a variety of tissues.

Insertion Site

The 5' RACE sequence data from the line Ex057 has been subjected to a BLAST 

search revealing that the gene trap vector has inserted into an intron just downstream of 

exon 3 of the gene encoding Amyloid Procursor-Like Protein 2 (APLP2) or the "CDEI- 

binding protein CDEBP" (Yang et a l ,  1996). Alternative splicing has been reported for 

this gene by Sandbrink et al. (1994), but our insertion should be 5' of all such alternative 

splice sites and should thus disrupt expression of all the possible isoforms. The fusion 

protein produced in this line thus carries the 5' signal sequence (Wasco et a l ,  1993) that 

allows for the translation of the active (3-galactosidase domain observed in the mice.



APLP-2 (Ex057)

01 GTITCCAGAG CTGCAGATCA CAAATGTGAT GGAAGCCAAA CCTAGTCCCA

51 GTCAATATIG ATAGITCGIG CCGAAGQGAC TTAAGGCAGT GCAAGAGICA

101 CATICTTATA (XATTCTAGT GICTIG

>gi|558467|gb|U 15571 .1|MMU15571 [LocusLink info] [UniGene info] Mus musculus 
amyloid precursor-like protein 2 isoform 751, (APLP2) 

gene, complete cds 
Length = 3635

Score = 167 bits (84), Expect = 4 e -3 9  
Identities = 116/123 (94%), Gaps = 4 /1 2 3  (3%)
Strand = Plus / Plus

Query: 4 tccagagctgcagatcacaaatgtgatggaagccaaacctagtcccagtcaatattgata 63  
Sbjct: 349 tccagagctgcagatcacaaatgtgatggaagc-aaacc_ag-_ccagtcaatattgata 4 0 4

Query: 64 gttggtgccgaagggacttaaggcagtgcaagagtcacattgttataccattcfagtgtc 123  
Sbjct: 405 gttggtgccgaagggacaaaaggcagtgcaagagtcacattgttataccattcaagtgtc 4 6 4

Query: 124 ttg 126  
Sbjct: 465 ttg 4 6 7

>gi|510417|emb|Z22592.1 (MMCDEIBPA [LocusLink info] M.musculus CDEI binding 
protein mRNA

Length = 2173

Score = 167 bits (84), Expect = 4 e -3 9  
Identities = 116/123 (94%), Gaps = 4 /123  (3%)
Strand = Plus / Plus

Query: 4 tccagagctgcagatcacaaatgtgatggaagccaaacctagtcccagtcaatattgata 63  
Sbjct: 373 tccagagctgcagatcacaaatgtgatggaagc_aaacc-ag-_ccagtcaatattgata 4 2 8

Query: 64 gttggtgccgaagggacff aaggcagtgcaagagtcacattgttataccattcfagtgtc 123  
Sbjct: 429 gttggtgccgaagggacaaaaggcagtgcaagagtcacattgttataccattcaagtgtc 4 8 8
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Query: 124 ttg 126  
Sbjct: 489 ttg 491

>gi|1086504|gb|U37470.1 (MMCDEBP03 [LocusLink info] Mus musculus CDEI-binding 
protein CDEBP (Cdebp) gene, exon 3 

Length = 171

Score = 167 bits (84), Expect = 4 e -3 9  
Identities = 116/123 (94%), Gaps = 4 /123  (3%)
Strand = Plus / Plus

Query: 4 tccagagctgcagatcacaaatgtgatggaagccaaacctagtcccagtcaatattgata 63  
Sbjct: 30 tccagagctgcagatcacaaatgtgatggaagc_aaacc-ag-_ccagtcaatattgata 8 5

Query: 64 gttggtgccgaagggacff aaggcagtgcaagagtcacattgttataccattcfagtgtc 123  
Sbjct: 86 gttggtgccgaagggacaaaaggcagtgcaagagtcacattgttataccattcaagtgtc 145

Query: 124 ttg 126  
Sbjct: 146 ttg 148

Expression and Phenotype Analysis

As shown in Figures 3.6 and 3.7, and in Table 3.2, the expression of APLP2 is 

widespread throughout the brain, as shown by the previous results of Slunt et a l  (1994). 

Expression is particularly high in the cerebellum, where |3-galactosidase staining can be

seen at throughout the granule cell layer, in Purkinje cells and at a lesser level in the 

molecular layer, the region containing the stellate and basket cells.

At the anterior end of the brain, a modérât level of expression is observed in the 

granule cells of the olfactory bulb, and higher levels are seen in the olfactory nerve layer 

and in the mitral cells. These results confirm those of Thinakaran et a l  (1995), where 

APLP2 has been shown in migrating axons entering the olfactory nerve layer. It can be
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noted that there is no APLP2  gene expression in the pi a and lamina I of the cerebral 

cortex, but gene expression is clearly significant in lamina II and then occurs at a more 

even and moderate level in the remainder of the cortical lamina. Expression it is highest 

in the entorhinal cortex, which leads into expression in the hippocampus; both of these 

regions are associated with the early formation o f amyloid plaques in Alzheimer’s 

disease pathology. Expression in the basal ganglia is particularly high in the caudate, 

but is also seen in the nucleus accumbens. Within the region of the nucleus accumbens, 

a high level of staining can be seen in the Islands of Calleja. Variable staining within 

the regions of the thalamus and amygdala can also be seen.

The Ex057 line was found to be viable and fertile when bred to homozygosity, 

as has since been reported for specific disruption of this gene in mice (Heber et a l ,

2000). No further phenotype investigations were undertaken, but the line has been 

shared with several laboratories.

Ex061: Novel

Direct sequence analysis of the line Ex061 has revealed an insertion into a novel 

gene. The 74 bases of sequence, shown below, have been subjected to a BLAST search 

and no reasonable matches have been found.
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Ex061

01 CTACTGGIGG GGAAAGCAAG TACTAATGCT AGCTOOGAGG GIGCAGTACC

51 (XAACITCGC TAGICAATGC ICTA

More permissive BLAST searches have revealed that a short 18 base portion of 

this sequence (between 39-56) matches with a variety of ESTs, and IMAGE clones, but 

as this sequence is so short the line has continued to be considered an insertion into a 

novel gene. Perhaps the site of insertion is in the 5' UTR of a known gene that has not 

yet been fully sequenced. Indeed, a variety of gene trap approaches have been 

undertaken using vectors lacking a poly-adenylation site (eg-Zambrowicz et a l ,  1998) 

to select 3' insertions into genes; in these studies the authors argue specifically for the 

greater ease of identification of insertion from their direct sequence information.

Expression and Phenotype Analysis

Expression of the fusion transgene is found in most neurons (Figure 3.8, Table 

3.2), with the exception of both the olfactory and cerebellar granule cells, which are 

distinctly lacking in expression. There is a high level o f expression in the olfactory 

nerve layer, connecting in through the afferent sensory pathway to the olfactory 

glomeruli and on to the mitral cell layer. Transgene expression is widespread in the 

cerebral cortex, but with clear differences of intensity between pyramidal neurons of
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each lamina. Distinctions may also be seen between the trangene expression level 

observed in the caudate putamen, nucleus accumebens and the globus pallidus of the 

basal ganglia. Hippocampal expression levels are high and evenly distributed 

throughout the pyramidal neurons o f the CA1-3 subfields and the dentate gyrus. 

Finally, it is possible to see marked regional differences of expression between areas 

within the amygdala and thalamus.

Further intercrosses and observation have revealed this mutation to be recessive 

lethal, and work is ongoing at the Skames lab at Berkeley to examine this phenotype. 

As the line appears not to be of interest for studies o f the nervous system, however, it 

was eliminated from this screen.

Ex153: SDR-1or g p 6 5 /5 5

Line Ex 153 carries an insertion of the gene trap vector into a gene that has been

previously identified in a cDNA secretory trap screen (Shirozu et a l ,  1996) and in a 

screen for post-synaptic proteins (Langnaese et al., 1996, 1997 and 1998). Both groups 

predict that gene, named either SDR-1 (Stromal Derived Receptor-1) or gp65/55 

(glycoprotein), encodes a cell surface, transmembrane bound glycosylated protein. Its 

expression is clearly widespread as the two different sources of cloning materials would 

indicate. Langnaese et al. (1997) have proposed that the protein is a member of the Ig 

superfamily, and have identified two or three Ig domains (by alternative splicing of the
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mRNA) in the extracellular region of the protein. No function has yet been proposed 

for the protein.

Insertion Site

The cDNA encoding gp55 (Acc N° X99337) is 2031 base pairs in length, and its 

splice varient gp65 (Acc N° X 99338) is 2369 base pairs. The cDNA isolated by 

Shirozu et a l  (1996) appears to align with the shorter of these two splice isoforms, and 

is 1900 base pairs in length (Acc N° D 50463). Our direct sequence analysis has

provided 114 bases of sequence that have been matched with the above cDNAs by a

BLAST search.

SDR-1 (Ex153)

01 TCCCAGCACA TGAOTACAQG ATCAATAAGC CAAGAGCTGA GGATTCAGGC

51 GAATACCACT GIGTATATCA TTITGICAGC GCTCCTAAAG CAAATGOCAC

101 CATTGAAGIG AAAG

>gi|1747303|dbj|D50463.11 [LocusLink info] [UniGene info] Mouse SDR1 mRNA, 
complete cds

Length = 1900

Score = 204 bits (103), Expect = 2 e -5 0  
Identities = 103/103 (100% )
Strand = Plus / Plus

Query: 12 gagtacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcat 71 
Sbjct: 280 gagtacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcat 3 3 9
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Query: 72 tttgtcagcgctcctaaagcaaatgccaccattgaagtgaaag 114  
Sbjct: 340 tttgtcagcgctcctaaagcaaatgccaccattgaagtgaaag 3 8 2

>gi|1806277|em b|X99338.1|RNGP56 [LocusLink info] [UniGene info] R.norvegicus 
mRNA for glycoprotein 65  

Length = 2369

Score = 198 bits (100), Expect = 1 e -4 8  
Identities = 100/100 (100% )
Strand = Plus / Plus

Query: 15 tacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcatttt 74  
Sbjct: 745 tacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcatttt 8 0 4

Query: 75 gtcagcgctcctaaagcaaatgccaccattgaagtgaaag 11 4 
Sbjct: 805 gtcagcgctcctaaagcaaatgccaccattgaagtgaaag 8 4 4

>gi|1806275|em b|X99337.1 |RNGP55 [LocusLink info] [UniGene info] R.norvegicus 
mRNA for glycoprotein 55  

Length = 2031

Score = 198 bits (100), Expect = 1 e -4 8  
Identities = 100/100 (100% )
Strand = Plus / Plus

Query: 15 tacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcatttt 7 4  
Sbjct: 448 tacaggatcaataagccaagagctgaggattcaggcgaataccactgtgtatatcatttt 5 0 7

Query: 75 gtcagcgctcctaaagcaaatgccaccattgaagtgaaag 11 4 
Sbjct: 508 gtcagcgctcctaaagcaaatgccaccattgaagtgaaag 5 4 7

The different splice isoforms of this gene are predicted to encode proteins of 253 

and 365 amino acids. The line E xl53  carries an insertion of the vector at base 844 of 

the gp65 isoform, base 547 of the gp55 isoform and base 382 of the SDR-1 cDNA.
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This insertion should thus lead to the production of a fusion protein containing the 

signal sequence and either one or two Ig domains (as per splicing, Figure 3.9, after 

Langnaese et al., 1997).

Expression and Phenotype Analysis

SDR-1 mRNA expression in the brain was shown by Northern blot analysis in 

Shirozu et al. (1996), confirming our gene trap's fusion protein expression in the adult 

brain. The Northern blotting data showed a ubiquitous pattern of expression in all of the 

tissue types represented, with a high level of expression in whole brain tissue samples 

relative to the other tissue types.

Our data show a relatively widespread pattern of moderate level expression in 

the brain (Figure 3.10, Table 3.2), with a particularly high level of expression in the 

caudate putamen. Staining can be seen in the cell bridges of the striatum in further 

ventral sections. Distinct variations in expression are observed between the cortical 

lamina, with no detectable expression of the transgene in lamina I, the outermost layer 

of the cortex. Expression is also absent in the granule cell layer of the cerebellum, but 

occurs at moderate to high levels in the Purkinje cells and in trace amounts in the 

stellate/basket cell region of the molecular layer. Finally, expression in the amygdala 

and thalamus is largely lacking, with the exception of the lateral amygdala which may 

been seen expressing the transgene in panel b of Figure 3.10.
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The results of Langnaese et al. (1997) have shown a differential pattern of 

expression in the adult brain between the two known alternative splice isoforms, gp55 

and gp65. Expression of the gp65 isoform was found to be absent for the most part in 

the amygdala and thalamus, similar to our transgene expression. It is thus possible that 

we have isolated an insertion of the gene trap vector that disrupts one of two splice 

isoforms, as has been since reported in other gene trap insertions (eg-Camus et a l ,  

2001).

Although this gene has been previously cloned, little is known of its function. It 

is thus effectively a novel gene. Mice homozygous for our insertion into this gene were 

viable and fertile, although it is not clear if our insertion was effective in fully disrupted 

the endogenous gene expression of either known splice isoform.

Ex183: Laminin-yl

The gene trap line Ex 183 carries an insertion o f pGTl.Stm  into the gene 

encoding the protein laminin-yl (Sasaki and Yamada, 1987; Durkin et al., 1988). This

extracellular protein is found in the basement membrane of a wide variety of tissues 

throughout development. The basement membrane, or basal lamina, is composed of a 

variety of secreted molecules including laminins, fibronectin, collagens, nidogens (or 

entactins) and numerous proteoglycans. It forms a lattice upon which cells anchor and
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interact (review, Timpl, 1989; Paulsson, 1992). Laminins are a major component of the 

structural proteins in the extracellular matrix, interacting with other molecules such 

nidogen (Mann et a l ,  1989) and the proteoglycan agrin (Denzer et al,. 1998). They are 

also are capable of signalling for proliferation and differentiation via their interactions 

with receptors such as the integrins (eg-Tomaselli et a l ,  1990).

Laminins are large glycoprotein heterotrimers found in the extracellular matrix. 

Each heterotrimer complex is made up of three subunits: alpha, beta and gamma. To 

date 5 alpha, 3 beta and 3 gamma subunit encoding genes have been cloned and a total 

of 15 laminin heterotrimers (numbered laminin-1 through laminin-15) have been 

identified in mammals in vivo (Colognato and Yurchenko, 2000; Libby et a l ,  1997). 

This heterotrimeric form of laminin works as a functional structural unit in the basement 

membrane via its interactions with other extracellular matrix proteins and with the cell 

surface (Figure 3.11). These complexes self-assemble into a larger achitecture with a 

variety of other molecules and such matrices have been reproduced in vitro (eg-  

Yurchenko and Furthmayr, 1984; Yurchenko et a l ,  1985). The heterotrimers are 

observed by electronmicroscopy to polym erise to form a lattice structure in vivo 

(Yurchenko et a l ,  1992; Yurchenko and Cheng, 1993). Therein a complete basement 

membrane is formed via interactions between the laminins and their cell surface 

receptors (eg-DiPersio et al., 1997; Henry and Campbell, 1998) and these interactions 

may in turn shape the intracellular cy to skeletal proteins (Yamada and Miyamoto, 1995;
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Colognato et al., 1999). Thus laminins are an integral structural component of the basal 

lamina extracellular matrix that simultaneously provide a physical support and transmit 

signals to cells wherein further structural modifications may take place.

Laminin-1 was the first laminin identified (Engel et al., 1981) and is composed 

of the subunits a l ,  (31 and y l (Sasaki et a l ,  1987 and 1988; Sasaki and Yamada 1987;

see Burgeson et al., 1994 regarding nomenclature). Laminin-1 is found in basal lamina 

from early embryogenesis (Dziadek and Timpl, 1985; Wu et a l ,  1983), and is able to 

form liaisons with a variety of cell surface receptors including a variety of integrin 

heterodimers (eg-Niessen et al, 1994; Mercurio, 1995; Giancotti, 1996), dystroglycan 

(Ervasti and Campbell, 1993; Chiba et a l ,  1997) and the receptor tyrosine phosphatase 

LAR (Leukocyte Antigen Related protein, O'Grady et a l ,  1998).

Laminin-1 is present in the blastocyst, and indeed the disruption of its y l subunit

encoding gene (L A M C l)  in mice has lead to a preimplantation recessive lethal 

phenotype. These embryos are lacking basement membranes, which leads to the failure 

of endoderm formation (Smyth et a l ,  1999). Further in vitro experiments suggest that 

the absence of laminin-1 and a properly formed basement membrane has led these 

potential endoderm cells towards an apoptotic pathway (Murray and Edgars, 2000). 

But laminin-1 is not the only heterotrimer to incorporate the laminin-yl subunit; indeed

ten of the known 15 laminin heterotrimers have been found to be carry this y-subunit
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(review, Colognato and Yurchenko, 2000, Libby et al., 1997). As such, the laminin-yl

subunit may be linked by forming a variety of heterotrimers, with roles beyond early 

development, including muscle (eg-Crawley et a i ,  1997), bone marrow (eg-Gu et a l ,  

1999), the endothelial cells of blood vessels (eg-Ponce et a l ,  1999), kidney and lung 

development (Willem et a l ,  2002) and a variety of carcinoma cell types (eg-Tani et a l ,  

1999; Kikkawa et a l ,  1998; review, Ziober et a l ,  1996).

The laminins have also been shown to play a role in the nervous system. The 

LAMA2 gene, which encodes for merosin or the laminin-a2 chain, has been linked with

congenital muscular dystrophy (review, Jones et a l ,  2001) caused by a marked 

demyelinations of axons (Shorer et a l ,  1995; Mercuri et a l ,  1996). Such Schwann cell 

and oligodendrocyte phenotypes are now coming to be understood through the 

signalling between laminins and their integrin receptors (eg-Buttery and ffrench- 

Constant, 1999; Milner et a l ,  1997). The laminins have been shown in vitro to induce 

and guide axonal growth (review, Kennedy and Tessier-Lavigne, 1995) and the 

necessity of laminin-yl chain's expression has been directly linked to a role in axonal

regeneration in tissue culture studies (Grimpe et a l  2002).
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Insertion Site

The LAMC1 cDNA (Acc. N° J02930) is 7554 base pairs and encodes for a 

protein, laminin-yl, of 1605 amino acids. Our direct sequence data from the Ex 183 line

provided 63 bases that indicate an insertion of the gene trap vector at base pair 3520 of 

the gene, which should result in a truncation o f the endogenous protein at amino acid 

1043.

Laminin-yl (E x183)

01 AGACTTGATA GGAAGCATAA AGGGAGGIGA CAGACCTTCT COGIGAGGCT

51 CAGTAAGTCA MG

>g i|19 86 94 |g b |J0 3 48 4 .1  |MUSLAM2B [LocusLink info] [UniGene info] Mouse laminin 

B2 chain mRNA, complete cds 

Length = 7642

Score = 91.7 bits (46), Expect = Be-1 7 

Identities = 52/54 (96%)

Strand = Plus / Plus

94



Query: 10 aggaagcafaaagggaggtgacagaccttctccgtgaggctcagf aagtcaaag 63 

Sbjct: 3467 aggaagcagaaagggaggtgacagaccttctccgtgaggctcaggaagtcaaag 3520

Fusion proteins formed by this insertion into LAM C l  should thus lack the C- 

terminal domains of the endogenous laminin, and translated protein should be incapable 

of interactions with the laminin receptors and impaired in their ability to form coiled 

heterotrimeric structures. Furthermore, the transgenic fusion protein will carry a CD4 

transmembrane domain that will prevent secretion o f the protein. Finally, as the 

insertion of the vector has not interfered with the internal regulatory elements found in 

intron 1 (Chang et a l ,  1996), the expression pattern o f the transgene should remain true 

that of the endogenous LAMC1 gene.

Expression and Phenotype Analysis

The p-galactosidase marker gene of line Ex 183 is clearly seen to express in the

adult brain. The control of its expression pattern is highly specific, as has been noted in 

general for the laminins (Aberdam et al., 2000). Table 3.2 summarises the overall 

expression pattern of the transgene in the adult brain and this is demonstrated by 

selected horizontal sections of the line shown in Figure 3.12.

Expression in the cerebral cortex is at a low level, with only slight variations in 

its distribution throughout the lamina, but notably higher levels of expression in the
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piriform cortex. In the hippocampus, expression is found throughout, but at higher 

levels in the dentate gyrus and the CA3 pyramidal neurons, since confirmed by 

oligonucleotide in situ hybridisation expression data presented by Grimpe et al. (2002). 

The transgene is seen to express throughout the basal ganglia, and there is also a low 

level of expression in the amygdala and the thalamus. In the hindbrain expression is 

seen in the dorsal raphe nuclei, the medullary nuclei and in several spinal tract nuclei.

Two areas of particular interest are shown at higher magnification in Figure 

3.13. In the olfactory bulb a high level o f expression is seen in the neurons of the 

olfactory nerve layer and in the anterior olfactory nucleus of the cortex. The transgene 

is also seen to express in smaller, potential glial cells adjacent to the neurons of mitral 

cell layer and the intemeurons of the glomerula. Expression is absent, however, in both 

the olfactory granule neurons and the cerebellar granule neurons. In the cerebellum a 

similar, potentially glial, pattern o f expression is observed in the granule cell layer and 

in the Bergmann glia adjacent to the Purkinje cells, but here both the neuronal and glial 

cells are observed to express the transgene. Further staining is also seen in the 

molecular layer of the cerebellum.

