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ABSTRACT

Retinoids, such as 9 cis retinoic acid (9cRA) and all trans  retinoic acid (tRA), 

are signalling molecules that are important for the establishment of the 

correct behaviour of many different types of cells during embryonic

development and adult life. Retinoid X receptors (RXRs) and retinoic acid

receptors (RARs) are transcription factors that mediate the effects of

retinoids by binding to them. RXRs can also be involved in the mediation of

non-retinoid signalling molecules because they can form heterodimers with 

other transcription factors such as thyroid hormone receptors and vitamin D 

r e c e p t o r s .

The objective of the present work was to provide information about the role 

of RXRy during rodent development. I isolated a truncated rat RXRy cDNA

clone by screening a rat cDNA library with a chick RXRy cDNA probe. Using 

the rat clone as a probe, I examined the expression pattern of RXRy in rat

embryos and found it to be mainly restricted to specific regions of the

peripheral and central nervous systems and in skeletal muscle. Its 

expression in adult rats was also examined and was found to be expressed in 

specific regions. These include skeletal muscle, heart, brain, sciatic nerve

and liver. I also examined the expression of RXRy in mouse embryos and

found it to be essentially the same to that observed in rats.

The role of RXRy in rodent myogenesis was examined by comparing its

spatio-temporal expression with that of muscle-specific genes of known 

function so as to establish the timing of the initiation of RXRy expression. I

showed that the initiation of RXRy expression was concomitant with muscle

differentiation of limb but not early myotomal myoblasts, suggesting that it 

may be involved in limb myoblast differentiation and that retinoic acid may 

be a myogenic differentiation signal. This hypothesis was tested in vitro, 

using a skeletal muscle cell line. As predicted, both 9cRA and tRA were able 

to relieve the serum-induced inhibition of myoblast differentiation and RXRy 

was expressed during this process. RXRy may mediate the differentiation 

effect of retinoic acid because its expression was not induced by retinoic acid, 

since it was expressed in myoblasts in the absence of retinoic acid.

The expression of RXRy in the developing nervous system suggested that it 

may be involved in the transcriptional regulation of neurone-specific genes. 

Candidate target genes include those which code for neuronal nicotinic 

ace tylcholine receptor (neuronal nAChR) subunits. The present work
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supports this because I showed that overexpression of RXRy in BHK cells

activates reporter gene expression from a promoter which is under the

control of upstream regulatory sequences derived from the neuronal nAChR 

a  2 subunit gene, and 9cRA enhances this activation. Moreover, this effect 

was cell type-specific because when ND7 cells were used, no activation was 

observed in the presence of RXRy and 9cRA. This shows that the function of 

R X R y  can be influenced by trans-acting factors.

Finally, I showed that the expression of RXRy in postnatal heart is age-

dependent, suggesting that it may be involved in the regulation of genes 

whose expression is age-dependent. Moreover, I demonstrated that treatment 

of primary cultures of neonatal rat cardiomyocytes with either thyroid 

hormone or tRA leads to changes in RXRy expression. This finding is

consistent with the proposed role of RXRy because there is evidence 

im plicating these two signalling molecules in cardiac age-dependent 

c h a n g e s .
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CHAPTER I

INTRODUCTION 

1.1 - Foreword
The aim of the present work was to understand the role of the retinoid

receptor RXRy and its relationship with the retinoid retinoic acid, during

rodent embryonic development. Thus, this chapter provides background

information about embryonic development, the role of retinoids and retinoid 

receptors in development, and gives information about the action of retinoid

receptors at the molecular level.

1.2 - Development, cells and genes
This section deals in very general terms with what happens during

embryonic development so as to serve as background knowledge for the 

understanding of the potential role of the transcription factor RXRy and the 

signalling molecule retinoic acid. Vertebrate embryonic development can be 

defined as the gradual transformation of the small and structurally simple 

fertilised egg cell into a bigger and incredibly complex m ulticellular 

organism (Slack, 1991; Wolpert, 1991). Cell behaviour, such as cell 

multiplication, cell movement, changes in cell shape and character, brings

about development. Since gene action controls cell behaviour it follows that

gene action governs development.

The early embryo is not transformed into its mature form in one step. 