The line Ex 183 has since been found to be a recessive lethal mutation, with 

embryonic lethality occuring prior to implatation (personal communication, W.C. 

Skames). This result confirms the results of Smyth et al. (1999) and Murray and Edgar 

(2000) and demonstrates a concordance between the phenotype observed in our gene
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trap line and the phenotype observed in the mouse carrying a targeted loss of function 

mutation. As the line is not viable when bred to homozygosity, and the embryonic 

phenotype observed occured prior to all neurological development, the line was 

eliminated from this screen.

Ex194: Glypican-4

This line represents the most restricted adult brain expression brain pattern

found in gene traps lines using this vector. Expression is most striking in the dentate 

gyrus and the CA1, and can also be seen leading to the CA1 in the II and IVth layers of 

the cortex. A more detailed presentation of this line’s expression pattern, along with 

comparison to other family members and previously published results, may be found in 

Part H.

RELIABILITY AND THRESHOLD OF g-GAL EXPRESSION

Three of the genes identified here as being expressed in the adult brain (a-M-II,

APLP2  and SDR-1) were already known to show brain expression based on previous 

Northern blotting data (Moremen and Robbins, 1991; Sprecher et a l ,  1993; Shirozu et 

al., 1996). It has also previously been shown by in situ hybridisation that the GPC4
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gene encoding glypican-4 is indeed expressed in a similar pattern to that of our 

transgene (see Part II). There is a clear correspondence between P-galactosidase

screening data and direct assessments o f the occurrence of gene expression in tissues.

An issue of more general importance concerning the value of gene trap expression data 

is the degree of correspondence to detailed mRNA expression patterns. We have 

investigated this for the APLP2  gene, since we know that the expression pattern of the 

APLP2-P-galactosidase fusion transcript should correspond to the expression pattern of

the sum of all APLP2  transcripts. A specific oligonucleotide probe was used to detect 

APLP2  mRNA expression patterns by in situ hybridisation. The oligo “Mmapphall” 

was designed to hybridise to APLP2  mRNA within exon 2, and thus detect all splice 

variants. It has no significant sequence homology to A P P  mRNA, nor to any other 

sequences in the Genbank or EMBL databases. A sample of the data obtained with in 

situ hybridisation for APLP2  using this probe is shown in comparison. Comparison of 

mouse brain in situ hybridisation data with the patterns of p-galactosidase expression,

as presented in Table 3.2 and Figure 3.14, shows that the in situ hybridisation pattern in 

the adult brain and that shown by X-gal staining in the gene trap line are very similar. 

Taken together with the data of Slunt et al. (1994), the general fidelity of the p-

galactosidase fusion gene expression pattern as detected by the X-gal staining system  

may therefore be established.
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Non-Expressing Lines

Closer observation of the expression data obtained with (3-galactosidase activity,

however, shows that a small proportion of the brain areas which show detectable in situ 

hybridisation signals do not show detectable X-gal staining. One clear example of this 

is the expression pattern o f the lacZ  transgene as detected by riboprobe in situ 

hybridisation in the hippocampus of the Ex 194 line. Figure 3.15 (further data presented 

in Part II) shows a comparison of the two patterns, wherein the mRNA expression of 

the fusion transcript extends into the CA2 region o f the hippocampus but is not 

detectable via (3-galactosidase activity. Thus, the sensitivity of the X-gal staining

system is less than that of our riboprobe in situ hybridisation.

In accordance with this finding, two o f the genes that show no adult brain 

expression by |3-galactosidase staining (Ex025-OSF-3 and Ex077-CoChaperonin

CoFactorA) have been reported previously with Northern blot analysis (Kawai et al., 

1994; Gao et al., 1994) to be expressed in the brain at low levels. Nonetheless, there 

remain numerous advantages of the X-gal staining system over in situ hybridisation. 

The method avoids the use of radioactivity and is far less expensive than either 

radioactive or chemiluminescent probes. The X-gal staining system provides a stained 

tissue that may then be used for further histochemical studies, ranging from simple
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counterstains to immunohistochemistry. Fully counterstained tissues allow for far 

greater ease in identifying anatomical regions within the brain, in particular in lines 

where the staining is isolated to individual lamina o f the cortex, for example, and are 

rapid and highly reproducible. Finally, the data is available immediately, and does not 

require long exposure times, as is the case with radioactive in situ hybridisation.

Despite the in vitro X-gal assay and direct sequence analysis of each of the 37 

ES cell clone in this expression screen, further irregular insertions of the gene trap 

vector cannot be discounted. One likely case in this screen is the line Ex 151. Our direct 

sequence data, of 108 bases from RNA extracts o f the ES cell gene trap insertion 

Ex 151, has shown by BLAST search that the pGTl.Stm vector has inserted into the 3' 

region of the gene LAMB 1A  (Acc N° M l5525, see appendix). LAMB 1A (Sasaki et al., 

1987), encodes for a subunit of the laminin heterotrimers discussed in the section 

regarding gene trap line E xl83 , an insertion into the LAMC1 gene. Laminin-Pl may

incorporated into a variety of heterotrimers, including laminin-1 and laminin-2, both of 

which have been shown to play a role in neurite outgrowth (review, Colognato and 

Yurchenko, 2000). It thus seems highly unusual that this gene would show no 

expression in the adult brain and likewise no staining was seen at the developmental 

stages observed.

Initial phenotype analysis had shown line E xl51  to be viable and fertile. No
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convential disruption of this gene has yet been created in mice and no human genetic 

disorders have been linked to the disruption of LAMB1 (the human homologue of the 

mouse gene LAMB 1 A). Patients suffering from Bethlem myopathy, a autosomal 

dominant neuromuscular degenerative disease, had been reported to have deficiency in 

laminin-Pl in muscle (Taylor et al., 1997). However, this has come to be considered as

a secondary symptom, as laminin-pl levels are normal in other tissues (Merlini et al.,

1999). Regardless, a clear phenotype would be expected from this gene's disruption.

As P-galactosidase activity was observed in the Ex 151 clone of ES stem cells, it is

possible that an alternative 3* splice isoform is exclusively expressed at developmental 

stages further differentiated than ES cells. This might lead to the disruption of only one 

isoform of the gene in the E xl51 line, as seen by Camus et al. (2001) in the gene trap 

insertion into the gene SSeCKS. Such alternative splice isoforms have been reported for 

certain laminins (ie-the gene encoding laminin-(x3; Ryan et al., 1994; Doliani et al.,

1997). An alternate C-terminal domain has been identified for the gene encoding 

laminin-y2 by Airenne et al. (2000). They report an alternate exon 22 carrying a stop

codon and a poly-adenylation signal that may be exchanged for exon 23 in this gene. 

Although this is possible, there is no direct evidence to support that is the case in the 

gene LAM B1A  at the site of the gene trap vector insertion. Due to the assumed 

functional irregularity of its insertion, and its lack of clear phenotype, the line Exl51



has been discontinued from this screen and more generally from the ExCell gene trap

screen.

SUMMARY

The importance of in vitro analysis for regular insertions of the gene trap vector 

prior to in vivo expression analysis is paramount to the success of any long-term gene 

trapping project. This screen began before the 5' RACE direct sequencing method was 

perfected and ES cell clones were transfected with the vector and used almost directly 

for blastocyst injections. Over 100 mouse were generated, dissected, sectioned, tested 

for P-galactosidase activity, counterstained and examined for CNS expression, far less

than half of these lines have proven to carry simple insertions of the gene trap vector. 

Three o f these irregular insertions of the pGTl.Stm vector created transgenic animals 

that display an extremely restricted patterns o f lacZ  expression. The characterisation 

of the vector insertion proved quite difficult, however, and there was no obvious 

phenotype when they were bred to homozygosity. These lines were not studied further. 

Despite using a p-geo gene trap vector that requires a basal level of expression

in ES cells at the site of vector insertion, the data presented here show that a gene 

trapping approach to study adult brain function will produce many mutations of
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intererest in this highly specialised differentiated tissue. Furthermore the gene trap 

vectors reporter gene permitted for the use of screening for p-galactosidase activity in

the adult brain which reduced the number of lines to be studied by more than six-fold.

The expression patterns for five genes expressed in the adult brain have been 

presented in this chapter, two of the these provide new data on genes of unknown 

function (Ex061 and Ex 153). Insertions into the genes LAMC1 and APLP2 provide 

valuable tools for the rapid study of their mRNA expression pattern in the adult brain 

has been presented. Furthermore, the phenotype observed in the gene trap disruption of 

LAMC1 has since been confirmed by conventional gene targeting, thus confirming the 

ability of the pGTl.Stm vector to create null mutations. In the second part of this thesis 

the analysis of the gene trap line Ex 194 will be presented, an insertion into the gene 

encoding glypican-4 thta has shown a restricted pattern of expression in the adult brain.
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Table 3.1

BLAST ID Acc N° Sequence Signal Expression
Seq

Ex005 alpha Mannosidase II X61172 107 bases Yes W
Ex007 E-Cadherin X06115 109 bases Yes NS
Ex009 IMAGE: GFaT-2 BC031928 103 bases None found NS
Ex Oil IMAGE: adenosine kinase? U90340 84 bases None found NS
Ex016 Nck-alpha AF043259 91 bases No NS
Ex023 B-myb ?? X70472 22 bases ?? NS
Ex024 Enx-1 U52951 226 bases None found NS
Ex025 OSF-3 D21252 57 bases Yes NS
Ex036 GlcNAcTransferaseV LI4284 123 bases Yes NS
Ex045 Novel/GTIO X66903 127 bases None found NS
Ex052 Grsl XM 130256 113 bases None found NS
Ex054 Ubiquitin Conjugating Enzyme Y17267 195 bases Yes NS
Ex057 APLP2 U15571 126 bases Yes W
Ex061 Novel 74 bases ?? w
Ex065 MDM-2 U47934 77 bases Possible... NS
Ex073 Formin Binding Protein-30 U40750 123 bases No NS
Ex077 CoChaperonin CoF A U05333 69 bases No NS
Exl04 Novel 41 bases ?? NS
Exl06 BMP-8a M97017 125 bases , Yes NS
E xll2 Bzw2 NM 025840 97 bases None found NS
Ex 124 Novel 63 bases ?? NS
Exl28 Novel (RIKEN Clone) BB651976 161 bases ?? NS
Ex 132 IMAGE: alkaline phosphodiesterase BC006944 118 bases Yes NS
Exl36 GPC3 M22400 204 bases Yes NS
Ex 140 Novel (RIKEN Clone) BB654622 114 bases ?? NS
Exl51 Laminin beta-1 M15525 108 bases Yes NS
Exl53 SDR-1 D50463 114 bases Yes NS
Ex 166 CaiG Binding Factor L36663 155 bases None found NS
Ex 172 Novel ------- 148 bases ?? NS
Exl73 EST AW547365 141 bases Yes NS
Exl77 RIKEN: membrane glycoprotein AK018522 150 bases Yes NS
Exl83 Laminin gamma-1 J02930 63 bases Yes W
Exl86 EST: similar to glycoprotein GP330 XM_141505 73 bases Yes NS
Ex 194 GPC4 X83577 83 bases Yes R
Ex240 Novel 41 bases ?? NS
Ex261 Novel (possible transposon?) ------- 112 bases ?? NS
Ex284 FbxolS XM_129052 143 bases Possible... NS

Table 3.1: A list of true breeding mouse lines generated from ES cells with pGTl.Stm gene trap insertions, their 
identified insertion sites and accession numbers, as per BLAST search conducted with the 5' RACE direct sequence 
data collected (further details may be found in the appendix). Novel genes are defined as 5' RACE sequences with no 
database matches as of 15.11.02. Results of signal sequence searches using sequences 5' of the site of vector 
insertion (Nielsen et al., 1997) are included where previously published information was not available. Brain 
expression patterns of each line were assessed by P-galactosidase activity: NS, no staining; W, widespread staining; 

R, restricted staining.
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Table 3.2

B ra in  f te g io n iVlQusg Unes
005 057/IS 061 152 122

Olfactory Bulb 
Olfactory nerve layer 
Glomerular layer 
Mitral cells 
Granular cell layer

++/NA
+/NA
++/NA
(+)/NA

+

(+)
+

0

(+)
+

0

Neocodfix 
Lamina I 
Lamina ll+lll 
Lamina IV+V 
Lamina VI 
Piriform cortex 
Entorhinal cortex

(+)

0/0
++/++

+/+

+/+
+/+
++/++

+

+

+ + +

+

+

(+)
++

+

Hippocampus
CA1
CA2
CA3
Dentate gyrus 

Tenia tecta

+ + +

(+)

++/++

+/++
+++/++

+/++

+/+

+

+++

(+)

3asal nuclei 
C audate putam en 
Nucleus accum bens 
Globus pallidus

Amygdala

Thalamus

(+)

(+)

+++/++

++/++

+/++

+/+

++/+

+

(+) (+)

(+)

Cerebellum 
Granule cell layer 
Purkinje cells 
Molecular layer

+++/+++

(+)/NA
++/++

0
0
(+)

(+)
+

(+)

Table 3.2: A summary of the levels of staining for _-ga!actosidase fusion protein activity in various regions of the 
adult mouse brain at six weeks of age. Strength of expression is indicated thus: NA, data not available or could not 
be determined; 0, no staining; (+), trace staining; +, low level staining; ++, moderate staining; +++, high levels of 
staining. Lane 057 includes both the X-gal staining pattern and the pattern for the in situ hybridisation (IS) using 
oligodeoxyribonucleotide “Mmapphall” (see Experimental Methods). [Line 005, line 057, APLP2; line 061,

novel; line 153, SDR-1-, line 183, LAMC1.]
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Figure 3.1 : Horizontal sections of the gene trap lines Ex032 and Ex059, show
ing (3-gal activity and counter-stained with neutral red. Panel a  presents and hori
zontal section that demonstrates the specific staining in the olfactory nerve layer 
(indicated by two arrows) seen in the gene trap line Ex032. Panel b shows a dor
sal section taken from the gene trap line Ex059, arrows indicating the transgene 
exoression in the hiooocamous (CA2+3).



Figure 3.2: Panels a  and b show the trans
gene expression via p-galactosidase actitvity in 
in whole mount embryos of lines Ex077 at e 9.5 
and e 11 respectively, arrows indicate staining at 
the midbrain/hindbrain boundary. Panels c and d 
show the same in the line Ex059 at e 10.5 and e 7.5 
respectively. Inserts in the right of panel c show 
vascular staining in the forebrain, in the limb-bud 
and in the tail. Panel d demonstrates staining in 
the prechordal plate. (Images curtesy of the Bay 
Area Resource of Mouse Mutations in Secreted 
and Membrane Proteins site.)
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Figure 3.3: Direct sequencing of 5' RACE products. Insertion of the gene trap 
vector will generate fusion transcripts, collected in total RNA from each cell line. 
cDNA is produced using a primer from within the CD4 region of the vector, is 
A-tailed, and a second strand is synthesised using a "Railed anchor primer. Two 
rounds of PCR are performed using nested primers, with the final round using a 
5' biotinylated oligonucleotide. Biotinylated single strand DNA is then purified on 
streptavadin coated beads and provides the template for cycle sequencing.
(After Town ley ef a/., 1997).



High Mannose N-Glycan Complex N-glycans

Hybrid N-glycans

Figure 3.4: A depiction of asparagine attached oligosaccharide precursors found 
on peptides in the endoplasmic reticulum. In the medial Golgi, the MGAT1 encoded 
GlcNAc transferase I (GT I) initiates hybrid N-glycan synthesisfrom high mannose N- 
glycans. Further processing to form complex N-glycans require the action of a-man- 
nosidase (aM II) and the MGAT2 encoded GlcNAc transferase II (GT II). Hexagons 
represent glucose; circles, mannose; squares, N-acetylglucosamine.
(After Chui ef a/., 1997.)
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F ig u re  3 .5 : Horizontal sections of the gene trap line Ex005, showing p-gal 
activity and counter-stained with neutral red, panels a through d ascend from 
ventral to dorsal. The ventral-most section (a) highlights staining in the olfactory 
tuburcle (Tu) and the pontine nucleui (Pn). Further dorsally (b) remark is made 
of staining in the hippocampal regions CA2-3 and the glomeruli of the olfactory 
bulb (GL). Plate c illustrates expression in the caudate putamen (CP) of the stri
atum, in the mitral cells of the olfactory bulb (Mi), in the anterovenral thalamic 
nuceli (Th) and in the entorhinal cortex (ERh). Finally, expression in the hippo
campus, cortex (Ctx) and lack of expression in the cerebellar granule cells is 
shown in plate d.
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Figure 3.6: Horizontal sections of the adult brain from the gene trap line 
Ex057, showing p-galactosidase activity of the transgene product and counter
stained with neutral red. Panels a through d ascend from ventral to dorsal.
The ventral-most section shown (a) shows a widespread expression pattern, 
highlighted for expression in the piriform cortex (Pir) and the pontine nuclei. 
Expression in the pontine nuclei is also noted in the section shown in panel 
(b), along with staining in the nucleus accumbens (Ac) and the subiculum (Sb). 
Panel c shows the lower level staining in the lateral globus pallidus (LGP), wide
spread expression in the thalamus (Th) and in the hippocampus (CA2-3). 
Expression in the caudate putamen (CP), the granule neurons and the mol
ecular layer of the cerebellum, throughout the cortex (Ctx) and in the dentate 
gyrus (DG) are highlighted in the dorsal-most panel (d).
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Figure 3.7: Horizontal sections of the adult brain from the gene trap line 
Ex057, showing the (3-galactosidase activity of the APLP2 fusion protein and 
counter-stained with neutral redis shown at higher magnifications (a) of the 
cerebellum where the staining in the granule cells (Gr) and the Purkinje (PC) 
is highlighted (bar indicates 0.1mm). Panel b shows the midline region of the 
striatum (bar indicates 2mm) with staining in the nucleus accumbens of the 
striatum (Ac) as well as specific, strong staining in the Islands of Calleja (ICj).
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Figure 3.8: Horizontal sections of the gene trap line Ex061, showing (3-gal 
activity and counter-stained with neutral red, panels a through d ascend from 
ventral to dorsal. Ventral panel a shows staining in the piriform cortex (Pir), 
leading to the entorhinal cortex and hippocampus, as well as the cell bridges of 
the ventral striatum (CB). More dorsal sections b and c show the distinctive 
staining in the olfactory nerve layer (ONL) and in the mitral cell layer (Mi), high 
levels of staining in the caudate putamen (CP) and more moderate levels in the 
nucleus accumbens (Ac), as well as a widespread staining in the neurons of the 
hippocampus and dentate gyrus (DG). Panel d demonstrates general staining in 
the cortical lamina (Ctx) and a faint marking in the molecular layer of the cere
bellum.
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Figure 3.9: Site of insertion of pGT 1.8tm into the known cDNA sequences of gp65 
and gp55. The cDNA clones of the two isoforms are represented showing the different 
regions encoding the 5' signal sequence, Ig domains, and putative transmembrane 
domain. The numbering is for the predicted amino acids, with 1 starting at the point 
of signal sequence cleavage rather than the initial methionine. Insertion of the gene 
trap vector has produced fusion transcripts at amino acid 206 or 90, as per the splice 
isoform, roughly between the two common Ig domains .
(After Langnaese et al., 1997)
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Figure 3.10: Horizontal sections of the gene trap line Ex153, showing 13- 
gal activity and counter-stained with neutral red, panels a through d ascend 
from ventral to dorsal. Panel a shows staining in the cell bridges of the stria
tum (CB), the piriform cortex (Pir), the subiculum (Sb) and the neurons of the 
spinal trigeminal tract (ST). Further dorsally (b) staining in seen in the nucleus 
accumbens (Ac) of the striatum, the olfactory tubercle (Tu) and the lateral 
amygdala (LA). Panel c staining in the cortex (Ctx) and dentate gyrus (DG) is 
highlighted. The dorsal-most section (d), shows staining in the caudate (CP), 
the anterior olfactory nucleus (AON) and molecular layer of the cerebellum 
(ML), staining is absent in the granule cells (Gr).
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Figure 3.11 : A depiction of the laminin-1 heterotrimer. The central coiled- 
coil trunk provides the central structure, and is present in all of the different 
laminin heterotimers isolated to date. The three individual proteins branch 
out and are capable of forming liaisons with adjacent heterotrimers to further 
polymerise. At the base of the coiled-coil trunk, binding sites provide the 
opportunity to interact with a variety of cell surface receptors. Binding sites 
to the extracellular molecules agrin, heparin and nidogen are also indicated. 
(After Ziober etal., 1996 and Colognato and Yurchenko, 2000).
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Figure 3.12z Horizontal sections of the adult brain from the gene trap line 
Ex183, showing p-galactosidase activity and counter-stained with neutral red, 
panels a through d ascend from ventral to dorsal. Panel a shows staining in 
the cell bridges of the striatum (CB), the piriform cortex (Pir), and in a variety 
mudullary nuclei (MuN). Further dorsally (b), staining in seen in the nucleus 
accumbens (Ac) of the striatum, several spinal tract nuclei (Sp) and the lateral 
amygdala (LA). Panel c shows staining in the olfactory nerve layer (ONL) and 
dentate gyrus (DG), whilst the low level of staining in the lateral globus pallidus 
(LGP) and the thalamus (Th) is also highlighted. The dorsal-most section (d), 
shows staining in the caudate (CP), the cortex (Ctx) and the dorsal raphe 
nuclei (DR).



r  Glom

- s . %
V

AON » , A,$ 
. *r

* HfiW

Figure 3.13: Horizontal sections of the adult brain from the gene trap 
line Ex183 at higher magnification. Staining of the marker in the cerebellum 
(a and b, bars indicate 0.1mm) is predominant at the boundary between 
the granule (Gr) and molecular layers (ML) in the Purkinje cells (PC) and in 
their adjacent Bergmann glia (BG), additional arrows indicate glial staining 
in the granule and molecular cell layers. Transgene expression in the olf
actory bulb (bars indicate 0.2mm and 0.1mm respectively) shows staining 
primarily in the neurons of the olfactory nerve layer (ONL) and the anterior 
olfactory nucleus of the cortex (AON), staining in smaller cells adjacent to 
the mitral neurons (Mi) and those interneurons of the glomerula (Glom) 
presents a similar presumed glial expression to that of the cerebellum.
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Figure 3.14: Oligonucleotide in situ hybridisation of horizontal sections 
of adult mouse brain using a probe to visualise the sum of all APLP2\ran- 
scipts. Panels a through d are ascend from dorsal to ventral. The ventral- 
most section (a) highlights staining in the piriform cortex (Pir) and the pon
tine nuclei (Pn). Staining in the hippocampus is seen in all of the sections, 
with CA2-3 region highlighted in panel b and the dentate gyrus (DG) noted 
in panel d, which also shows staining in the molecular (ML) and granule 
layers of the cerebellum. Panel c highlights staining in the caudate putamen 
(CP) and the a general staining throughout the cortical lamina (Ctx).



Figure 3.15: Comparison of in situ hybridisation with a riboprobe specific for 
lacZ mRNA and X-gal staining of the gene trap line Ex194 (glypican-4).
(a): lacZ in situ hybridisation where expression may be seen extending into 
the CA2 region (arrow) of the hippocampus.
(b): X-gal staining of the same line, Ex194, showing that enzyme activity 
can be detected only in the CA1 region.



PART II

The Analysis of Ex194



INTRODUCTION TO THE GLYPICANS AND Ex194



Glypicans Are Important Heparan Sulfate Cell Surface Proteins

The glypicans represent a distinct family of GPI anchored cell surface heparan 

sulfate proteoglycans. There are currently six published members of the family which is 

characterised by a small (60kDa) core protein containing a series of conserved cystein 

residues and multiple sites for glycosaminoglycan substitution on its C-terminus. The 

family members all share a 5' signal sequence and a C-terminal GPI anchor site for 

extracellular presentation. Together with the syndecans they represent an important set 

of structures for the presentation of heparan sulfate moieties on the cell surface, where 

they may interact with a variety o f diffusable signalling m olecules including the 

fibroblast growth factors and Wnts.

HEPARAN SULFATE

Glycosaminoglycans (GAGs) are a family of five repeating disaccharide units 

that are found in long polymers and may be substituted onto proteins. These five 

disaccharides are hyaluronic acid, dermatan sulfate, keratan sulfate, chondroitin sulfate 

and the closely related molecules heparin and heparan sulfate (HS, Figure 4.1; review,
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Rabenstein, 2002). The heparan sulfate polysaccharide is produced by nearly all cells 

and is present in the basal lamina and extracellular matrix o f most tissues. Heparan 

sulfate differs from heparin in its level o f O-sulfate groups, which are highly 

heterogeneous and may vary between cell types (review, Lindahl et a l ,  1998). Both 

heparin and heparan sulfate are highly negatively charged molecules which interact with 

a great variety of proteins. These include structural proteins such as the laminins of the 

basal lamina and diffusable proteins growth factors, notably FGF (Fibroblast Growth 

Factor; review, Bottaro, 2002).

H eparan  S u lfa te  is R equ ired  fo r N orm al D evelopm en t

A great number of the enzymes involved in their biosynthesis, modification and

substitution o f HS onto maturing proteins have now been cloned and genetic evidence 

supports their importance in the normal development o f the organism. For example, 

disruption of kiwi {ak&sugarless), the gene encoding UDP-glucose dehydrogenase (a 

required part of the glycosylation machinery involved in HS generation) has been 

shown in Drosophila to generate a phenotype identical to that of the wingless mutations 

thus linking extracellular HS to Wnt signalling (Binari et a l ,  1997).

Similar evidence of HS’s involvement in signalling has also been demonstrated 

in the mouse. The gene encoding a heparan sulfate co-polymerase, EXT1, has been
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linked to hereditary multiple exostoses, a skeletal disorder in man (Wicklund et a i ,

1995). However, complete disruption o f this gene in mice results in a lethal phenotype 

caused by a halt in the of gastrulation o f the developing embryo (Lin et a l ,  2000).

The disruption of genes encoding other HS modifying enzymes has resulted in 

less severe phenotypes. The addition o f sulfate groups in the Golgi bodies during the 

biosynthesis o f heparin and HS is controlled by at least four N-acetylglucosamine N- 

deacetylase/Af-sulfotransferases enzymes, all of which facilitate an identical reaction. 

The genes encoding these proteins, NDST1-4,  are differentially expressed and their 

individual or co-disruptions create highly specific phenotypes (reviewed, Grobe et al., 

2002). For example, the disruption o f the gene NDST2  results in mice that are viable 

and fertile, but have an irregularity in connective tissue mast cells (Forsberg et al., 

1999).

A gene trap insertion into the gene encoding heparan sulfate 2-sulfotransferase 

(Hs2st) has led to a renal agenesis and a neonatal lethal phenotype in animals 

homozygous for the insertion (Bullock et al., 1998). Molecular level phenotypic

analyses have shown, however, that different cells types from these //^ sr  ̂ animals use 

alternate glycosylation pathways to conserve HS mediated FGF signalling (Merry et a l ,  

2001).
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The processing of heparan sulfate proteoglycans (HSPGs) in their passage 

through the endoplasmic reticulum and Golgi bodies is not yet fully clear. Nor is it 

known whether all of the different isozym es for each o f the known steps of HS 

substitution have been identified. It is clear, however, that the co-expression of an 

alternative set of HS modifying isozym es with any given proteoglycan allows for a 

single protein to carry differently modified HS groups when it is produced at different 

stages of development or in different cell types. Indeed, this has been demonstrated: 

sulfation of alternative sites in the HS substitution of syndecan-1 in different cell types 

completely alters the protein’s capacity to interact with different extracellular matrix 

components and in turn alters the cell’s phenotype (Sanderson et al., 1994).

Metabolism of extracellular HS is also o f great importance to normal 

development and maintenance of the organism. Prior to their endocytosis, HS groups 

are initially digested by an extracellular heparanase enzyme (Hulett et a i ,  1999; 

Vlodavsky et al., 1999; review, Vlodavsky et a l ,  2002). Such degradations of the basal 

lamina are a first step in the metastic invasion of cancer cells (Goldschmidt, et a l ,  2002) 

and the inhibition of heparanase might be used to restrict tumour invasion (Miao et a l ,  

1999).

Once taken within the cell, HS is metabolised by a series of highly specific 

lysosomal endoglycosidic enzymes. Mucopolysaccharidoses, genetically inherited
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maladies linked to the disruption of the genes encoding these enzymes, provide further 

genetic evidence of the importance o f the regulation and maintenance of HS. These 

diseases result in the accumulation o f  GAG fragments in the joints, viscera and brain 

and may lead to severe neurodegeneration, progressive dementia and behavioural 

abnormalities. In some cases these symptoms may be alleviated by the injection of 

recombinant enzymes to replace those missing (Vogler et al., 1998). Autosomal 

recessive m ucopolysaccharidoses that specifically effect genes encoding GAG 

metabolising enzymes, including Sly syndrome, Sanfilippo syndrome and Hunter 

syndrome (review, Neufeld and Muenzer, 1995), have also been identified. Indeed 

mouse models are now being produced to better understand the symptoms observed in 

patients. For example, a phenotype similar to Sanfilippo syndrome type B can be 

induced by the disruption of the gene encoding a-AZ-acetylglycoaminidase {NAGLU, Li

et al., 1999). Also, three different m issense mutations in the gene encoding /3-

glucoronidase have been created in m ice to mimic different familial forms of Sly 

syndrome (Tomatsu et al., 2002).

A wealth of genetic evidence from insect development to inherited human 

diseases supports the necessity of HS glycosylation and metabolism for the normal 

development and maintenance of the organism. Numerous mouse models of human 

diseases have recently been produced to further advance the tools available to study HS



and its role in development. Furthermore, understanding the synthesis of HS, and the 

heterogeneity of HS moieties that adom proteoglycans, provides further insight into 

how the production of a single core protein might provide different phenotypes and 

serve different roles at different points during development and in different cell types.

H eparin  an d  H eparan  S u lfate  in Signalling

There is a growing body of evidence demonstrating that cell surface HSPGs play

an important role in cell-cell interactions, signalling and development. In addition to 

specific genetic evidence of the importance o f HS in development, in vitro and in vivo 

studies have further dissected the roles of heparin and HS in the extracellular matrix.

Biochemical studies have shown heparin to be necessary for transformation by 

FGF2 in cell culture in vitro experiments (Spivak-Kroizman et a i ,  1994) and the low 

affinity binding of the heparin is thought to be involved in the recruitment of 

extracellular molecules to their respective receptors (Schlessinger et a l ,  1995). More 

direct biochemical evidence of these signalling capacities has been shown in specific 

cell culture studies where heparin deficient cells were co-tranfected with the genes 

encoding FGFR1 and a HSPG, either glypican-1 or a syndecan (Steinfeld et a l ,  1996): 

co-transfected cells were better able to bind FGF. HS has also been shown to interact 

with a variety of other diffusible signalling molecules. For example, a HS binding site
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has been identified on sonic hedgehog which is independent from the binding site for its 

receptor, patched (Rubin et a l ,  2002). HSPGs may thus interact with a wide variety of 

extracellular matrix and cell-surface proteins.

The importance of the correct regulation of HS or HSPG synthesis has also been 

seen in studies where addition of HS, or interruption of HSPG synthesis, has also been 

shown to lead to specific developmental phenotypes. In the developing Xenopus visual 

system, the introduction of exogenous HS severely disrupts axonal pathfinding (Walz et 

a l ,  1997). Inhibition of HSPG production by introduction of chlorate, a competitive 

inhibitor of GAG sulfation, to cultured 8.5dpc mouse embryos led to an accelerated 

closure of the posterior neuropore (Yip et a l ,  2002).

In all cases, HSPGs have been proposed to be an important component of cell 

signalling through the recruitment o f diffusible molecules for presentation to their 

respective cell surface receptors (eg-Schlessinger et a l ,  1995). These hypotheses are 

further supported by the co-localisation of GPI-anchored proteins and receptors on cell 

membrane microdomains (Varma and Mayor, 1998; Friedrichson and Kurzchalia, 

1998): one of the main carriers of HS on the cell surface is the GPI-anchored glypican 

family of HSPG. Thus it is possible to envisage regions high concentrations of a given 

diffusable ligand being highly concentrated at specific regions on the cell surface to 

better facilitate their receptor activation (Figure 4.2).
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HEPARAN SULFATE PROTEOGLYCANS

Proteins identified to date that may be substituted with HS include; one 

intracellular molecule, three extracellular matrix molecules and several cell membrane 

bound molecules.

In trac e llu la r  HSPG

Serglycin

Serglycin is an intracellular proteoglycan that may be substituted with heparan 

sulfate or chondroitin sulfate (Bourdon et a l ,  1985). Its core protein varies between 

species, being 18kDa in humans (Avraham et a l ,  1989), whereas each of its up to eight 

GAG substitutions weighs between 50 and lOOkDa. Serglycin is produced in the 

hematopoetic system (Toyama-Sorimachi et a l ,  1997) where its negatively charged
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GAG substitutions form a scaffold for the positively charged granzymes in large 

macromolecular complexes (Galvin et a l ,  1999). The proteins are held in these 

granules for release upon coagulation where they take part in the inflammatory response 

in the extracellular matrix (Kolset and Gallagher, 1990).

E x trace llu la r M atrix HSPGs

There are three known extracellular proteoglycans substituted with heparan

sulfate: perlecan, agrin and collagen type XVIII. All three are large, structural proteins 

found in basement membranes and genetic evidence supports their importance in 

presenting HS moieties in the extracellular matrix.

Perlecan

Perlecan is a large protein (400kDa) that consists o f a series o f repeated 

domains, sharing homologies with a variety of other extracellular matrix and receptor 

proteins such as laminins, low density lipoprotein (LDL) receptor and neuronal cell 

adhesion molecule (NCAM, Noonan et  a l ,  1991; Murdoch et a l ,  1992). Independent 

of its HS glycosylation, perlecan binds to integrin receptors on the cell surface (Hayashi
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et a l ,  1992), and forms an integral part of the basement membrane where it is produced. 

Perlecan is also responsible for an increased efficacity in FGF-2 signalling via 

recmitment of this growth factor by its HS moieties (Aviezer et a l ,  1994, 1997).

Although disruption of the gene encoding perlecan in mice is not lethal, mice 

homozygous for the mutation have been shown to have a reduced viability but are able 

to form basement membranes (Costell et a l ,  1999). Recently, Schwartz-Jampel 

syndrome and Silver-Handmaker-type dyssegmental dysplasia, two autosomal recessive 

genomic disorders in man, have been linked to mutations in the gene encoding perlecan 

(Arikawa-Hirasawa et a l ,  2002a). The proper production o f perlecan has also been 

shown to play a role in neuromuscular interactions, perlecan null mice are lacking 

acetylcholinesterase at their neuromuscular junctions (Arikawa-Hirasawa et a l ,  2002b), 

and cartilage formation.

Agrin

Agrin, as characterised by Tsen et a l  (1995), is a protein of approximately 

220kDa that is substituted with a heparan sulfate to form a complex of an apparent 

molecular weight of over 500kDa. Agrin is secreted by motor neurons during their 

invasion of muscle fibres and forms an integral part of the post-synaptic membrane 

where it recruits acetylcholine receptors (Nitkin and Rothschild, 1990). Indeed, mice
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deficient in agrin show severe defects in neuromuscular synaptogenesis (Gautam et a l ,

1996).

Collagen Type XVIII

Halfter et al. (1998) identified collagen type XVIII as the third known 

extracellular matrix protein to carry HS subsitutions. It has been shown that collagen 

XVIII may interact with laminin (Javaherian et a l ,  2002) where its HS moitiés will 

allow for the sequestration of diffusable ligands by its location in the basal lamina. The 

pattern of expression of the gene encoding collagen XVIII has been examined during 

development in Xenopus laevis (Elamaa et a l ,  2002) and several splice variants have 

been found. Amongst the different splice variants one has been linked with the genetic 

disorder Knobloch syndrome (Sertie et a l ,  2000; Suzuki et a l ,  2002), a rare disease 

causing retinal degeneration. Mice deficient in collagen XVIII likewise display a retinal 

phenotype (Fukai et a l ,  2001). More recent studies have linked collagen XVIII with 

senile plaques in Alzheimer's disease patients (van Horssen et a l ,  2002) and in certain 

cancers (Guenther et a l ,  2001).

Cell S u rface  HSPGs
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CD44 and Betaglycan

There are two “part-time” carriers of heparan sulfate substitutions on the cell 

surface. CD44 is a cell surface protein with a wide variety of functions (review, Lesley 

et a l ,  1993). Certain splice variants o f CD44, carrying an alternative exon 3 (CD44v3; 

aka-epican), may be substituted with heparan sulfate (Kugelman et a l ,  1992). CD44v3 

has been suggested to act as a co-recruiter of a variety of growth factors, and has been 

shown to bind basic FGFs, heparan sulfate epidermal growth factor (HS-EGF) and 

FGF-8 (Bennett et a l ,  1995; Sherman et a l ,  1998). Kératinocytes derived from CD44 

deficient mice do not poliferate in response to HS-EGF, providing in vivo evidence of 

HSPG presentation of growth factors to their kinase receptors (Kaya et a l ,  1997).

Betaglycan, also known as the TGF-P type III receptor, may be found in three

forms in situ: unsubstituted, substituted with chondroitin sulfate or substituted with 

heparan sulfate. Betaglycan has a 120kDa core protein comprised of a large N-terminal 

extracellular domain with one site for GAG substitution, a single transmembrane 

domain and a short cytoplasmic tail (Wang et a l ,  1991). The core protein of betaglycan 

may present soluble TGF-P to the signal transducing TGF-P receptor complex (made up

of the type II and type I receptors; review, Padgett, 1999; Massagué et a l ,  2000). 

Membrane adjacent proteolytic cleavage may release a soluble form of the protein’s 

ectodomain; cell culture data show that recombinant soluble betaglycan acts as a potent
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inhibitor of TGF-(3 signalling (Lopez-Casillas et al., 1994). Betaglycan is thus able to

act as both antagonist and promoter o f TGF-P signalling. These alternative functions

may also be regulated by variation in the glycosylation of betaglycan between different 

cell types. Eickelberg et al. (2002) have demonstrated that betaglycan produced in cell 

types that provide for higher levels o f glycosylation of the protein is able to inhibit 

TGF-P receptor complex formation.

Syndecans

The syndecans, which consist of four family members in vertebrates, each 

having a series of conserved glycosylation sites near their N-terminal, represent the 

majority of HS expressed on the cell surface. The protein has a type I transmembrane 

domain and a short intracellular domain. The expression patterns of the four syndecans 

are variable and tightly controlled, but nearly all cell types express one form (review, 

Zimmermann and David, 1999).

Comparisons between different syndecans reveal that the ectodomains have 

evolved very rapidly between species, containing only 10-20% homology. Two regions 

appear to be highly conserved within the ectodomains of syndecans, their N-terminal 

sites o f glycosylation and a protease cleavage site adjacent to the cell membrane. The 

cleavage of syndencans is highly regulated, perhaps allowing for a dual role of the
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protein in increasing or inhibiting signal transduction. Increased levels of soluble 

syndecan-1 have been linked with aggressive lung cancers (Joensuu et a l ,  2002).

Although the majority of syndecan produced is thought to carry HS 

substitutions, syndecan-1 and syndecan-4 have also been found to carry chodroitin 

sulfate chains (K okenyesi and Bernfield, 1994; Shworak et al., 1994). The 

transmembrane domain and the intracellar domain of all syndecans have remained 

relatively constant, conserving four potential sites o f tyrosine phosphorylation 

(Bernfield et a l ,  1992; Grootjans et al., 1997). The genomic structure and localisation 

of the vertebrate syndecans when compared with their Drosophila homologue would 

suggest that the vertebrate gene family arose from the duplication of a single ancestral 

gene and syndecan-1 and -3 and syndecan-2 and -4 may be catagorised as distinct 

subfamilies (Bernfield et al., 1999).

Syndecans have been demonstrated to function as co-receptors in FGF signalling 

(Filla et al., 1998) and may interact with many other growth factors and signalling 

molecules in the extracellular matrix via their heparan sulfate moieties. Furthermore, it 

is possible for the ectodomain of the protein to be shed through proteolytic cleavage. 

Their intracellular domain has been demonstrated to interact with syntenin (Grootjans et 

a l ,  1997) and CASK (Cohen et a l ,  1998 and Hsueh et a l ,  1998). These cytoplasmic 

interactions are localised to focal adhesions points, coordinating structural formation
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within and without the cell (review, Bass and Humphries, 2002). Indeed, syndecan-4 

(aka-ryudocan) deficient mice have displayed a variety of abnormalities, including an 

impairment of focal adhesion formation under certain conditions (Ishiguro et a l ,  2000a) 

and delayed wound repair (Echtermeyer et a l ,  2000). The mice have proven viable and 

fertile, but have shown a higher susceptibility to renal injury caused by K-canrageenan

(Ishiguro et a l ,  2001) and impaired blood coagulation in the placenta (Ishiguro et a l ,  

2000b).

Altogether, reports regarding m ice deficient in three o f the four different 

syndecans have been published. Interuption o f the gene encoding syndecan-1 has lead 

to phenotype in the skin, mice lacking this syndecan were viable and fertile, but 

displayed a defect in keratinocyte activation during wound healing (Stepp et a l ,  2002). 

The studies of syndecan-3 (aka-A-syndecan) provides perhaps the most interesting 

results in terms of this thesis. Lauri et  a l  (1999) demonstrated that HS is required for 

the formation of LTP in the CA1 region of cultured hippocampal slices. Their work 

specifically implicates syndecan-3 in LTP, the application of exogenous syndecan-3 

inhibits LTP formation. They have further shown an LTP dependent interaction between 

syndecan-3 and the src family tyrosine kinase fyn. Mice deficient in syndecan-3 have 

confirmed the protein's role in LTP since the mice display enhanced LTP and impaired 

learning and memory skills (Kaksonen et  a l ,  2002).
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Glypicans

There are currently six identified members of the glypican family in vertebrates, 

along with two Drosophila genes and one gene in C. elegans. The family is 

characterised by a small (60kDa) core protein containing a series of conserved cystein 

residues with a GPI-anchor site for presentation on the cell surface and multiple sites for 

glycosaminoglycan substitution on its C-terminus resulting in a mature proteoglycans 

with an apparent molecular weight o f  approximately 200kDa (review David, 1993; 

Weksburg et al., 1996; Veugelers and David, 1998; De Cat and David, 2001). 