Instead, this transformation takes place in several stages and involves 

position dependent changes in cell commitment and cell potency. These two 

terms describe two different aspects of the same cell property: (a) cell

potency is the total of all the things into which a given embryonic region or 

cell has the potential of becoming (b) cell commitment refers to the
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developm ental pathways available to a region or cell at a given 

developmental stage. Early embryonic cells are totipotent because they can 

become any cell type. For example, in early mammalian embryos there is a 

region called the inner cell mass which gives rise to all the tissues of the

embryo proper. These cells are totipotent. As development proceeds several 

position-dependent changes in cell potency take place giving rise to a 

gradual subdivision of the embryo into regions that have different potencies. 

Thus, an early embryonic region becomes its mature form only after it has 

gone through several transformations, each being a different transient 

embryonic structure. These changes in potency are restrictions of potency 

which ultimately result in a region being unipotent (capable of giving rise 

to only one type of structure) just prior to its final transformation into its 

mature form.

If one wants to understand embryonic development one needs to understand

how pattern formation takes place. That is, understanding why the potency 

of a given region becomes restricted in one way and not another and why a 

specific restriction of potency is experienced by a given region and not 

another during a given embryonic stage. Insight into this comes when one 

realises that having the potency to change behaviour is necessary but not 

sufficient for the change to occur. In order for such changes to occur cells 

need to receive information in the form of signals. There are two known 

types of signalling: cytoplasmic localisation and induction. Cytoplasmic

localisation presupposes differential distribution of regulatory molecules in 

the cytoplasm of a cell. Then in the course of an asymmetrical cell division

the two daughter cells inherit d ifferen t regula tory  m olecules and 

consequently behave differently. Induction requires that signalling comes 

from outside the region that responds to the signal. The ability of a cell to

respond to an inductive signal is called competence.
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Signals are selective rather than instructive. That is, a signal selects a 

developmental pathway out of several pathways available, and does not 

instruct the cell to follow a pathway which it does not have the potency to

follow. Evidence for this comes from experiments involving inductions 

between tissues from different species where the rule is that the nature of 

structures formed by the responding tissue is limited by the range of the

available developmental pathways present in the responding tissue. For 

example, mouse dermis induces hairs from mouse epidermis, but feathers 

from chick epidermis and scales from lizard epidermis (Slack, 1991).

When cells, upon reception of a signal change behaviour to become 

something, they are said to be determined to become that something when

they can do so independently of their embryonic environment. The act of 

changing cell behaviour is called differentiation and the cell state achieved 

is called state of commitment. When this state is the one found in the mature 

organism it is referred to as the terminally differentiated state.

Genes important for pattern formation are those that are responsible for the 

generation , reception and interpretation of developmental signals so that a 

cellular response is made. Examples of such genes are those which code for 

membrane-bound receptors, transcription factors, or secreted proteins that 

act as signalling molecules. The next section deals with the role of retinoids 

as signalling molecules during vertebrate embryonic development.

1.3 - Retinoids and vertebrate developm ent

1.3.1 - Retinoid metabolism

The term "retinoids" has been used to designate all natural and synthetic 

isomers and derivatives of vitamin A, alternatively known retinol. They are a 

family of low molecular weight, hydrophobic molecules. All retinoids in the
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body originate in the diet either as provitamin A carotenoids or as preformed 

retinoids. The dietary carotenoids undergo a series of metabolic conversions 

extracellularly in the intestinal lumen and intracellularly in the intestinal 

mucosa, which result in the generation of retinol. The absorbed retinol is 

transported to the liver, where the majority of the body's retinoids are stored 

as retinyl esters. Retinol enters the circulation, bound to retinol-binding 

protein and is subsequently delivered to target tissues. A number of 

interstitial retinoid binding proteins have been identified in extracellular 

spaces, suggesting that they may be involved in the delivery of retinoids to 

cells. Once inside the cell, retinol can be metabolised to all trans retinoic acid 

(tRA), 9 cis retinoic acid (9cRA) and other retinoids (Blomhoff et al., 1990; 

Blaner and Olson, 1994). Endogenous retinoids include, tRA, 9cRA and 13 cis 

retinoic acid (13cRA).

1.3.2 - Retinoids and embryos

Retinoids are very important for the correct embryonic development of 

vertebrate embryos, including humans and rodents, because they are 

present in embryos and their absence or excess results in the generation of 

developmental defects (Morris-Kay, 1993; Means and Gudas, 1995).