Insertional mutations into three of these six glypican encoding genes have been created 

using the gene trap vector pGTl.Stm, and the subject of the second half of this thesis 

will be the analysis of one of these three mutations, the Ex 194 line which carries an 

insertion ino the gene encoding glypican-4.

Glypicans are substituted almost exclusively with heparan sulfate, a fact unique 

amongst the HSPGs. It has been recently shown that removing the globulin domain in 

rat glypican-1 changes this specificity, resulting in a protein substituted almost 

exclusively with chondroitin sulfate (Chen and Lander, 2001). Another role for the 

conserved core-protein in the glypicans has also been recently identified. Nitric oxide 

replacement o f HS groups on glypican-1 (Mani et al., 2000) have been shown to result
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in a HS-free form of the protein on the surface of endothelial cells. Ding et al. (2002) 

have shown that glypican-1 may cleave its HS groups in a copper-dependent manner. 

This shedding of HS groups would permit the glypicans to rapidly alter the cell’s ability 

to transduce heparan sulfate dependent growth factor signals in response to changes in 

the extracellular environment, whilst retaining the GPI-anchored protein core of the 

glypican on the cell surface. Furthermore, the release of large HS groups would have an 

effect on the local extracellular matrix prior to their absorbtion and degradation.

Disruption of glypican encoding genes demonstrates their role in signalling and 

cell growth. This was first seen in the Drosophila mutation dally, that was identified in 

a screen for genes involved in cell division of the developing nervous system (Nakato et 

al., 1995). The lethal phenotype has been associated with TGF-P/BMP (transfroming

growth factor (3, bone morphogenic protein) signalling pathways (Jackson et a l ,  1997).

Additional work has linked the dally protein with embryonic wingless signalling, and 

this has been shown to be HS dependent (Tsuda et a l ,  1999; Lin and Perrimon, 1999). 

Recently a novel homologue of the dally  gene was identified, dally-like {dly), and its 

expression pattern closely resembles that of wingless (Khare and Baumgartnem, 2000). 

The inhibition of dally and dly translation via RNAi (RNA interference) has proven to 

lead to an even more severe phenotype due to an alteration in extracellular distrubution 

of the Wnt family protein, wingless (Baeg et a l ,  2001). Therefore, this ties HS aided
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signalling via glypicans to a variety of proteins important to central nervous system  

development.

It is likely that the glypican family has undergone a similar evolutionary 

expansion as predicted for the syndecans and that these two primitive glypicans 

encoding genes in Drosophila represent the founders of the vertebrate glypican family 

(M. Veugelers, personal communication). Sequence comparisons between the known 

glypicans support the existence of two subfamilies of glypicans evolved from these two 

primitive glypicans (De Cat and David, 2001).

Glypican-1

Glypican-1 is the first of the glypicans to be identified, and is expressed in a 

wide variety of tissues and cells lines (Lories et a l ,  1992), including cultured human 

lung fibroblasts from which it was originally cloned (David et a l ,  1990). Glypican-1 

may be rapidly shed from the cell surface into the cell culture media (David et a l ,  1990; 

Brandon et a l ,  1996) and from Schwann cells (Carey et a l ,  1993), presumably via a 

GPI-specific phospholipase. Interestingly, glypican-1 also bears a functional nuclear

139



localisation signal, and has been shown to localise to the nucleus in a cell cycle 

dependent manner (Liang et aL, 1997).

Glypican-1 interacts with a variety o f proteins, including anti thrombin III 

(Mertens et aL, 1992) and thrombin (Bar-Shavit et a l ,  1996), implicating a role in 

anticoagulation. Glypican-1 has been implicated in FGF signalling, augmenting the 

signalling capacity of FGF1 and FGF2 (Steinfeld et al., 1996; Bonneh-Barkay et al., 

1997). Conversely, glypican-1 has been shown to diminish the signalling capacity of 

FGF7 through the FGFR-2 (Berman et  a l ,  1999). Glypican-1 as also been shown to 

interact with heparin binding EGF (HB-EGF; Kleeff et al., 1998) and a specific isoform 

of v-EGF (vascular-EGF, Gengrinovitch et al., 1999).

APP has also been shown to interact with glypican-1, and this interaction has 

been shown to inhibit APP induced neurite outgrowth (Williamson et a l ,  1996; Schulz 

et al., 1998); glypican-1 has also been found in the neuritic plaques (as has collagen 

XVIII) of Alzheimer’s disease patients (Van Gool et a l ,  1993; Verbeek et a l ,  1999). 

Slit proteins, important diffusible factors determining axonal guidance (review, Brose 

and Tessier-Lavigne, 2000), have also been identified as ligands of glypican-1 via its 

heparan sulfate chains (Liang et al., 1999; Rone a et al., 2001).

Recently, the gene encoding glypican-1 has been proposed as a canditate for the 

autosomal recessive genetic disorder brachydactyly type E (Syrrou et al., 2002).
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However, when a complete disruption o f this gene has been created by insertion of the 

gene trap vector pGTl.Stm, animals homozygous for this insertion are viable and fertile, 

displaying no limb deformations nor any obvious behavioural abnormalities (M. 

Veugelers and G. David, personal communication).

Glypican-2

Glypican-2 (aka-cerebroglycan) was first cloned from the developing nervous 

system (Stipp et a l ,  1994). The protein is transiently produced in developing neurons 

where it is highly polarised towards the axonal compartments of neurons (Ivins et a l ,  

1997), and may play a role in their guidance. The expression pattern of GPC2  is quite 

restricted in the post-natal brain, particularly within the hippocampus were expression is 

seen in the dentate gyrus (Ivins et a l ,  1997). In the developing hippocampus, GPC2  

message has also been shown to increase in response to glutamate (Wang and Dow,

1997). No reports o f its disruption in the mouse, or its relation to any genetic disease 

have been made to date.

Glypican-3

In man, the Simpson-Golabi-Behmel syndrome (SGBS; Pilia et a l ,  1996), an 

overgrowth disease, has been identified as a disruption o f gene encoding glypican-3

141



(aka-OCI-5; Filmus et a l ,  1988; Filmus et a l ,  1995). SGBS patients carry a deletion on 

the X-chromosome within the gene GPC3.  SGBS was first discribed in 1975 (Simpson 

et a l ,  1975), as is characterised by a variety of symptoms including pre- and post-natal 

overgrowth (patients are often over 2m by 14 years of age) and supemummerary nipples 

and congenital heart defects (Neri et a l ,  1988, 1998). SGBS has been to an increased 

risk o f developing embryonal tumours including Wilm's tumour, neuroblastoma, 

hepatoblastoma and gonadal tumours (Hughes-Benzie et a l ,  1992; Lapunzina et a l ,

1998). Although most patients have been reported to develop normal intelligence, an 

attention deficit hyperactivity disorder has been reported in certain cases (Savarirayan 

and Bankier, 1999). An in vivo interaction between glypican-3 and BMP-4, however, 

has been established (Paine-Saunders et a l ,  2000), possibly explaining the skeletal 

abnormalities observed in the SBGS patients.

Clinical evidence shows a strong phenotypic overlap between SGBS, Perlman 

syndrome and Beckwith-Wiedemann syndrome (Verloes et a l ,  1995; Coppin et a l ,

1997), which has been identified as mutation leading to the overexpression the Igf2 gene 

(Li et a l ,  1998). It is thus thought that glypican-3 may act as a co-receptor for this 

growth factor (Pilia et a l ,  1996; Xu et  a l ,  1998). These data are contested by other 

publications, however, that have shown a specific bind of glypican-3 with FGF-2 and
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not Igf2 (Song et a l ,  1997). The relationship between these genes and their proteins in 

vivo remains to be fully established.

Mice lacking the GPC3  gene have displayed displayed an overgrowth and a 

variety of other phenotypes remeniscent o f SBGS (Cano-Gauci et a l ,  1999). A gene 

trap insertion that was part of this neuronal expression screen was also found in the gene 

encoding glypican-3, and mice displayed a similar phenotype to those engineered 

specifically for the disruption of this gene (Paine-Saunders et a l ,  2000).

Glypican-4

Recently, the gene encoding glypican-4 (aka-k-glypican; Watanabe et a l ,  1995) 

has been shown to lie adjacent to GPC3  and some SGBS patients also harbour proposed 

deletions in GPC4  regulatory or even coding regions (Veugelers et a l ,  1998b; Huber et 

a l ,  1998). No direct links with this deletion and a clinical phenotype have yet been 

established. However, given the variability in phenotype between patients, it is not 

unrealistic to surmise that the double deletion may lead to unique symptoms as yet 

unidentified. Glypican-4 has been identified as FGF2 binding, and has been shown to 

express in developing cortical neurons (Hagihara et a l ,  2000). The gene trap line 

Ex 194 carries an insertion into the first intron of GPC4 and will be discussed further in 

the following chapter.
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Glypican-5 & Glypican-6

GIypicans-5 and -6 are the most recently identified members o f the family. 

GPC5  was first identified in a human cD N A  library (Veugelers et aL, 1997), and it is 

highly expressed in the developing brain and kidney (Saunders et aL, 1997). Glypican- 

6 was likewise first found by sequence homology searches of human expressed 

sequence tag clones, and has proven to have a very widespread pattern of expression 

(Veugelers et aL, 1999). No reports o f  mice deficient in these genes have been made to 

date, nor are any known human diseases directly linked to either of these genes. Their 

site o f chromosomal localisation, 13q32 (Veugelers et aL, 2001), however, has been 

linked with familiar schizophrenia and bipolar-disorder susceptibility (Brzustowic et aL, 

1999; Maheshwari et aL, 2002).

The glypicans thus represent a family of molecules whose tightly regulated and 

variable expression allows for a controlled display of heparan sulfate on the cell surface. 

Genetic evidence o f the importance o f HS in development is demonstrated by 

phenotypes caused by mutations in genes effecting the metabolism and anabolism of HS

Si

to direct disruptions of the syndecan and glypican encoding genes. Direct evidence of  

the signalling capabilities of the glypicans is not yet fully established. Growing genetic
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evidence in Drosophila and mouse m odels, however, indicates that they function as 

extracellular chaperones for a variety o f diffusable signalling molecules.

RATIONALE OF THE Ex194 PHENOTYPE ANALYSIS
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The gene trap line Ex 194 carries an insertion of the pGTl.Stm vector into the 

gene encoding glypican-4. The mice have provided a rapid and efficient tool for the 

analysis of the expression of GPC4  and the line was envisaged as a possible tool for 

super-targeting of transgenic proteins into its expression pattern. Due to the site of the 

vector's insertion it was also hoped that this line would provide a full disruption of 

endogenous glypican-4 transcription. The analysis of this mutation has provided an 

opportunity to test the capacity of the pGTl.Stm vector to disrupt the expression of 

endogenous genes interrupted where no obvious or lethal phenotype was immediately 

observed.

INSERTION SITE

The genomic structure of the glypicans is highly conserved between family 

members. Each of the glypican genes has been found to consist of between eight and 

nine exons with an extremely large first intron, generally 200kb in length. Of the six 

glypican genes found in vertebrates, all have been found to lie in unidirectional pairs 

(eg, Veugelers et a l ,  1998b; Veugelers et a l ,  2001; Figure 4.3). The first exon of each 

glypican gene includes its start codon and its 5' signal sequence, allowing the gene to
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have been selected in the ExCell secretory trap screen. The remaining exons encode the 

globular extracellular with its the sites of GAG substitution and the C-terminal site for 

GPI attachment to the cell membrane.

The 5' RACE direct sequencing of the ES cell clone Ex 194 produced 83 bases of 

data. BLAST search reveals that this sequence aligns with base pair 607 of the GPC4 

gene (Acc N° NM _008150). This insertion should produce a fusion transcript 

containing only the predicted first exon of the endogenous gene G P C 4,  on the X- 

chromosome adjacent to its family member GPC3  (Veugelers et aL, 1998b).

Ex194: glypican-4

1 TCGCTGCTGG CTCGGAGCTC AAGTCGAAAA GTTGCTCGGA AGTGCGACGT 

51 CTCTACGTGT CCAAAGGCTT CAACAAGAAT GAT

BLAST Result:

>gi|6680058|ref|NM _008150.11 [LocusLink info] [UniGene info] Mus musculus 
glypican 4 (Gpc4), mRNA 

Length = 2744

Score = 151 bits (76), Expect = 1 e -3 4  
Identities = 83/84 (98%), Gaps = 1 / 8 4  (1%)
Strand = Plus / Plus

Query: 1 tcgctgctggct_cggagctcaagtcgaaaagttgctcggaagtgcgacgtctctacgtg 59  
Sbjct: 524 tcgctgctggctgcggagctcaagtcgaaaagttgctcggaagtgcgacgtctctacgtg 5 8 3

Query: 60 tccaaaggcttcaacaagaatgat 8 3 
Sbjct: 584 tccaaaggcttcaacaagaatgat 6 0 7

147



The insertion of pGTl.Stm into the first intron of this gene should result in the 

expression of fusion mRNA transcribed under the direct control o f the endogenous 

promoter containing only the first exon o f G PC4  and our transgene. The resulting 

translated proteins will lack sites of GAG substitution and have no GPI anchor for cell 

surface presentation. Furthermore, as there have been no reports of alternative splicing 

in any of the glypicans, it was felt that this site of insertion should provide a thorough 

disruption of endogenous function whilst retaining a true pattern of expression.

SELECTION OF THE Ex194 LINE 

Expression Pattern

The genes encoding each of the glypicans and the syndecans display a tight

spatial and temporal level o f regulatory control. Of particular interest in this screen are 

the expression patterns in the hippocampus o f syndecan-4, glypican-2 and, the subject 

o f this part of the thesis, glypican-4. The striking pattern of expression of the Ex 194 

line, connecting the anterior olfactory nuclei and piriform cortex, following into the 

CA1 region of the hippocampus and the dentate gyrus, was the most restricted identified 

in this screen. A previously established collaboration between Professor Rick Lathe of 

the CGR and Professor Richard Morris (Steel et a l ,  1998) laid the groundwork for
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taking the Ex 194 line to the Centre for Neuroscience, University of Edinburgh, for 

spatial memory testing in the water maze. Thus the identification of a gene with a 

restricted pattern o f expression the hippocampus, an area implicated in memory in 

learning was of scientific interest and its further characterisation was an immediately 

feasible pursuit.

Super-Targeting

In addition to the phenotypic analysis of mutations created in this screen, there 

was also interest in the potential for super-targeting transgenes of interest in the brain 

(Wilson and Tonegawa, 1997). Using ES cell lines from the ExCell screen that result in 

restricted patterns of expression found in the screen super-targeting in a wide variety of 

lines through the construction of a single vector, containing regions of homology with 

the pGTl.Stm sequences as its recombinatory target, might be possible.

The approach is difficult to implement, however, in the case of this gene trap 

vector as the 5' arm of homology might prove too short for effective selection of 

homologous recombinants. As such, cloning and characterisation of the genomic DNA  

just upstream of the first exon of GPC4  was undertaken at the end of my work. This 

will eventually provide for the possibility of using the promoter region of this gene to
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create transgenic mice for the direct targeting of a chosen gene's expression under the 

control of the endogenous GPC4 promoter.

X-Linked

As GPC4  lies on the X-chromosome, all males carrying the insertional mutation 

at this allele are hemizygous, bearing no endogenous copy o f the gene. Therefore in 

searching for a phenotype in the Ex 194 line via the water maze, a complete lack of 

phenotype would be crucial if  the line were to be a candidate for the super-targeting 

technique discussed above.

The X-chromosome location of G PC4  was also of interest for more practical 

reasons. Genotyping of this line was greatly facilitated by the endogenous expression of 

GPC4  in muscle: tails were stained for p-galactosidase activity to test for the presence of

the transgene. All males carrying the gene trap insertion were hemizygous and thus 

lacking an endogenous copy of GPC4. Only males were used for the behavioural assays 

described in Chapter 5, and the ease and confidence with which genotyping was 

conducted was of great assistance.
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SEQUENCE OF EXPERIMENTS

This work was undertaken as a part of the European Union Gene Trap Network, 

in collaboration between the laboratory of Dr W.C. Skames at the Centre for Genome 

Research, University of Edinburgh, and the laboratory o f Dr R.W. Davies in the IBLS 

D ivision of Molecular Genetics, University o f Glasgow. Part I of the thesis was 

undertaken with Dr Skames in Edinburgh and mice produced from the ES cell line 

Ex 194 were first sacrificed, sectioned and tested for transgene activity in the adult brain 

in the autumn of 1996. At the turn o f the year, shortly after the identification of Ex 194, 

Dr Skames moved to the University o f California. Unfortunately, the Ex 194 mouse line 

was accidentally culled over the Christmas break that year, thus altering the sequence of 

experiments to be undertaken. ES stem cells were injected and the line was recovered in 

the spring of 1997 and brought to the laboratory of Dr Davies in Glasgow. The line was 

backcrossed onto the C57Black6 strain and hemizygous males were produced for 

behavioural analysis as quickly as possible.

151



In the following chapter the results w ill be presented in a logical, rather than 

strictly historical, sequence. Firstly, the expression pattern of the Ex 194 line will be 

documented. Secondly, a section will review the breeding records, which show that the 

line is viable and fertile and the phenotype studies undertaken. These studies include a 

general behaviour assay as well as the open field test and the water maze, where adult 

males, hemizygous for the Ex 194 mutations, were compared with wild type siblings. 

Finally the molecular analyses conducted will be presented. These experiments will 

demonstrate that, unexpectedly, the mutation does not prevent the production o f  

endogenous GPC4  mRNA. The first steps towards cloning the region around exons 1 

and 2 for the future production of targeting constructs and the study of immediate 5' UTR 

and potential regulatory regions are presented.
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Figure 4.1 : The heparan sulfate polymer: sulfate residues are highly negatively 
charged under physiological conditions.
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Figure 4.2: A depiction of a heparan suflate adorned glypican (blue) molecule on 
the cell (grey) surface. Numerous diffusable growth factors (coloured circles) attach 
to the heparan sulfate (long black strands), and are thus brought into contact to the 
adjacent receptors (green, eg-fibrobflast growth factor receptor) which in turn may 
be activated.
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Figure 4.3: A schematic representation of the gene trap insertion in line 
Ex194. The genes encoding glypicans 3 and 4 lie adjacent on the X chromo
some, the region of the gene GPC4 has been enlarged to represent the rela
tive location of its eight exons (short perpendicular lines) and the insertion 
of the pGT 1.8tm vector is represented as within the first intron. (All scales 
are abitrary.)
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5.

THE Ex194/GPC4 MUTATION



The identification of the Ex 194 gene trap line, an insertion into the gene encoding 

glypican-4, as a line showing a limited pattern of expression in the adult brain provided 

the opportunity for a variety of further analyses. Firstly, the whole body expression 

pattern in both adult and during development were examined using the lacZ transgene of 

the gene trap vector. Secondly, behavioural analyses for animals hemizygous for the 

insertional mutation were undertaken. Finally, a set o f molecular analyses were 

undertaken to assess the efficacy of the gene trap insertion in disrupting the endogenous 

expression o f G P C 4  and to provide tools for future work in harnessing the adult 

expression pattern of GPC4.

EXPRESSION DATA

Ex 194 expression was observed in tissue sections and in whole mount embryos 

by p-galactosidase activity (see Materials and Methods). The matching expression

pattern of the Ex 194 line at 13.5dpc with that of the previously published in situ 

hybridisation data (Watanabe et a l ,  1995, Figure 5.1c and d). In the adult, Ex 194 

expression was observed that matched thta previously observed by Northern blot 

analyses (data not shown, Watanabe et a l ,  1995). Therefore, as there have also been no 

reports o f alternative splicing for the G P C  family (Dr M. Veugelers, personnal



communication), it has been presumed that the gene trap line Ex 194 expresses the lacZ 

marker gene in an identical pattern to that of the endogenous GPC4  gene.

A dult Expression  o f Ex194

Adult expression of glypican-4 is found in many tissues. Figure 5.9 shows 

expression in cardiac and skeletal muscle, testis and in the spleen in a pattern that is 

consistant with the blood sinuses. Staining is seen in the cardiac muscle at low levels in 

the ventricules and at higher levels in atria, no expression was visible in the endothelial 

tissues of the various valves (Figure 5.9a). Expression in the adrenal gland (data not 

shown) and the kidney is also at high levels.

This expression in the kidney is primarily in the cuboidal epithelium lining the 

nephron. There is a gender regulated expression pattern as females have a distinctly 

lower level of expression in the renal cortex when compared to males (Figure 5.10). If 

the medullar staining levels are above saturation, it is possible that this difference in 

expression levels observed in the cortex is caused by X-inactivation. X-inactivation 

(review, Heard et a l ,  1997) creates a mosaic of cells throughout female tissue wherein 

one o f the two X-chromosomes is transcriptionally silenced to compensate for any 

possible double dosage of X-linked genes compared with male tissue. Assuming that at 

30jLim section of kidney tissue might include several cells of the cuboidal epithelium, it is

possible that the staining observed in the male is at a saturation level in the cortex and
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medulla, but a lower level of staining in the medulla may be observed in the females 

where X-inactivation creates a chaemeric tissue with only half the overall expression 

level. Should this be the case, the difference observed between the sexes should no 

longer be evident upon taking sections o f tissue fine enough to eliminate multiple layers 

of cells which could lead to cumulative staining, indeed, a lowering of instensity might 

be expected in both male and female renal cortex. In observing tissue sectioned as fine 

as 15(xm, the expression pattern, different between the sexes, was maintained. It is thus

highly unlikely that X-inactivation and chimaeric expression of the lacZ  transgene is 

responsible for the sex-differential staining pattern observed in the kidney.

The Ex 194 line was selected in this screen for its pattern o f expression in the 

adult brain. The two most striking points are the strength of p-galactosidase staining of

the granule cells o f the dentate gyrus and the almost complete lack of staining in the 

basal ganglia and the thalamus. The overall pattern of expression in the adult brain is 

compiled in Table 5.1 and a series o f horizontal sections that have been stained for p-

galactosidase activity and counter-stained with neutral red are shown in Figures 5.2 and 

5.3, a set of similarly treated coronal sections is shown in Figure 5.4.

Ex 194 expression in the forebrain was in the CA1 granule cells of the 

hippocampus and in the cerebral cortex particularly in the ento- and ectorhinal cortices, 

anteriorly in the piriform cortex, and dorsally in layers II, IV and VI where pyrimidal
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neurons are seen expressing the fusion protein (Figure 5.8b). In the cerebellum no 

expression was detected in the Purkinje cells but staining is seen throughout the 

molecular layer as well as the cells within the cerebellar ventricle and in scattered cells, 

presumed to be glial, in the granular layer (Figure 5.8a and c).

These adult brain expression data have been further confirmed by in situ 

hybridisation using a riboprobe against sequences from within the lacZ  gene of the 

pGTl.Stm vector (as per Materials and Methods). This revealed a general pattern of 

expression in the adult brain that matched that observed by the activity o f the |3-

galactosidase protein. Expression was found in the specific cortical lamina identified 

above, in the molecular layer of the cerebellum and in the pituitary gland seen in ventral 

horizontal sections (Figure 5.5a). In addtion, due to greater sensitivity than the 

expression assays using enzymatic activity, the expression pattern of Ex 194 is more 

widespread in the hippocampus than initially revealed by |3-galactosidase activity (Figure

5.5c). Indeed, expression has also been found to in the CA2 and CA3 regions of the 

hippocampus, albeit at lower levels than that of the CA1 region or the dentate gyrus.

To more closely examine expression in the hippocampus, a comparison between 

males hemizygous for the Ex 194 insertion with female heterozygous littermates was 

made using using p-galactosidase activity. The data from the female heterozygote in situ

hybridisation is thus confirmed by the P-galactosidase activity assay (Figure 5.7a and b).
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In the male hemizygous animals staining in the CA2 and CA3 regions is visible, but only 

in isolated cells. This is reminiscent o f the pattern of expression found throughout the 

hippocampus earlier in developement (see below, Figure 5.6), and is not equivalent to 

the clear neuronal staining found in the adult granule neurons of the dentate gyrus and 

CA1 field. Counterstaining with antibodies specific for the astrocyte marker GFAP 

(Glial Fibrillary Acidic Protein; Bignami et a l ,  1972; Lewis et a l ,  1984) confirmed the 

neuronal expression found in the dentate gyrus. No cells co-expressed GFAP and the (3-

galactosidase fusion protein anywhere in the hippocampal region (Figure 5.7c).

D ev elopm en ta l E xpression  of Exl 94

Ex 194 expression has also been assesed during development. Glypican-4 is

produced in embryonic stem cells, as demonstrated in the selection of the Ex 194 clone 

by neomycin using the pGTl.Stm gene trap vector. In the CNS, neuronal precursors 

have been shown to express GPC4  (Hagihara et a l ,  2001), and this is further confirmed 

in the Ex 194 line in the whole mount staining of the lld p c  embryo (Figure 5.1a). 

Therein the embryo demonstrates P-galactosidase activity in the telencephalic vesicles

and amongst fibres radiating ventro-dorsally in the developing mesencephalon. Ex 194 

expression continues within the developing brain as shown in Figure 5.1c where 

expression is strongest in the cells surrounding the lateral and mesencephalic vesicles at
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13.5dpc. Expression in the hippocampus begins in scattered cells at embryonic day 18 

(Figure 5.6), but the high adult levels o f expression in the dentate gyrus and CA1 field 

are not found in the embryo nor in the neonate between postnatal days 1 through 5 (data 

not shown).

Outside the developing central nervous system expression appears at the anterior 

of the developing forelimb buds and most strikingly in the mytomes running down the 

length of the embryo, correlating with the adult expression in skeletal muscle (Figure 

5.1b). As development progresses, further characterisitic expression is seen in the 

developing kidney and adrenal gland (Figure 5 .Id), two organs where expression levels 

remain high in the adult.

PHENOTYPE ANALYSES

Since G P C 4,  as revealed by Ex 194 fusion protein production, is strongly 

expressed in a the hypothalamo-pituitary-adrenal (HPA) axis which is involved in the 

stress response, and in the hippocampus, which is crucial for learning, the stress réponse 

and learning of Ex 194 was used to assess their phenotype.
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G en era l O b serva tions

Four female mice heterozygous for the Ex 194 mutation were brought to the

University of Glasgow from the Centre for Genome Research, University of Edinburgh. 

In backcrosses with wild type C57Black6 males, 211 offspring included 112 males and 

99 females. From these, genotyping revealed 52 males to be hemizygous (46%) for the 

Ex 194 insertional allele. Thus, it has been concluded that the mutation is in not lethal. 

Males hemizygous for the Ex 194 mutation were viable and fertile, and similar results 

were produced in intercrosses for between hemizygous males and heterozygous 

females: females represented half of the progeny and roughly half were homozygous for 

the mutation.

In order to assess any phentoypes due to the Ex 194 insertional mutation, 

individual hemizygotes were examined with their wild type siblings for behavioural 

abnormalities. No tremors or seizures were observed and no gross abnormalities in 

posture, activity levels or respiratory rate were noted.

O pen Field T es t

Background and Rationale

The G P C 4  gene is expressed in the pituitary and adrenal gland. These two 

structures form part of the HPA axis whose role has been shown to be central in the
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organism’s response to stress (review, Selye, 1976), either of physiological or 

psychological origin. The emotional responses to stressors (review, Lazarus, 1993) may 

be measured using a variety of behavioural assays, including the open field test. This 

test has been used to compare the behaviour of individuals in a variety of species 

(Boissy, 1995; Webster and Humik, 1989), including closely related species such as 

Mus musculus and Mus spiclegus (Simeonovska-Nikolova, 2000) and between different 

strains of mice (eg-Gorris and van Abeelen, 1981). A variety o f actions are measured, 

including locomotion, rearing, defaecation, urination and thigmotaxis, that may be used 

together to compare the anxiety and fear levels between different populations (review, 

Broadhurst, 1969). Hall's original hypothesis (Hall, 1934) was that the fear response 

induced in animals exposed to the open field test might be measured by a high 

defaecation rate. This has since been further refined to note that animals presented with 

a novel, potentially dangerous environment will also react by a lower rate of ambulation 

(Hall, 1936; review, Lister, 1990). The open field test thus provided the opportunity to 

measure a wide variety of behaviours in a single, simply performed experiment.

Quantitative Data

Littermates were used to provide a sample of wild type (n=14) and hemizygous 

animals (n=16). After several days acclimation to the testing room, animals were 

filmed for ten minutes after first placed into the centre of a well-lit gridded white box,
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an enclosed environment far larger than their home cage. The expected behaviour is for 

the animal to rapidly move to the periphery of the box and explore the environment. 

Video was reviewed and scored for latency of escape to the periphery, total locomotion, 

locomotion in the central squares, rearing, grooming incidents, defaecation and 

urination (Figure 6.11, raw data presented in the appendix). Initial analysis of the data 

shows a large mean variation between the two groups in latency of escape to the 

periphery (wild type: 21.9s, mutant: 11.9s), total locomotion (wild type: 399, mutant: 

500, measured by squares travelled) and rearing (wild type: 40.8, mutant: 57.1).

The data from taken certain individuals greatly altered the mean variation of 

locomotion and latency to the periphery, and as such a non-parametric statistical 

analysis of the data was employed. Non-parametric analyses must be employed in cases 

where the individuals have inequal variences (Zar, 1974). The data was thus subjected 

to a Mann-Whitney U test (Mann and Whitney, 1947) to avoid interference from 

aberrant individual behaviours. This test allows for a comparison of two groups that is 

based upon ranking of individuals rather than from a mean or median value of each 

group. The resulting ranking of the individuals revealed no significant difference in 

latency to the periphery (p=0.9324), defaecation (p=0.6692), grooming incidents 

(p=0.1841), or urination (p=0.7001). However, significant differences between the two 

groups were revealed in the total locomotion (p=0.0261) and total travelled in the 

central squares (p=0.0093), where in each case the mutant mice were found to be more



active; and in rearing (pcO.OOOl) where the mutants were more likely to perform this 

exploratory behaviour.

Reviewing the initial video, these alterations in locomotion were due to a 

freezing behaviour observed in four individuals (two wild type and two mutant 

animals). Freezing behaviour is exhibited by animals completely inhibited by fear, hair 

raised on end, and a "deer in the headlights" phenotype. This behaviour was equally 

distributed between the two groups and thus is not linked to genotype. However, the 

time spent in the central square greatly effected the overall mean of squares traveled, 

and even the non-parametric ranking analysis may be unduly effected by these subjects 

inclusion in the final data analysis. The Mann-Whitney test was thus repeated after 

removing the four outlying animals (as per regression analysis, latency as the dependent 

variable) and the difference in total locomotion between the two groups were no longer 

significant (p=0.0803). Significant differences in travel in the central portions of the 

open field (p=0.0370) and in rearing (p=0.0003), however, continue to show that the 

mutants are more likely to remain in the central squares and to rear in exploration of 

their environment.

Conclusions

Although the mice carrying the Ex 194 insertional mutation in GPC4  did not 

display a hyperactivity in terms of an overall increase in locomotion, they did remain in
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the centre of the open field and rear more often in exploring their new environment than 

wild type littermates. Animals carrying the Ex 194 insertional mutation into GPC4  

display less anxiety and more agressively explore new environments. As it is clear that 

the overall locomotion or activity were not grossly increased, and as such the animals 

were deemed fit for performing the Morris water maze to test for deficits in spatial 

learning and memory.

M orris W ate r M aze

Background and Rationale

As demonstrated, the GPC4-lacZ  transgene o f gene trap line Ex 194 has been 

shown to be expressed in the entorhinal cortex, leading into the CA1 pyramidal cells of 

the hippocampus-one of the two afferent pathways into the hippocampus-and also at 

very high levels in the pyramidal neurons o f the dentate gyrus. This limited pattern of 

expression makes the line of great interest in searching for phenotypes in learning and 

memory and as a potential tool for the targeting of transgenes into its restricted pattern 

of expression.

The hippocampus is formed by two bands of pyramidal cells (the CA regions 

and the dentate) which are receive excitatory inputs via afferent pathways from the
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septum and the entorhinal cortex. Lesions o f the hippocampus induce severe 

impairments in learning and memory (Scofield and Milner, 1957). The formation and 

retention of memory has been proposed to be the result in changes of the synaptic 

potential of neurons (Hebb, 1949), such as the pyrimidal neurons in the different fields 

of the hippocampus. Long term potentiation (LTP) of neurons, a clearly defined form 

of synaptic plasticity, was first observed in the dentate gyrus of rabbits (Bliss and Lpmo, 

1973) and long term depression (LTD) was first observed in the CA1 field of the 

hippocampus (Lynch et aL, 1977). Furthermore, pharmacological interference in LTP, 

by blockading the N-methyl-D-aspertate (NMDA) receptor, has been demonstrated to 

cause an impairment in learning and memory (Morris, 1989). There is not as yet a 

complete understanding o f the hippocampus and its use o f LTP, LTD and other 

mechanisms o f synaptic plasticity for storing spatial information. Ultimately, an 

understanding of the proteins involved in the regulation of the NM DA receptor, and 

other key components of this systems, must to be studied on both the molecular and the 

behavioural level.

One of the primary models in testing memory in the rat and mouse is the Morris 

water maze (Morris et a l ,  1982; review, Redish and Touretzky, 1997; D'Hooge and De 

Deyn, 2001). In additional to surgical and pharmacological interventions, genetic tools 

may be combined with such behavioural tests to understand the role of specific proteins 

in LTP and learning in memory. This is presently being addressed by the examination
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of targeted gene disruptions in the mouse. Mutations in fyn  (Grant et al., 1992) and the 

gene encoding PSD-95 (Post-Synaptic Density protein-95, Migaud et al., 1998) induce 

behavioural and physiological phenotypes, without chemical or surgical intervention in 

the adult animal. It is not yet clear, however, that these phenotypes are the result of 

alterations in adult physiology rather than developmental defects. Finer temporal and 

spatial control of such mutations is the next step in using these genetic tools (review, 

Martin et a l ,  2000). In this study, the Ex 194 insertional mutation provides an 

opportunity to better understand the possible role of glypican-4 in learning and memory.

Animals were run through the water maze at the Centre for Neuroscience at 

Edinburgh University, as per Materials and Methods. Briefly, the animals were placed 

in a round pool of 2m in diameter, filled with water at 25°C to a level of 0.3m. The 

pool was located in the centre of a well-lit room containing numerous visual cues. Mice 

were placed into the water facing the sidewalls and learned to escape onto a submerged 

platform of approximately 20cm in diameter. The platform was obscured by the 

addition of cempolatex liquid (Cementone-Beaver, Ltd). Each episode was filmed and 

analysed to follow the swim path o f  the mouse and to quantify a set of activities 

including latency to reach the escape platform, path length and time spent in each region 

of the pool, which was divided into four quadrants.

Mice first received one session of non-spatial pre-training to introduce them to 

the procedure, including such aspects as the need to avoid the sidewalls and, most
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importantly, the existence of an escape platform. For the following four days of 

acquisition training the mice were given daily blocks o f four trails to a fixed platform 

location. On the fifth day, the memory o f the subjects for platform location was tested 

in a transfer test during which the platform was removed and the animal was allowed to 

swim freely for 60 seconds. The percentage of time spent in each quandrant of the pool, 

most notably that of the escape platform, is measured as indicative of each subject's 

performance. This transfer test was repeated again after a second four days of training, 

and analysed likewise.

Quantitative Data

Littermates provided both w ild type (n=10) and hemizygotes (n=10) and all 

swam through the water maze and mounted the escape platform in a regular fashion. 

Looking at the latency to reach the escape platform, the overall effect of the group 

(F[l,18]=6.30; p<0.05) and the overall effect by days training (F[7,126]=33.9; pcO.OOl) 

show no interaction, rather there is a significant effect o f days trained for each group 

(wild type: F[7,126]=15.6; pcO.OOl, mutants: F[7,126]=19.3; pcO.OOl), wherein all 

subjects learn to more quickly reach the escape platform as the days of training progress 

(Figure 5.12a). These results are mirrored in the measure of path length to the escape 

platform. Thus both wild type and mutant subjects learned the location of the escape 

platform as testing progressed, swimming more quickly and more directly to the escape
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platform (Figure 5.12b). In the transfer test there were no differences seen between 

wild type and mutant groups. By the second transfer test all mice were swimming a 

significantly increased amount in the quadrant o f the escape platform (effect of 

quadrant, TT2, F[3,54]=16.4, pcO.OOOl, and Figure 5.13). Together these data show 

that both wild type and mutant subjects had developed a spatial strategy for locating the 

escape platform and had learnt to continue their search away from the side walls o f the 

pool. Visible platform tests confirmed that both groups of mice were travelling similar 

distances to reach the escape platform at similar speeds (data not shown), without any 

significant difference between the mutant and wild type groups.

Conclusions

No significant differences in the capacity o f spatial learning, vision or 

locomotion were found between the hemizygous Ex 194 mice and their wild type 

littermates in the water maze. These results agree with those o f total locomotion 

measured in the open field test previously shown. By the final day of training, the wild- 

type mice reached the escape platform in a similar time and with a similar path length: 

both groups were able to leam to perform the task. In reviewing the rate of acquisition, 

however, the mutants more quickly adopted a direct approach to the escape platform 

(Figure 5.12). This behaviour is not caused by a difference in activity as the swimming 

speed did not vary between the two groups.



MOLECULAR ANALYSES

Before any conclusions regarding the role o f a gene interrupted by gene trap 

mutagenesis may be deduced, the exact molecular disruption must be analysed. The 

direct sequence analysis performed in the ES cell clones isolated must be definitively 

matched with the mouse line produced and analysed and levels of endogenous 

transcript, and if possible its protein product, must be assessed.

T he Ex194 Line R ep resen ts  an  In se rtio n  in to  th e  g e n e  GPC4

The first point addressed in the molecular analysis of the line Ex 194 was to

match the direct sequence data produced at the ES cell level with the pattern of 

expression seen in the presumed Ex 194 mouse line. Genomic DNA isolated from the 

ES cell line Ex 194 and from the brain of an appropriately staining, putative Ex 194 

mouse, was compared by Southern blot analysis. Each sample of 10 pg of total

genomic DNA was cut with the restriction enzymes B glll  and S a d .  DNA was then 

migrated on an 0.6% TAE buffered agarose gel. The DNA from the gel was transferred 

to nylon by capillary diffusion overnight and fixed to its surface by baking. A fragment 

of a sequence o f en2 from the pGTl.Stm  vector was purified and amplified with the 

Klenow fragment o f DNA polymerase with one o f the four dNTPs radioactively 

labelled. This labelled DNA fragment was denatured and then allowed to hybridise



overnight with the DNA fragments fixed onto the Southern blot described above, and 

washed vigorously to remove all non-specific liaisons of the labelled DNA en2 probe 

with the surface of the blot. The blot was then left to expose on Kodak autoradiograph 

film overnight.

As the gene en2 is an endogenous mouse gene it will present two distinct bands 

on the autoradiograph, the wild type copy of the gene and trangenic copy carried in the 

gene trap vector sequence that has been incorporated randomly into the genome. These 

known wild type bands will provide a simple pattern when juxtaposed with the unique 

site vector integration, thus providing a restriction fragment length polymorphism  

(RFLP) fingerprint. As seen in both the Bg/II and the S a d  digests, the RFLP pattern 

produced by genomic DNA from the tissue o f the putative Ex 194 mouse was identical 

to that of the Ex 194 ES cells (Figure 5.14a). Thus a clear link between the ES cell line 

and the previously cited expression pattern is established. Further confirmation was 

obtained by direct sequencing using RNA samples derived from the kidney of Ex 194 

mice and the identical sequence was read, indicating an insertion into the first exon of 

the gene encoding glypican-4 (Figure 5.14b).
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Ex194 Does Not Fully D isrupt GPC4 E xpression

Next, RT-PCR was used to build two small GPC4  probes from wild type mouse 

kidney total RNA preparations. Primers (22 nucleotides in length) were designed from 

the previously published sequence (Watanabe et al., 1995, Ace N° X83577) using the 

PrimerS website of the Whitehead Institute at MIT. The first fragment contains a 

portion of the putative first exon of G P C 4,  and was cloned into the vector pCR2.1 

(Promega, Inc.) and confirmed by sequencing to be the expected fragment of GPC4. 

The second is a fragment that encodes for a region 3' of the pGTl.Stm gene trap 

insertion (bp 1369-2450 of Acc N° X 83577), and it was likewise cloned into pCR2.1 

and confirmed by sequencing.

Continuing with an identical RT-PCR scheme, tissue samples were taken from 

adult male hemizygotes, female heterozygotes, and wild type siblings. RT-PCR was 

performed with three sets of primers: the first set spanning exons 1 and 2 o f the 

endogenous gene; the second, two primers spanning exon 1 of the endogenous gene and 

the en2 sequence of the gene trap vector; and the third pair of primers were a positive 

control for transcripts encoding actin (Figure 5.15). Both wild type and mutant mice 

demonstrated production of the properly spliced endogenous mRNA whilst only mutants 

carrying the transgene produced the fusion product. Thus, the Ex 194 line does not 

effectively disrupt the production of endogenous glypican-4 mRNA.
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As there are currently no specific antibodies available for the glypican-4 protein, 

it is not yet clear whether this mRNA is translated into properly functioning protein. 

Likewise, it is not known whether the level o f endogenous protein remains the same in 

the hemizygous Ex 194 animals as that the wild type. It is clear, however, that any the 

results of phenotypic studies performed on animals carrying the Ex 194 allele cannot be 

considered complete, nor to correlate to the study of a complete disruption of the GPC4  

gene.

Cloning of Genomic DNA

The 5' sequence of GPC4  was used to probe PAC library ordered via the UK

Human Genome Mapping Project (HGMP). This mouse PAC library, RPCI21, was 

constructed from female 129/SvevTACfBr mouse spleen genomic DNA, and each 

construct carries an average of 143kb of genomic DNA insert (Osoegawa et al., 2000). 

The library was selected for its large insert size, which would permit the construction of 

homologous recombination gene targeting vectors from within a single clone. A large 

clone would also provide a good portion of genomic DNA from intron 1 of the gene and 

the potential regulatory elements in the 5' region proximal to exon 1. Finally, the PAC 

library does not require successive screenings; robot produced high density gridded 

filters are probed once and the matching sample is then ordered from the Roswell Park 

Cancer Institute (Buffalo, NY, USA).
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Figure 5.16 shows one of the clones labelled with a probe for the GPC4  exon 1, 

clone 617-113. Altogether several clones were ordered via the HGMP from the RPCI 

library. PAC DNA samples were isolated by using alkaline lysis and purification with 

Qiagen columns. The DNA samples (5pg each) were cut and migrated on an 0.6%

agarose TAB buffered gel and then transferred to nylon by capillary diffusion overnight. 

The identical G P C 4  exon 1 probe was labelled radioactively, denatured and then 

allowed to hybridise overnight with the DNA fragments fixed onto the Southern blot. 

The blot was then left to expose on Kodak autoradiograph film overnight and a rough 

restriction site map was built.

From this map, SphI was selected to build a subclone for sequencing. Total 

PAC DNA from clone 617-113 was cut with Sphl and ligated into an Sphl cut pUCIS 

plasmid (as per Sambrook et al., 1989). The ligation reaction was taken and competent 

bacteria were transformed and plated onto LB agar plates containing 50pg/ml of

ampicillin. To isolate those colonies carrying the Sphl fragment containing exon 1 of 

GPC4  a colony hybridisation, (as per Sambrook et al., 1989) was performed to select 

for those carrying the appropriate insert. Briefly, an imprint of the colonies growing on 

the plate is taken by placing a nylon membrane upon the LB agarose and marking is 

orientation with indelible ink. The filter is then passed through an alkaline lysis to open 

the bacterial cell walls, exposing the DNA , and baked at 80°C for two hours to fix the
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DNA to its surface. Filters were then probed with the identical labelled fragment of the 

G P C 4  exon 1. Once the appropriate colonies were identified, the subclone was 

amplified and DNA was isolated and confirmed by sequencing. These sequences, 

which overlap with the previously published 5' UTR sequence of GPC4, confirmed the 

identity of our subclone.

Sequence Obtained and BLAST Results

01 GGAGQxnxnrr ANAN2NGACN CAACGGANAG GCCQGCGGGT NATGGCIŒC
51 GCQGGGCTTC AGCCACCCGG QGCIGCTOOG CIGAOCCAGC CTTNCICAGC
101 TCACIGGCCT GGGCOGCAOG GCIGIGCCCT r a c A G c iu r GGOGCIGATT
151 GACIQGGCCG GCTOGCACAG CGAQGCTCQG CAAACITOGC CAAGGQGQGC
201 GGCCCTAAGG GAGGGAGGGG GCQGGCA.TGA GGAGQGQGGG AGCCGGAGAC
251 AGGQGGGAGC AGGCAGQGCC QGGGOGGGAG AAAACCTGGA AGCIQGCTTG
301 GATCT3GAGC QGGCCAAATC CACTICCTAG GGGGCCCGCA CGGGGCGCGC
351 QGGGCTCGCT CnGCGACAC QœCIGCIQG G c r a c r œ c r OCIGCGCTCC
401 TCTIGAGAGG QGQGGAAQCT GCOOOOOGOG c c c c c œ œ c CCCAGCAAGA
451 GAQGAAAQQG CAb'lTÜACTT CCGGCTTAAG GGGCCAAGTC TGAAGAGATC
501 CTGCTGTCCT QGATCTIGQG GCCTTGANQC CCTCTCTCAG GCACAAGOCT
551 TINIŒACAG CCACITGACA GGCTATCGCN ATQGGACIGA GCAGTACITA
601 NCGCTCCAGC CCCAATACCA GCCINGCIGC 1TCTACGCAG CATCCAQGGC
651 CACTTCTAAC CAAC

>gi 123304093 | emb| AL672019.7 1 Mouse DNA sequence from clone RP23-33P21 on chromosome X, 
complete

sequence 
Length = 192874

>gi 17529584 |onb|ALl09623.9 |HSDJ900E8 Human DNA seq u en ce  from  c lo n e  RP5-900E8 on 
chromosome Xq25-27.1.

Contains the f ir s t  coding exon of the GFC4 gene for 
glypican 4, STSs, GSSs and a pu tative CpG island , complete 
sequence 

Length = 101259

>gi 166800581 r e f  |NM_008150.1 1 Mus musculus glypican 4 (Gpc4), mRNA 
Length = 2744
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The above sequence continues upstream from the published transcriptional start 

site for more than 500bp (facilities provided with the kind help of Dr Andrew 

Bergemann, Department o f Pathology, Mount Sinai M edical Center, New York 

University, New York, NY, USA). A number of transcription factor binding sites were 

predicted within this region and, similar to GPC3,  no evidence of a TATA box was 

found (Huber et al., 1998). Furthermore, as seen in the BLAST search, several regions 

within this area are conserved between mice and humans, implying that these sequences 

are important for the regulation of G PC4  expression. Further sequencing and analysis, 

however, must be conducted before any definitive conclusions may be drawn

SUMMARY

The Ex 194 gene trap line provides a valuable marker of the expression for the 

gene encoding glypican-4. Mice hemizygous for this insertional mutation, however, are 

not deficient in endogenous GPC4  transcript. Although this insertion may represent a 

hypomorphic allele for the GPC4 gene, it is not clear clear whether protein endogenous 

protein levels are indeed reduced. Furthermore, behavioural and phenotypic analyses of 

the Ex 194 mutants do not reveal any gross phenotypic changes in viability or behaviour.

The expression pattern in the adult brain revealed by the Ex 194 insertion is of
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great interest. Glypicans genes appear to be tightly regulated, and these patterns of 

expression might be used to deliver transgenes to specific cells for future work. The 

cloning of the 5 ’ genomic region of G P C 4  is the first set in creating such transgenic 

vectors or in simply studying the regulation o f G PC4  expression. Finally, this PAC 

clone also provides the material to construct a vector for the targeted disruption of the 

gene in the mouse to ultimately study the phenotype o f mice completely lacking 

glypican-4.
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Table 5.1

Olfactorv Bulb HiDDOcampus

Olfactory nerve layer + CA1 ++

Glomerular layer (+) CA2 (+)

Mitral cells 0 CA3 (+)

Granular cell layer 0 Dentate gyrus (granule cells) +++

Plexiform layers 0 DG, Polymorph layer ++

Piriform transition ++

Anterior olfactory nucleus ++ Basal nuclei

C audate putamen 0

N ucleus accum bens 0

Cerebral cortex Globus pallidus 0

Motor layers +

Olfactory tubercle ++ Amvqdala

Lamina I 0 Aygdalohippocam pal nuclei +++

Lamina II ++ Posterom edial am ygdala ++

Lamina III 0 Lateral nuclei +

Lamina IV ++ Amygdalopiriform transition ++

Lamina V (+)

Lamina VI + Thalam us 0

Piriform cortex ++ Cerebellum

Entorhinal cortex ++ Granule cell layer (+)

Ectorhinal cortex ++ Purkinje cells 0

Molecular layer ++

Table 5.1: Relative levels of transgene expression within various regions of 
the Ex194 gene trap line adult brain are scored 0, for no expression; (+), for 
trace levels, ascending to +, ++ and +++ for the highest levels of (3- 

galactosidase activity and/or lacZexpression.
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Figure 5.1 : Embryonic expression of the GPC4-/acZfusion transcript 
as detected by (3-galactosidase activity. Panels a and b show a whole- 
mount embryo at 11 dpc, with expression in the myotomes indicated by 
arrows. Panels c and d show a SOpm section of a 13.5 dpc embryo, also 
stained for (3-galactosidase activity with additional counterstaining using 
neutral red. Arrows in panel c indicate the lateral and mesencephalic ve
sicles, whilst arrows in the inset (d) indicate staining in the developing 
tubule cells of the kidney and the adrenal gland (Adr).



Figure 5.2: Horizontal sections of the adult brain from the gene trap line 
2x194, showing p-galactosidase activity of the transgene product and counter
stained with neutral red. Panels a through d ascend from ventral to dorsal. 
Specific note is made of high levels of transgene expression in the piriform 
cortex (Pir), the subiculum (Sb) and in the dentate gyrus (DG) and CA1 field 
of the hippocampus. The variable staining between the different cortical lam
ina (Ctx) is most evident in panels c and d, where staining in the medial ant
erior olfactory nucleus is also highlighted (AOM). Intense staining is also seen 
in the anterior lobe of the pituitary gland (AP).



AON

Figure 5.3: Horizontal sections of the adult brain from the gene trap line 
Ex194, showing (3-galactosidase activity of the transgene product and counter
stained with neutral red. Panels a through d ascend from ventral to dorsal, 
continuing from the more ventral sections shown in Figure 6.2. All sections 
show the characteristic hippocampal expression patter, with panel d showing 
the dorsal most regions of the dentate gyrus (DG). (3-galactosidase activity 
may also be clearly seen in the adjacent entorhinal cortex (ERh), and a more 
widespread staining throughout all of the lamina of cortex (Ctx) at the dorsal 
midline. Expression of the transgene is absent in the basal ganglia (CP-cau
date putamen). The cerebellum is easily observed all four panels, and expres
sion in the molecular layer is evident throughout (ML), and panel a provides a 
further view of the anterior olfactory neucleus (AON).
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Figure 5.4: A selection of coronal sections of adult brain from the gene trap line Ex 
194 stained for (3-galactosidase activity of the transgene product and counterstained 
with neutral red. The most anterior section (panel a) shows specific staining in the an
terior olfactory nucleus (AON). Further posterior sections highlight the lack of trans
gene expression in the caudate putamen, the expression in the dentate gyrus (DG) and 
the CA1 region of the hippocampus and in the cortex (Ctx). Panel c shows expression 
in the lateral septal nucleus. (LSN).



Figure 5.5: Expression of the transgene GPC4-lacZhas been followed by in situ 
hybridisation using a riboprobe whose sequence matches those within the lacZot the 
gene trap vector. Panels a through d show horizontal sections from the adult brains 
of Ex194 hemizygous male animals, ascending from ventral to dorsal regions. The 
results confirm those shown in Figures 6.2 and 6.3, with expression found in the piri
form cortex (Pir), the anterior pituitary (AP), the anterior olfactory nucleus (AON), in 
specific lamina within the cortex (Ctx) and in the dentate gyrus (DG). Extended ex
posure time have revealed expression of the transgene in the CA2 and CA3 regions 
of the hippocampus (c, CA3). Faint expression is also seen in the cerebellar molec
ular layer (ML).



Figure 5.6: Saggital sections of embryos carrying the Ex194 insertional 
mutation; counter-stained with neutral red, reveal punctate p-galactosidase 
activity within the mossy fibres and in both the dentate gyrus and the hippo
campal nuclei. The upper panel shows the entire hippocampus, with trans
gene activity also detected in the cells lining the ventricle. Arrows in the low
er panel indicated transgene activity in the developing mossy fibres and in 
cells within the CA3 and dentate gyrus (DG).



ErhCtx

c
Figure 5.7: Comparisons of trangene activity between the female hetero
zygous (a) and male hemizygous animals (b) carrying the insertional mutation 
Ex194. Both sections have been stained for p-galactosidase activity and then 
counter-stained using neutral red. Expression in the male is both more intense 
in the entorhinal cortex (ErhCtx) and more widespread in the hippocampus, with 
a punctate expression being seen in the neurons of the CA2 and CA1 regions 
(arrow) and in the mossy fibres (bars indicate 2 and 1mm, respectively). 
Immunohistochemistry using antibodies specific against GEAR (c, bar indicates 
0.2mm) demonstrates that staining within the dentate gyrus is not occuring in 
astrocytes (cells marked in brown), but rather in a likely neuronal populations 
of cells (marked in blue by p-galactosidase activity).



Figure 5.8: Higher magnification of horizontal sections of adult brain from the 
gene trap line Ex194, stained for p-galactosidase activity and counter-stained by 
neutral red. Panel a shows the granule layer of the cerebellum and expression of 
the transgene throughout the molecular layer (bar indicates 0.5mm), higher mag
nification (c, bar indicates 0.1mm) reveals that Purkinje cells (PC) lacking trans
gene expression but there is widespread staining throughout the molecular layer 
and isolated staining is also observed in the granule layer (arrows), possibly in 
microglial cells. Panel b demonstrates expression of the transgene in pyrimidal 
neurons in the cerebral cortex (arrows, bar indicates 0.2mm). Expression is also 
seen in the neurons of the olfactory nerve layer (d, bar indicates 0.1mm).



d
Figure 5.9: A selection of tissues from the adult mouse of the gene trap line 
Ex194, showing (3-galactosidase activity of the transgene product and counter
stained with neutral red, all sections 30pm. Panel a demonstrates expression 
in the cardiac muscle in the walls of both of left and right ventricles and atria 
(RV, LV), as well as high levels of expression in the cardiac muscle in the walls 
of both atria (LA, RA). No expression was visible in the endothelial tissues of 
the pulmonary artery valves or aortic valve (AV), nor in the right or left side atrio
ventricular valves (R/LA-VV). Staining is also found in adult skeletal muscle (b). 
Expression is seen throughout the testis (c) and in vascular structures (arrows) 
in the spleen (d).



Figure 5.10: Coronal sections (30pm) of kidney from the adult mouse of the 
gene trap line Ex 194 showing p-galactosidase activity of the transgene product 
and counter-stained with neutral red. The upper panel shows the expression 
pattern in the male hemizygote, an even, high-level of staining is seen in the 
tubule cells. The lower panel shows expression in the heterozygous female, 
where tubule cell expression of the transgene in clearly lower in the cortex.



Hemi wt
Latency 11.9” 21.9”
Total travel 500 399
X 6.6 6.3

A 52.8 45.3

B 132 93.8

C 306.9 253.7
Rearing 57.1 40.8
Grooming 11.5 10.4
Defaecation 2.4 2.1
Urination 0.25 0.14

X

A

B

C

Figure 5.11: Diagramme depicting the open field test arena and the average 
scores for the hemizygous vs wild type littermates.
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Figure 5.12: Graph representing the time spent reaching the escape platform 
by the subjects performing the Morris water maze, measured in seconds. The 
second graph represents the distance swum, in metres, by each subject to 
reach the escape platform. Both groups learn to perform the task by the end of 
training, although the mutant mice learn more rapidly. (Days 5 and 10 
represent the days of the transfer test, see Figure 5.13.)



Figure 5.13: Morris water maze transfer test results after 4 (TT1 ) and eight 
(TT2) days of training. The percentage of time (60s) spent in each of four 
quadrants of the pool (TRA-platform quadrant, AdjL/R-the quadrants to the 
left and right of the platform's, Opp-the quand rant opposite of the platform) 
was measured as the primary test of the subject's acquisition of a spatial 
memory during the previous training days. Both groups performed in a 
similar fashion and by the second week have learned the location of the 
platform, as demonstrated by their increased time spent in this quadrant 
during the second transfer test.
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Figure 5.14: Panel a is the autoradiograph of a genomic DNA Southern 
blot comparing samples taken from the putative Ex194 mouse line (T) and 
the Ex194 ES cell line (C), with the molecular weight marker marked in kilo- 
bases adjacent to the autoradiograph. Each sample was digested with either 
Sgr/ll or Sad, migrated on a 0.6% agarose gel and transfered to a nylon filtre. 
The fragments seen to hybridise with a radioactively labelled sequence from 
within the gene engrailed 2. The Bgl\\ digest reveals two bands, the upper 
band being of double intensity represents the endogenous copies, and the 
lower band represents the single copies of the transgene. The pattern seen 
in the Sad digest shows a single band of even greater intensity, wherein 
all three copies of the gene, endogenous and transgenic, are the same size. 
As samples from each DNA source displayed an identical pattern with two 
different restriction digests, the Ex194 cell line and tissue are likely to carry 
the same transgenic insertion of pGT1.8tm. Panel b demonstrates the qualit 
of the direct sequence data obtained from the Ex194 line mouse kidney RNA, 
which was identical with that previously read from RNA taken from Ex 194 
ES cells, further confirmino the insertion site of Ex194 in the oene GPC4.
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Figure 5.15: A schematic representation of the genomic insertion of the 
gene trap vector into the first intro of GPC4, and the primers (arrows, see Materials 
and Methods for sequences) used in the RT-PCR to determine which spliced tran
scripts are produced in the Ex 194 line.
A. Depicts a properly spliced gene trap insertion wherein the gene is disrupted and 
a fusion mRNA is produced between the endogenous and transgenic exons.
B. Depicts the endogenous mRNA produced by "splicing around" the gene trap 
vector, and thus ultimately permitting for the translation of endogenous protein.
The lower panel shows RT-PCR samples migrated on a 2% agarose TAE buffered 
gel. RNA from the kidneys of two male littermates was reverse transcribed and the 
resulting cDNA products were amplified by PCR with four different sets of primers to 
detect expression of the actin gene as a positive control (data not shown), primers 
within only exon 1, primers to detect the fusion product of the gene trap vector
and exon 1 of GPC4 and a pair to detect endogenous, spliced transcripts of exons 
1 and 2 of GPC4. Only the hemizygous sample produced a fragment when using 
primers to detect an endogenous-transgene fusion. Both wild type and hemizygous 
RNA reveal production of properly spliced endogenous GPC4 transript, showing that 
the mutation has not resulted in a complete disruption of the endogenous transcript.



Figure 5.16: A section of the autoradiograph of the RPCI21 PAC library 
probed with a labelled DNA sequence from within the first exon of GPC4. 
The two spots (arrow) represent clone 617-113, which was subsequentely 
used for subcloning and sequencing that confirmed that this clone indeed 
carries the first exon of the GPC4.



DISCUSSION



GENOTYPIC SCREENING MUST PRECEED EXPRESSION SCREENING

One of the greatest advantages of gene trapping versus the use of more 

traditional mutagens in mice is the ability to rapidly identify the site of mutation prior to 

introduction of the mutation onto the germ-line. The most important lesson that has 

been learned from the whole of the ExCell screen is the importance of genotypic 

analyses in vitro for regular insertions of the gene trap vector prior to introducing the 

ES cell lines into the germ line of mouse for in vivo expression analysis. The ExCell 

screen began before the 5' RACE direct sequencing method was perfected, therefore 

there was no preliminary check on correct integration of the vector and ES cell clones 

were isolated and used immediately for the generation of mouse lines via blastocyst 

injections.

The number of mouse lines that were actually generated (over 100) and then 

dissected, sectioned, tested for P-galactosidase. activity, counterstained and examined

for CNS expression is more than double that of the properly spliced mutations shown 

here. Thus the majority of mouse lines initially screened for X-gal staining were 

subsequently rejected when 5' RACE direct sequence analysis revealed complex or 

uninterpretable insertions of the gene trap vector. Among these irregular lines there 

were three that had shown extremely restricted patterns of expression and were 

therefore initially thought to be of considerable interest. However, since further



characterisation of the vector insertion proved difficult, and there was no obvious 

phenotype when they were bred to homozygosity, these lines were not studied further.

The enhancer trap expression screens that have proven so powerful in 

Drosophila genetics are thus not feasible in mice without the genotypic pre-screening 

on the ES cell level. Firstly, the time and space required to breed the necessary animals 

is greatly prohibitive. Secondly, the study of expression patterns in the mouse is far 

more labour intensive than in flies: embryos are not easily accessible and most mouse 

tissues require cryo-stat sectioning and counterstaining in addition to performing a p-

galactosidase assay.

The advent of 5’ RACE direct sequencing (Townley et al., 1997) has allowed 

for the rapid genotypic characterisation of gene trap lines created using vectors that 

require the expression of the interrupted gene in ES cells. Plasmid rescue techniques, 

as employed by Hicks et al. (1997) and Zambrowicz et al. (1998), will likewise allow 

for the rapid identification of mutations created using poly A gene trap vectors where 

expression in the ES cell is not a prerequisite of selection. Ultimately, these projects 

will provide for a complete allelic series of mutations covering the entire mouse 

genome. Characterisations of only those insertional mutations likely to cause the 

complete disruption of the gene at their site of insertion should be the priority of any 

expression screens conducted in the future.

199



Detailed analysis of non-lethal mutations is now the rate limiting step in 

maximising the data provided from gene trap screens. The data presented here show 

that a gene trapping approach to study the genetic basis of adult brain function is 

feasible. The use of expression markers in a given system provides a tool for narrowing 

the field of study to those lines of particular interest to the researcher. This screen 

demonstrates that a significant proportion of genes encoding secreted or transmembrane 

proteins are expressed both in ES cells, at a level allowing direct G418 selection, and in 

the adult brain. These data are in agreement with several other neuronal expression 

screens using similar gene trap vectors (Steel et al., 1998; Stoykova, et a l, 1998; 

Leighton et a l, 2001). In this study, screening for P-galactosidase activity in the adult

brain reduced the number of lines to be studied by more than six-fold.

The expression patterns for six genes expressed in the adult brain have been 

analysed. Two of the patterns provide details on genes of unknown function (Ex061 

and Exl53). The expression data available from these mouse mutations, along with 

sequence homology and protein domain prediction studies, provide the first steps 

towards understanding the function of these genes. Among the genes of known 

function, LAMC1 and APLP2 are brain expressed genes of general interest for which a 

cellular level mRNA expression pattern in the adult brain has been presented. In 

particular, the insertion into the gene encoding glypican-4 has shown a restricted pattern

200



of expression in the adult brain and mice were observed to be viable and fertile, thus 

permitting behavioural phenotypic analyses.

Ex194, A HYPOMORPHIC ALLELE OF GPC4

The selection of Exl94-GPC4 mutants for phenotypic analysis was prompted by 

two factors: interest in the gene family and its pattern of expression in the adult brain. 

Both of these provided a base from which initial phenotypic assays might begin. 

Firstly, expression in the HPA axis pointed to possible alteration in stress responses. 

The use of the open field test provided for a simple assay to assess such alterations and, 

indeed, it is possible that there is a reduced inhibition to the stress of the open field 

environment exhibited by the mice hemizygous for the Ex 194 insertion. Considering 

the limited sample taken, however, and the high rate of individual variability to which 

such stress responses are liable (review, Castanon and Mormède, 1994), a larger sample 

would be required to confirm these data. Furthermore, alternative tests to specifically 

address the fear and exploration behaviours of the animals (ie-a light-dark exploration 

test or the elevated plus maze) should be conducted to dissect these behavioural 

alterations more from any possible changes in locomotion capacities between the two 

groups.
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Another line of investigation was suggested by the expression of GPC4 in the 

hippocampal region. The limited expression pattern of a glypican encoding gene in 

these neurons is of physiological interest as well. Alterations in LTP and LTD that are 

required for learning and memory storage require tyrosine phosphorylation (O’Dell et 

al., 1991). Glypicans, via their HS moieties, have been shown to influence the 

signalling capacity of a number of receptor tyrosine kinases and might play a role in 

such alteration of phosphorylations during the establishment of LTP or LTD. Indeed, 

localisation of HS metabolising proteins in axons (Passini et al., 2002) could be 

envisaged to play a part in this; the cleavage of glypican HS around the synapse could 

greatly alter phosphorylation levels of the local population of intracellular tyrosine 

kinases known to interact with important ion channels such as the NMDA receptor.

No difficulties in spatial learning, however, were observed when mice 

hemizygous for the Ex 194 mutation performed the Morris water maze. Indeed, the 

mutants were able to learn the task more rapidly, although wild-type siblings were 

performed similarly by the end of two weeks of training. As previously observed in the 

open field test results, the mutants are less anxious and are thus less likely to display a 

thigmotaxic behaviour. Such behaviour allows these subjects to more directly reach the 

escape platform during the early days of their training in the water maze, and similar 

differences have been observed between different inbred strains of mice (Steinberger et 

a l, 2003).
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To better understand the differences in behaviour between the two groups, more 

specific tests would be required. As stated above, alternative tests to specifically look at 

the fear and stress responses of the mutant animals might be performed. To test the 

learning and memory capacity of the mutants, olfactory memory tests might be 

employed to decouple memory acquisition and locomotion and exploratory behaviour, 

or non-hippocampal dependent learning assays such as the conditioned avoidance test 

might be used to address whether the hippocampal activity of glypican-4 is linked to 

any alterations in the speed of memory acquisition. But most importantly, more animals 

would be required to be properly analyse the data without any possible interference due 

to differences in genetic background.

The fine phenotypic analyses of the Ex 194 mouse, however, are difficult to 

interpret. RT-PCR analysis has shown that the gene trap vector allows for splicing 

around the transgenic insertion and production of endogenous transcript; the presence of 

properly spliced GPC4 transcript in the Ex 194 hemizygous mutants is clearly the most 

disappointing aspect of this project. It also represents one of the major pitfalls in the 

use of the pGTl.Stm vector, or any other gene trap vector: there will be some cases in 

which the gene trap does not fully disrupt endogenous transcription (eg-McClive et al., 

1998; Voss et al., 1998). Indeed, it is cited on the website of the Gene Trap Project of 

the German Human Genome Project that approximately 10% of gene trap vector 

insertions allow for the continued expression of endogenous transcript by ignoring the



exogenous polyadenylation signal during transcription and splicing around the vector 

during transcriptional processing prior to translation. This, however, in no way 

diminishes the power of the gene trapping technique as a whole, nor of this specific 

vector. Furthermore, it does not effect preclude the use of the Ex 194 mouse line for 

expression studies, or possibly for phenotypic studies as a hypomorphic allele for the 

gene GPC4. Indeed, the full disruption of this gene may prove lethal, which would lead 

to the réévaluation of the possible uses for the Ex 194 line.

If the Ex 194 insertion has created a hypomorphic allele of GPC4, it is possible 

that the presence of at least six glypican genes has lead to a great deal of functional 

redundancy amongst the protein products of this gene family, thus masking any more 

severe phenotypes. For example, the gene trap insertion into the gene encoding 

glypican-1 (tissue sample the kind gift of Dr M. Veugelers) has shown GPC1 to be 

widely expressed in the forebrain, the thalamus and the basal ganglia (Figure 6.1). To 

date the pGTl.Stm vector has created insertional mutations in three of the six known 

glypican family members. Insertions into the gene encoding glypican-1 have proven 

viable and fertile when breed to homozygosity for the insertion, and no obvious 

phenotypes have yet been observed (personal communication Dr M. Veugelers and 

Prof. G. David). An insertion into the GPC3 gene has, however, produced an 

overgrowth phenotype similar to that of the human disease Simpson-Golabi-Behmel 

syndrome (Paine-Saunders et al., 2000), confirming the results found upon the creation



of a targeted mouse mutation (Cano-Gauci et a l, 1999). The disruption of other 

glypican genes, or the double disruption of family members, will help in elucidating the 

in vivo roles of the glypicans.

As there have been no reported instances of alternative splicing in the glypicans, 

the leaking of endogenous GPC4 transcript was somewhat unexpected. RT-PCR 

analyses of homozygous tissue from a more recent gene trap insertion of pGTl.Stm into 

the gene GPC1 have not revealed any endogenous transcript, thus confirming the 

production a "null" mutation of the gene (personal communication, Dr M. Veugelers 

and Prof. G. David). The site of insertion of this gene trap, however, is just downstream 

of exon 3. In the case of the Ex 194 insertion, the gene trap vector has inserted within 

the first intron which is over 200kb (personal communication, Dr M. Veugelers). The 

size of this intron allows for the possibility of secondary RNA structures that might be 

envisaged to interfere with the poly-adenyladon signal of the gene trap vector. In the 

processing of such transcripts it also is likely that the splice acceptor site at the start of 

the second exon is able to outcompete the transgenic en2 splice acceptor.

The gene trap of family member glypican-3 (line Ex 136) does demonstrate an 

overgrowth phenotype similar to that of Simpson Golabi Behmel syndrome but it has 

been shown that the gene trap line Exl36 has also been shown to “leak” properly 

spliced endogenous mRNA transcript (Dr W.C. Skames, personal communication). The 

availability of an antibody specific to glypican-3 has permitted investigators to
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determine by Western blot that the hemizygous males of the line Ex 136 produce little or 

no glypican-3 (Paine-Saunders et a l, 2000). It is thus likely that Ex 136 gene trap line 

has produced a hypomorphic allele to GPC3, and it is possible that this is also the case 

in gene trap line Exl94.

SUPER-TARGETING WILL BE POSSIBLE WITH Cre/loxP GENE TRAP VECTORS

The primary result from the second half of this study is thus the discovery of the 

expression pattern of GPC4 in the adult brain. The tight regulatory control of the 

glypicans will remain a topic of interest, alongside the growing understanding of their 

capacity to facilitate signal transduction. Therefore, the continued use of the Exl94 line 

as a marker for the expression of this gene will remain valuable. Further attempts to 

disrupt the gene by conventional gene targeting methods are also possible, and the first 

steps toward building such a vector have been undertaken.

The direct use of the line Ex 194 for super-targeting (Wilson and Tonegawa, 

1997), however, is not feasible. There are two main difficulties in super-targeting with 

Ex 194. Firstly, deletions in the 5’ region of the pGTl.Stm vector in several gene traps 

have been shown and this is thought to be the case in several other pGTl.Stm insertions 

(M. Steel and R. Lathe, personal communication). Still guarding the functional splice
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acceptor site, such deletions may leave less than Ikb of vector sequence for the creation 

of a targeting vector. As this is the case, it is crucial that further genomic DNA be 

cloned to create an effective targeting vector for homologous recombination at the site. 

The second difficulty in using the GPC4 gene as a site for supertargeting is widespread 

expression of the gene throughout development and in other tissues outside the brain. 

This is especially problematic as the gene lies on the X chromosome, leaving males 

carrying the transgene without an uneffected endogenous copy of the gene. 

Furthermore, creating new sites of insertion within intron 1 of the gene cannot be 

guaranteed to leave the levels of endogenous transcript uneffected-additional sequences 

could lead to a full disruption of endgenous GPC4 in supertargeted animals. The use of 

the transcriptional regulation of GPC4 for delivery of gene expression in the adult brain 

expression pattern should not involve the gene trap line Ex 194.

The use of gene trap vectors as a base for homologous regions with which to 

target genes of interest into the genome is, more generally, Counterproductive. 

Although the creation of a single vector carrying the gene trap vector sequences as 

regions of homology does represent a great gain relative to traditional gene targeting, 

even if it were feasible in every case the selection of homologous recombinatory events 

remains extremely time consuming. The use of BAG and PAG transgenics (review, 

Heinz, 2000) on a case by case basis, where large regions of genomic DNA might be 

used to drive the expression of a gene of interest, would seem preferable.
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A new generation of gene trap vectors, however, will solve the majority of the 

difficulties faced in using the gene trap lines for super-targeting. The inclusion of loxP 

sites flanking the lacZ reporter gene, as produced by Araki et al. (1999), will provide for 

an exchangeable site of integration in the genome. The use of cell type specific Cre 

producing transgenic animals will allow for finer control of such exchanges, further 

refining the harnessing of endogenous regulatory elements to deliver specific transgenes 

in vivo. The use of such loxP  flanked gene trap vectors has been adopted by other 

groups (Hardouin and Nagy, 2000), and ultimately the availability of such transgenic 

tools in the mouse will approach that of what is already available in Drosophila 

genetics.

FUTURE GENE TRAP PROJECTS

Although gene trapping in ES cells is likely to favourably target certain parts of 

the genome, the number of genes prone to such insertion have nonetheless not yet been 

exhausted (review, Evans, 1998). Furthermore, the use of vectors that require a basal 

level of endogenous gene expression in ES cells at the site of insertion for selection still 

produces a great variety of mutations of interest in the CNS (eg-Steel et al., 1998; 

Stoykova et a l, 1998; Leighton et a l, 2001). Selection for these mutations by



expression screening is feasible, provided that genotypic prescreening eliminates any 

uninterpretable insertions.

The use of a simple lacZ reporter gene, however, may not prove a sufficient tool 

in choosing what phenotypic analyses should be performed upon non-lethal mutations. 

To address this, Leighton et al. (2001) have constructed a new gene trap vector to mark 

the axons of neurons under the control of the endogenous promoter at the site of 

insertion. This construct will greatly facilitate the identification of subtle abnormalities 

and requires little more labour that the simple p-galactosidase activity assay used in the

screen conducted for this thesis. The identification of irregularities in neuronal 

connections will greatly aid in the selection of behavioural assays that might then be 

conducted. For example, alterations in olivo-cerebellar wiring might lead to subtle 

motor deficits that could be tested using a rotorod assay.

The in vitro screening of gene trap clones is also continuing to be refined. For 

example, the automation of in vitro gene trap screening may also become feasible with 

the use of flow cytometry and cell sorting of gene traps created using green flourescent 

protein as their reporter gene (Medico et al., 2001) to search for those gene expressed in 

response to a variety of growth factors. More specifically, selection for genes regulated 

by a specific homeobox gene (Mainguy et al., 2000) allows for the fine dissection of 

phenotypes caused by the simple deletion of these transcription factors's encoding gene
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in mice by a rapid preselection for insertional mutations of genes under their control.

CONCLUSION

Although the generation time and size of the mouse will remain prohibitive for 

certain genetic studies, many of the tools previously only available to Drosophila 

geneticists are presently being created in the mouse. Gene trapping in ES cells will 

ultimately provide an allelic series of mutations covering the entire mouse genome. The 

phenotypic analysis of these mutations will be the future challenge in mouse genetics. 

Part of this challenge is being addressed by gene trapping techniques; more refined in 

vitro  screening procedures and the use of exchangeable gne trap vectors. 

Neuroscience’s exploitation of gene trapping will also continue to grow with 

availability of new mutations and new exchangeable gene trap ES cell lines.
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Figure 6.1 : Expression of the gene encoding glypican-1, marked by the 
p-galactosidase activity of a pGTl.Stm  insertional mutation, and counter
stained with neutral red. Panel a shows the entire horizontal section and 
reveals expression in the cortex (Ctx), caudate putamen (CP) of the stria
tum, the thalamus and the molecular layer (ML) of the cerebellum. Panel 
b shows the expression in the hippocampal region, which is of less inten
sity in the CA1 neurons, and dentate gyrus (DG) than the CA2-3 neurons. 
Panel c shows a widespread expression throughout the thalamic nuclei, 
including the anterior ventral thalamus (AVT) and the posterior thalamas 
(PTh), staining is absent, however, from the paratenial thalamic nuclei (PT)



MATERIALS AND METHODS



INTERNET AND COMPUTER DATA RETRIEVAL AND MANIPULATION

Bioinform atics

BLAST (Basic Local Alignment Tool, http://www.ncbi.nIm.nih.gov/BLAST) 

searches w ere performed using the full variety of DNA sequence banks 

available (dbEST, EMBO, Genbank). Manipulation of DNA sequences has 

been  perform ed via the tools available online at InfoBioGen, Évry 

(http://www-infobiogen.fr). Signal sequence searches were performed online 

with the aid of the Signal P V1.1 (http://www.cbs.dtu.dk/services/SignalP/) . 

Oligonucleotide primer pairs for PCR reactions were selected online with the aid 

the PrimerS programme available at the the website of the Whitehead Institute 

at MIT (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3 www.cgi/).

cDNA Clone Retrieval

EST clones were obtained from the I.M.A.G.E. consortium (http://www- 

hio.llnl.gov/bbrp/image/image.html) via the UK Human Genome Mapping Project 

(HGMP, http://www.hgmp.mrc.ac.uk/).
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Image Manipulation

Images have been taken using a Hanamatsu Colour Chilled CCD camera, using 

R asterO ps Video Capture or via convential colour film. Slides of any 

photographs that were taken were scanned using a variety of different services 

and programmes, all files were then manipulated in Adobe Photoshop™ 6.0 and 

Adobe Illustrator™ 8.0 to produce the final figures.

MOLECULAR BIOLOGY

Bacterial S trains

Strain Description Genotype Reference

TG-1 an Ecok- derivative of JM101 SUPE> hsa0b> thi> °  Oac-proAB) Gibson, 1984

restriction deficient host for F  [traD36, proAB*, lacfl, lacZD

plasmids M15]

TG-2 a recombination deficient supE, hsdDS, thi, D (lac-proAB) M. Biggin,

derivative of TG-1 D (srl-recA) 306 :: Tn10 (tef) Pers- Comm.

F  [traD36, proAB1', lacfl, lacZD

M15]
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IN Va F' TA cloning® vector for the F  endA1, recA1, hsdR17, ( r f  Invitrogen®

cloning of PCR products , version B
mk+), supE44, relA1, thi-1,

150626
gyrA96, fSOIacZD M15D (lacZYA-

25-0024
argF)U169f

Table 7.1 : Bacterial strains used in this work are listed by name, description, genotype 
and associated reference. Media for bacterial growth were prepared as described in 
Sambrook et al., (1989).

V ectors

Vector / construct Description Reference

pBS KS+ II Phagemid derived from pUC 19 Short et al., 

1988

pCR™ 2.1 TA cloning® vector -  permits the cloning of Invitrogen®

dA-tailed PCR products version B

150626

25-0024

pGT1.8tm Secretory gene-trap vector with the En2 splice Skames et al

acceptor attached to the CD4 transmembrane 1995

domain and a pgeo fusion

pk-1 5'GPC4 fragment produced by RT-PCR and Jarvis,

cloned into pCR2.1, bp 174-594. unpublished
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pk-4 3'GPC4 fragment produced by RT-PCR and Jarvis,

cloned into pCR2.1, bp1369-2150 unpublished

Table 7.2: Vectors and constructs used In this work are listed by name, description and 
associated reference.

S o u rces  of R eagents

Chemical / Enzyme Source

General chemicals and solvents BDH, ICN

Biochemicals Sigma, Gibco BRL

Agarose MP Boehringer Mannheim

X-ray film Kodak, Dupont

Restriction enzymes Promega,Boehringer Mannheim

New England Life Sciences

Modifying enzymes Promega

PCR product purification systems Promega

Acrylamides Applied biosystems (ABI)

Table 7.3: General chemicals and enzymes utilised in this study are listed with their 
commercial source. Bacterial growth media were purchased from Media preparation, 
Division of Molecular Genetics, Glasgow University. Solutions and protocol specific 
chemicals and enzymes are defined In the text.
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C om petent Bacteria

Compotent bacteria were produced using the DH5a strain E.coli. Briefly, grow

a 50ml culture of bacteria overnight and inoculate 500ml, in a  21 flask (saving 

1ml of media for a  standard) at 37°C with at least 250rpm agitation. At an 

OD590 of 0.350 take the cells on ice for 15m, centrifuge at 4,000g for 10' at 

4°C, stopping without brake. Resuspend 500ml in a  total of 50ml of CaCI2 (get 

recipe) and leave on ice for 15'. Centrifuge for 5 minutes at 3,500g, again 

stopping without brake. R epeat, leaving on ice for 30 minutes, and 

resuspending pellet in 15ml of CaCI2 solution, thoroughly but very gently. Cells 

are left overnight on ice and then al(quoted in prechilled sterile Eppendorf tubes, 

frozen on liquid nitrogen and stored at —80°C for up to one month. 

Transformation of bacteria is performed by adding DNA to the aliquot on ice for 

30', 37°C for 5', ice for 5'. Add to 1 ml of LB and grow for 45' at 37°C with gentle 

agitation. Bacteria are plated with beads onto LB agar plates with appropriate 

antibiotic for selection.
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Plasm id DNA Preparation

All large scale preps were prepared by Qiagen kits, a s  per manufacturer's 

instructions. Preparation of PAC DNA was modified only to avoid shearing the 

large fragm ents and the final elution of DNA from the affinity column was 

performed with heated (65°C) P3 buffer.

“Mini-Preps”

Small scale prepartion of DNA from individual colonies, mini-Preps , were 

performed roughly a s  per Zhou e t  a/. (1990). Briefly, 1.5ml of overnight 

bacterial culture is pelleted and resuspended in 50pl of TE. Alkaline lysis buffer

is added and the solution is gently mixed, followed by sodium acetate. Cell 

debris is separated by centrifugation and supernatant is put into a  fresh tube. 

DNA is precepitated with ethanol, w ashed with 70% ethanol and resuspended 

in 20-50pl TE with RNaseA.

RNA Preparation

RNA preps w ere prepared using RNazol or TRIReagent kits, a s  per 

manufacturer’s instructions.
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Genom ic DNA Preparation

Tissue or cells were put in a solution of 0.5mg/ml of proteinase K (Sigma) with 

10mM Tris HCI (pH8), SONaCI, 50mM EDTA and 0.5%SDS (for the genotyping 

of mice, 1-2cm of tail was put in 0.4ml of the above solution), incubated 

overnight at 55-60°C. The next morning, 5M NaCI is added to make a final 

concentration of 1.05M NaCI, sam ples are vortexed for 30 seconds, then an 

equal volume of chloroform is added and sam ples are vortexed again for 30 

seconds. Samples are spun in Eppendorf tubes in a  benchtop microfuge for 10 

minutes (10,000g), the genomic DNA is present in the aqueous phase and 

ready for use in dot blot hybridisations or PCR.

DNA and RNA Purification 

Phenol extraction

Phenol (TE saturated: 10 mM Tris, 1 mM EDTA) was added to each tube in a  

ratio of 1:1 (v/v) and mixed vigourously by rapid inversion. The tubes were 

centrifuged (Heraeus, Biofuge; unless otherwise stated) at 12,000 g for two 

minutes and the aqueous phase removed to a clean tube.
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Chloroform extraction

Chloroform was added to each tube in a  ratio of 1:1 (v/v), mixed by inversion 

and then centrifuged at 12,000 g for two minutes The upper phase was then 

removed to a  clean tube.

Ethanol and  isopropanol precipitation 

To each tube 0.1 volumes of 3 M sodium acetate and either 2.5 volumes of 

ethanol or an equal volume of isopropanol were added. The tubes were then 

mixed by inversion and placed on ice for 10 -120  minutes (protocol dependent) 

and centrifuged at 12,000 g for 10 - 30 minutes (protocol dependent).

Gel Extraction of DNA

Restriction fragments were separated on agarose gels a s  described below and 

the appropriate DNA fragment isolated using the Qaiex II gel extraction kit in 

exact accordance with the manufacturers instructions.

Direct Sequencing of G ene Trap Lines

Direct sequencing of gene trap lines from ES cells a s  Townley e t al., 1997 and 

is outlined below. ES cells are grown to confluence in six well plates to which
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1ml of RNazolB is added. Cells are removed by scrapping and pipetting 

vigorously on ice and placed in DEPC treated 1.5ml Eppendorf tubes with 100*11

of chloroform, vortexed 15” and left on ice for 5’. Tubes are then spun at top 

speed in a  microfuge at 4°C for 15' and the aqueous phase is removed to a 

fresh tube. One volume of isopropanol is added and RNA is left to precipitate 

on ice for 15' and then collected with a 15’ centrifugation as  before. 

Supernatant is removed and placed and the pellet is washed in 75% ethanol (in 

which it may be stored at -70°C). The RNA pellet is left to dry briefly on ice and 

is resuspended in 20-50*il of DEPC treated water and the OD-260 is measured

at 1:100 dilution. Taking 10*ig of RNA the first strand synthesis is performed

using 1*il of 10ng/*il of primer 1 and sterile water up to a volume of 11*il, heat to

70C for 5’ minutes, chill on ice and spin down. On ice 4*il of 5x first strand

buffer, 2*il of 0.1 M DTT and 1 *il of 10mM dNTP. Tubes are placed at 37°C for 2

minutes and then 1*il of Superscript II is added, leaving to incubate at 37°C for

1 hour and then at 42°C for 30 minutes. The tubes are then treated with 2.2*il

of 1M NaOH and heated to 65°C for 20 minutes and neutralised again on with 

2.2*11 of 1M HCI. The total volume of the first strand reaction is then left to
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microdialyse for 4 hours on an 0.025|nm filter floating in a  petri dish of sterile TE.

After the dialysis the first strand product is taken up in 20^1 of ddH20 to which

6\x\ of 5x TdT buffer is added along with 2^1 of 2mM dATP. Tubes are left at

37°C for 2 minutes, then adding 2\i\ of TdT and leaving for 5 minutes at 37°C

and then 2 minutes at 70°C. PolyA product is spun briefly and then 15^1 is used

for second strand synthesis. To the tailed cDNA add 2pJ of 10 restriction buffer

M (Boehringer Mannheim), l^il of 10mM dNTPs, 1^1 of oligo 56 (10ng/p,l) and

1pJ of Klenow fragment (2units/pJ). Sam ples are left at room temperature for 30

minutes, then at 37C for 30 m inutes and finally at 70C for 5 minutes. 

Microdialysis is repeated as before, but using an 0.1 p.m filter for 4 hours.

Sample is recovered from the dialysis in 37pil of sterile water. The 37p,l of cDNA

is used at the template in the first round of RT-PCR, adding to which 5 jliI of 10x

PCR buffer, 4p,l of 25mM MgCI2, 1 pJ of 1OmM dNTPs, 1pl oligo 59, 1pl oligo 67

(each 100ng), and 1pl of Amplitaq (Perkin Elmer). Sam ples are covered in

mineral oil and a  cold start PCR is run for 30 cycles, 94C for T30”, 60C for 

1 '30", 72°C for 3'00". Afterwards size selection is performed by 4 hours of 

microdialysis against an 0.1pm filter as before, taking up in 40p! of sterile water,



Second round PCR is performed with 5pl of the size selected first round product 

as template, adding to which 5pJ of 10x PCR buffer, 4|nl of 25mM MgCI2, 1pl of 

10mM dNTPs, 1pl oligo 55, 1pl oligo 105, 5' biotinylated (each 100ng), 1pl of 

Amplitaq (Perkin Elmer) and 32pl of sterile water to a  total volume of 50*11.

Sam ples are  covered in mineral oil and PCR is run as previously and size 

selection is performed likewise. Labeled sam ples are then prepared to be run 

on the sequencing gel. First, 20*il of Dynabeads are prepared, in accordance 

with manufacturer’s instructions, resulting in 40*il of magnetised and biotinylated 

beads per product, which are added to 40*il of diluted second round PCR 

product (5*il PCR product) and left to incubate for 15 minutes such that the

beads remain in suspension. DNA is then denatured by removal of the 

supernatant using magnet to retain the beads, washing the beads with 40*il of

1x B&W buffer once, and then resuspending in 5*il of fresh 0.1M NaOH,

incubate at room temperature for 10 minutes. Supernatant is then removed, 

beads are washed once wth 50|il of 0.1 M NaOH, once with 40pl of B&W buffer

and once with 50*il of TE, finally resuspending the single strand product in 25|il

of sterile water, which is run on a polyacrylamide gel, fixed, dried and exposed
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on autoradiography film overnight.

A garose gel e lectrophoresis

Agarose gels of differing concentrations (0.5-2% w/v) were prepared in 1 x TAB, 

using multi purpose agarose MR (Boehringer Mannheim) and incorporated 

ethidium bromide at 4 p,g/ml. Electrophoresis was performed at 50-100 volts for

1-3 hours at room temperature. DNA was visualised under ultra violet light. 

D ouble-Stranded DNA Probes

DNA fragments for probes were generated  by PCR or restriction digests of 

plasmids and then purified by band isolation from agarose gels. DNA probes 

were labeled using a  protocol based  that developed by Feinberg and 

Vogelstein, 1983, which utilises a  mixture of random hexamers in the priming of

DNA synthesis. cx32dATP (3,000 Ci/mmol, 10 mCi/ml) is incorporated in this

synthesis reaction. The reaction w as se t up using the Ready to go™ DNA 

labelling kit (Pharmacia Biotech) and was performed in accordance with the 

manufacturers instructions. Probes were then purified by passage through G50 

Nick™ Sephadex, columns (Pharm acia Biotech) in accordance with the
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manufacturers' instructions and the incorporation of radioactivity assesed  by 

scintillation counting. All double stranded (DS) DNA probes utilised in these 

studies demonstrated radioactive incorporation in excess of 108 cpm///g.

T ransfer of Nucleic Acids to Nylon M em branes via Southern Blotting

DNA sam ples were cut with the appropriate restriction enzym es, a s  per 

manufacturer's instructions (sources included Promega, New England Biolabs 

and Stratagene) and migrated onto TAE buffered agarose gels of 0.6-2.0%, as 

per Sambrook et al. (1989). Agarose gels were prepared for transfer onto nylon 

by successive immersion in 0.5 M NaOH, 1.5 M NaCI (20 minutes); 0.5 M Tris 

pH 7.5, 1.5 M NaCI (20 minutes) and 20 X SSC for 20 minutes (1 X SSC is 0.15 

M NaCI, 0.0015 M sodium citrate). Southern transfer (Southern, 1975) of DNA 

onto Magna™ nylon membrane (MSI) was performed overnight by capillary 

action, at room temperature and in the presence of 20 X SSC. The membrane 

was subsequently rinsed in 6 X SSC and placed at 80°C for 2 hours.
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Dot Blot Genotyping

Genomic DNA sam ples prepared from the tails of transgenic animals as 

described above, 5 0 J  of this preparation was mixed with 15 0 J  of 0.53 NaOH 

in a  96 well microtiter plate, and left to denature at 37°C for 30 minutes. 

Simultaneously, Hybond N+ membrane is prepared by soaking briefly in water 

and then for 5 minutes in 0.4M NaOH, an matching piece of Whatmann 3mm 

paper is likewise wett with 0.4M NaOH. The wet Hybond N+ membrane was 

placed on top of the Whatmann paper in a  96 well dot blot apparatus (Biorad), 

which was clamped shut and the denatured genomic DNA sam ples were 

transfered into its wells. The DNA sam ples were left for 30 minutes on the 

membrane, then were pulled through the membrane with a  vacuum pump. The 

Hybond N+ paper allows for the direct fixation of denatured DNA, and the 

membrane was rinsed in 150mM sodium phosphate buffer with 0.1%SDS for 30 

minutes, then used for hybridisation as outlined below.

Hybridisation of labelled p robes on to  fixed DNA

Prehybridisation for 30 minutes at 65°C in a  solution of 0.5M sodium phosphate 

buffer, 7% SDS with 0.05g of Marvel Milk™ powder per 10ml total volume was
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followed by the addition of the denatured probe double stranded probe, after 

which after which the blots were left to hybridise overnight. Filtres were then 

washed three times for 15 minutes in a  solution of 30mM sodium phosphate, 

0.1% SDS, wrapped in cellophane and left to expose onto autoradiographic film 

for an appropriate length of time.

Screening of PAC libraries

PAC clones were isolated by hybridisation screening using double stranded 

DNA labelled probes as described above. PAC clones were isolated from high 

density filtres of the mouse genomic PAC library RPCI21 of the Roswell Park 

Cancer Center, Buffalo, NY, USA (obtained through the UK Human Genome 

Mapping Project).

RT-PCR

RNA was prepared from the kidneys mutant and wild-type siblings using Sigma 

TriReagent, as per manufacturer's instructions. RNA was diluted to 1 mg/ml. 10 

p,g of RNA was denatured at 95*C for 5 minutes, and reactions were set up, on

ice, in 20 pJ volumes and contained: 40U RNasin, 1x reverse transcription
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buffer (Promega), 0.1 mg/ml BSA, 200 dNTPs, and 10 U AMV reverse

transcrip tase. The reactions w ere placed at 42eC for one hour and 

subsequently placed at 95eC for 5 minutes in order to heat inactivate the 

enzyme. Subsequently, PCRs were performed in 50pl volumes, using 2pl of

cDNA template and adding 5pl of each appropriate primer at concentractions 10

pmol/pll, 2\l\ of dNTP mixture (lOmM-Amersham-Pharmacia), 5pl of MgCI2

(25mM), 5pl of PCR buffer II (Perkin-Elmer) and 10 units of Taq polymerase

(Perkin-Elmer). PCR was then run for 30 cycles: 94eC, 1 minute; 55eC, 1 

minute, 72°C, 2 minutes all followed by 5 minutes at 72‘C. Primers were 

intermatched from the following: Fusion-1: 5 -GAC GTC TCT ACG TGT CCA 

AAG G-31; Fusion-2: 5 -GAC ACC TTT TGG TTC TTT AGG G-3'; Exon-1: 5'- 

ACA TGC TGT TCT CAA GAG ATG G-3'; Exon-2: 5 -TAA GTG GCC ATA TGT 

CTT CAC G-3'; and control primers for y-actin, DL152: 5 -GCA ATG GAA GAA

GAA ATC GCC G-3'; DL153: 5 -GTC ACC AGA GTC CAT GAC AAT G-3'-the 

kind gift of Dr D. Livingstone- and were all supplied by GibcoBRL.
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CELL CULTURE

Embryonic stem  cells

The embryonic stem (ES) cell line CGR 8.8 was a  kind gift of Dr Bill Skarnes 

(Medical Research Council, Centre for Genome Research, Edinburgh).

Preparation of tissu e  culture flasks and  p lates

All tissue culture flasks and plates were gelatinised a s  follows: The growth 

surface of each receptacle was overlaid with a 0.1% gelatin solution and placed 

at room tem perature for at least 15 minutes prior to use. The excess gelatin 

solution was aspirated immediately prior to use.

ES cell culture

The medium used for cell culture in this study contained: 1 X minimal essential 

medium (MEM), 0.25% sodium bicarbonate, 1 X non-essential amino acids, 1 

mM sodium pyruvate, 2 mM Glutamax™ (Gibco BRL, Life Technologies), 

0.77% v/v b-mercaptoethanol, 10% S-serum (Foetal calf serum, Sigma), 100 

//g/ml penicillin/streptomycin and 2 x 104 U/ml Leukaemia Inhibitory Factor
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(LIF). 1 ml of medium was added to a  cryovial containing CGR 8.8 cells, thawed 

rapidly at 37°C. The cells were dispersed by gentle pipetting and removed to a 

gelatinised 5 cm2 tissue culture flask. The volume was increased to 5 ml by 

further addition of medium. The flask was then placed at 37°C in the presence 

of 5% C 0 2 overnight. The medium was then aspirated and replaced with 7.5 ml

of fresh medium and placed at 3 7 'C  in the presence of 5% C 02  for 24 hours. 

The medium was then aspirated and the cells washed twice with 7 ml of 1 X 

PBS. 1 ml of TVP (0.025% Trypsin, 1% v/v chick serum, 1 mM EDTA and 1 X 

PBS) was then added to the flask and the flask agitated until the cells were 

observed to release from the flask (normally 3-4 minutes). 5 ml of medium were 

added to the flask and the cells transferred to a  50 cm2 flask. This cycle of 

feeding and trypsinising was repeated twice over the ensuing four day period; 

the cells being transferred to 75 cm2 and 150 cm2 flasks in succession.
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HISTOLOGY

Sectioning and X-gal Staining

Frozen horizontal sections (30 jum) of brains from six-week-old mice were fixed

(0.5% glutaraldehyde, 30 minutes). A total of twelve sections were taken per 

brain, at 3.5 mm intervals, and stained at 37°C overnight in a  PBS buffered 

solution containing 1 mg/ml of 5-Bromo-4-chloro-3-indolyl fD-galactoside (X-

gal) a s  previously published (Skarnes et al., 1995). A secondary fixation was 

performed after staining, followed by counterstaining in 1% Neutral Red (BOH 

Laboratories). The sections w ere then dehydrated by passing through 

increasing v/v ethanol concentrations (70-100%), isopropanol and xylene, then 

mounted with D.P.X. Neutral Mounting Medium (Aldrich). Sectioning of different 

tissues were altered only in cutting temperature.

Slide T reatm ents

All slides were precleaned heat treated glass, and were coated with TES PA 

prior to mounting sections. Slides were racked, dipped into 2% TESPA/acetone 

(v/v) for 10", then rinsed twice in pure acetone and left to air dry in hood. Slides
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were then kept at 4°C for up to one month prior to use.

G FAR Im m unohistochem istry

Sections of adult Ex194 heterozygote and/hemizygote m ouse brains were 

sectioned and fixed in gluteralhyde and exposed to X-gal as indicated above. 

After the overnight exposure to X-gal, the sections were fixed again in 

gluteralhyde solution for 30 minutes, and rinsed one time in TBS with 0.01% 

SDS for 5 minutes and 3 times for 5 minutes in TBS. Using a  monoclonal anti

body against the protein G FAR (the kind gift of Dr M. Hajihosseini) diluted 1:800 

in TBS, the G FAR antibody was incubated with the sections overnight at room 

tem perture. Sections were w ashed 3 times in TBS for 5 minutes, then 

incubated with a secondary biotinylated anti-body for 2 hours and linked to an 

avidin-biotin (Vectastain Avidin Biotin Kit, Vector, Inc.) and marking was 

revealed via a  diaminobenzidine (DAB) oxydising in the presence of hydrogen 

peroxyde.
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In situ  hybridisation 

O ligodeoxyribonucleotide p robe

Frozen horizontal sections (12|nm) w ere thaw ed and  fixed in 4%

paraformaldehyde in PBS for 5 minutes at room temperature, then rinsed twice 

in PBS and acetylated (acetic anhydride in 100 mM triethanolamine, 0.8% w/v 

NaCI, pH 8.0, 10 min). Sections were then dehydrated by passing through 

increasing v/v ethanol concentrations (30-100%) treated with chloroform, rinsed 

in ethanol and allowed to dry. Sections were pre-hybridised under a  drop of 

hybridisation buffer (50% formamide, 500 mg/ml sheared single-stranded DNA, 

250 mg/ml yeast tRNA, 1X D enhardt’s  solution, 10% dextran sulfate) 

containing, in addition, 50 mM a-thio-dATP, for two hours at 37°C under a  wax-

film coverslip. Pre-hybridisation solution was removed by aspiration and 

replaced with approximately 45 *il per section of hybridisation buffer containing

6
1.5x10 dpm of terminal deoxyribonucleotidyl transferase  labelled 49m er 

(Mmapphall : 5 'AAT CTG AGG CTG AGC AAC AGO GAA GCC TGT TCC AGC 

ATT GGC TGC AAG A 3') oligodeoxyribonucleotide probe, and 100 mM DTT. 

Hybridisation was for 24 hours at 37°C. Sections were rinsed rapidly through

several changes of 1X SSC to remove coverslips and hybridisation buffer, then
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w ashed four times for 15 minutes each in 2X SSC, 50% formamide at 40°C

followed by two thirty minute w ashes in 1X SSC at room temperature. Sections 

were dipped briefly into water and allowed to dry before exposure to Kodak 

Biomax autoradiography film.

R ibonucleotide probe

Frozen horizontal sections (10pm ) of m ouse brain w ere fixed (4%

paraformaldehyde, 10 minutes), rinsed, treated with proteinase K (20 pg/ml in

50 mM Tris-HCI, pH 7.4, 5 mM EDTA, 5 minutes), and fixed again. After 

acétylation (acetic anhydride in 100 mM triethanolamine, 0.8% w/v NaCI, pH 

8.0, 10 min) sections were dehydrated by passing through increasing v/v 

ethanol concentrations (30-100% over 10 min). After chloroform treatment (5 

min) and rinsing with ethanol, sections were air dried. Hybridisation (16 hours, 

55°C) was performed with a plasmid-generated riboprobe, corresponding to a

1.2 kb EcoRI S a d  fragment of the p-galactosidase gene, in 50% formamide,

0.3M NaCI mM Tris-HCI, 5 mM EDTA, 10 mM NaPO^, 10% dextran sulfate, 1X

Denhardt's solution, 0.5 mg/ml yeast RNA. Slides were prewashed (5X SSC, 

10 mM DTT, minutes, 55°C) and then washed at high stringency (50%

formamide, 2X SSC, 0.1 M DTT, 30 minutes, 65°C). Slides were then rinsed
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thoroughly (0.5M NaCI, 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 10 minutes, 

37°C) and treated with RNase A (20 //g/ml, 30 minutes, 37°C) before a  further

high stringency wash. Following rinses in 2X SSC and 0.1 X SSC, sections 

were dehydrated through increasing concentrations of ethanol (v/v, 70-100%) 

containing 0.3M ammonium ace ta te , air dried and exposed to Biomax 

autoradiography film (Kodak).

TRANSGENIC ANIMALS 

ES Cell C him eras

Chimeric embryos and germ line mice were produced by injection of C57BL/6 

blastocysts and implantation into pseudopregnant F1 females (Skarnes et ai., 

1992).
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BEHAVIOURAL ASSAYS

O pen Field Test

Animals were kept in a 12 hour: 12 hour light cycle, housed under standard 

conditions at 22°C with food and water ad libitum. Subjects were kept in the 

testing room for two weeks prior to testing, and were all tested in the early 

afternoon, or second half of the light cycle. The open field arena consisted of a 

plain white box of approximately 70cm x 70cm, with 50cm sidewalls to prevent 

escape. A grid of lines divided the box into 49 equal squares. Animals were 

placed in the central square of the grid, and filmed during ten minutes, after 

which the arena was cleaned prior to the introduction of the next subject. Film 

w as later reviewed and scored for the following param eters: latency to the 

perimeter, total squares travelled (divided by rank from the centre, X, to the 

sidewall adjacent, C), as  well a s  incidents of rearing, grooming, defaecation and 

urination.
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Morris W ater Maze

Testing was carried out in an open field watermaze (Morris 1981, 1984) of 2m in 

diameter and 0.6m in depth, filled with water at 25°C to a level of 0.3m. The 

pool was located in the centre of a  room containing prominent visual cues 

outwith the maze: wall posters, a  metal rack, cupboards, etc. The room was 

diffusely light by flodlights in each of the four corners. Mice were placed into the 

water facing the sidewalls and learned to escape onto a  submerged platform 

~20cm in diameter. The platform w as obscured by the addition of cempolatex 

liquid (Cementone-Beaver, Ltd). Trials were recorded by a  video cam era 

placed directly above the centre of the pool. Each trial was recorded on tape as 

well a s  being put on line into an image analyser (HVS VP112). Coordinates 

were sam pled at 10Hz by an Acorn Archimedes 3000 computer running 

specialised “w aterm aze” software designed by R. Spooner of the Morris 

laboratory, University of Edinburgh. The programme records the swim path of 

the mouse and calculates a set of behavioural m easures including latency to 

reach the escape platform, path length and time spent in each region of the 

pool.
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Pre-training

Prior to spatial acquisition training, mice receive one session of non-spatial pre

training. This consist of 4 trials of 60 seconds each during which curtains are 

drawn around the pool to hide visual cues throughout the room. The platform 

position and the starting position of the animals is varied according to a  pseudo

random schedule and mice which failed to reach the platform within the allotted 

time were guided to the platform. Upon reaching the platform animals were left 

for 30 seconds. This pre-training introduced the subjects to the procedure 

including such aspects a s  the need to avoid the side walls and the existence of 

the escape platform without introducing the spatial aspects of the test.

Acquisition training

For the following 4 days mice were given daily blocks of 4 trails to a  fixed 

platform location without the curtains, revealing extra maze cues throughout the 

room. Starting positions were randomised and animals tat failed to reach the 

platform in 120 seconds were guided. Mice were allowed to remain on the 

platform for 30 seconds following the end of each trial. In order to avoid any 

positional biases, half the subjects were trained to a platform position in the NE
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quadrant of the pool, whilst the remainder were trianed to a  position in the SW.

Transfer te s t

24 hours after the final day of acquisition training, the memory of the subjects 

for platform location were tested in a  transfer test during which the platform was 

removed and the animal was allowed to swim freely for 60 seconds. This test 

was recorded and analysed to ascertain the time spent in each of the four 

quadrants of the pool, NE, NW, SE and SW. The percentage of time spent in 

each of these makes up the primary m easure of performance. This transfer test 

was repeated again after a  second four days of training, and analysed likewise.

Visually cued ta sk

At the end of training the mice were run on 4 visible platform trails. Herein the 

platform was marked out by a 5cm tall flag. Both the platform and starting 

positions were random ised, and  the curtains were drawn to minimise 

interference from previously learned spatial information.
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