The importance of retinoids in human embryos became evident when 

pregnant women took the oral medication isotretinoin (13cRA) for the 

treatment of severe dermatological conditions. This resulted in spontaneous 

abortions, premature delivery and the generation of malformed foetuses and 

infants (Lammer and Armstrong, 1992). This condition is known as retinoic 

acid embryopathy. These defects were detected in autopsies of foetuses and 

included brain, craniofacial and cardiovascular malformations. Surviving 

children showed abnormal neurological signs such as functional deficits of 

the visual and auditory systems and subnormal IQ scores. Some of these 

neurological signs may be the result of isotretinoin-induced abnormalities in
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structures derived from the hindbrain. These included dilation of the roof of 

the fourth ventricle and malformations in the cerebellar hemispheres.

S im ilar abnorm alities  were observed in rodent em bryos after oral 

administration of pregnant females with tRA (Morriss, 1972; Kraft et al., 1989; 

Horton and Maden, 1995). These defects must be the result of transient 

elevations in the concentration of endogenous retinoids. The embryonic 

levels of orally administered tRA, 9cRA and 13cRA, peak at 2 hours after 

administration and become very low at 4 hours after administration and are 

undetectable by 16 hours after administration in both rats (Ward and 

Morriss-Kay, 1995) and mice (Satre and Kochhar, 1989).

Evidence supporting the notion that the teratogenic effect of retinoids is 

direct and not due to a retinoid-induced change of maternal metabolism, 

came from experiments that involved rodent whole-embryo cultures. These 

experiments involved the direct exposure of embryos to retinoids. When tRA 

and 13cRA were added to the medium of mouse or rat whole-embryo cultures, 

embryonic defects were produced, similar to those found in humans (Kraft, 

1992).

The finding that tRA and 13cRA are interconvertible isomers occurring 

normally in the body suggested that the tRA and not 13cRA may be the active 

teratogen. Evidence for this came from experiments involving whole-rat 

embryo cultures showing that tRA is 10 times more teratogenically active 

than 13cRA. Further evidence came from the finding that tRA can prevent 

many of the defects in rat embryos induced as a result of maternal vitamin A 

deficiency during pregnancy (Morriss-Kay, 1993).

Vitamin A-deficient female rats gave rise to embryos with defects in most 

structures that were sensitive to retinoic acid excess. However, there were
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some differences in the type of malformations produced (Morriss-Kay, 1993; 

Means and Gudas, 1995). Following vitamin A deficiency, developmental 

abnormalities included anophthalmia (absence of the eye), abnormalities in 

the genito-urinary tract, diaphragm, heart, lung and limbs.

The differences in the type of abnormalities associated with vitamin A 

deficiency or excess RA are difficult to explain. They can be partly explained

when one realises that the teratogenic phenotype depends on the dose and

timing of RA treatment. For example, treatment of mouse embryos during late

gastrulation or early neurulation [7.75 days post coitum (d.p.c.) or 8 d.p.c.] 

had no effect on the morphology of limbs and trunk, but resulted in defects 

of the central nervous system (CNS) which included loss of rhombomeres 

(repetitive morphological structures of the hindbrain), delayed neurulation

and reduction in the size of the forebrain and midbrain (Murphy et al., 1992). 

On the other hand, mouse embryos that were treated with tRA at 10.5 d.p.c.,

had no observable CNS defects but had deformed inner ear structures,

truncated long bones of limbs, digit defects and fused vertebrae (Horton and 

Maden, 1995). These time-dependent differences in the type of retinoid- 

induced developmental defects must be due to differences in the commitment 

of the responding cells which change as development proceeds. In addition, 

the fact that during a given embryonic stage, some embryonic regions and 

not others are sensitive to retinoids must reflect differences in their 

c o m p e ten c e .

The finding that retinoids are present in embryos strongly suggests that

they must be important for correct embryonic development. Endogenous 

retinoids were detected using high performance liquid chromatography 

(HPLC). For example, tRA was found in embryonic chick limb buds (Thaller 

and Eichele, 1987), Xenopus embryos (Durston et al., 1989). In addition, tRA 

and retinol were detected in many regions of the mouse embryo in all stages
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examined (from day 9 to day 14 of development). These included the spinal 

chord, somites brancial arches, limb buds, forebrain, midbrain and 

hindbrain (Horton and Maden, 1995). Moreover, 9cRA was detected in

Xenopus embryos (Kraft et al., 1994).

In conclusion, retinoic acid must be an endogenous signalling molecule that 

is responsible for the correct development of many different cell types. Thus, 

it must be able to induce cells to behave in many different ways. This 

suggests that it must regulate the expression of many different genes.

Evidence for this is given in the next section.

1.4 - Retinoic acid influences the expression of
d ifferent genes

One way that retinoic acid might induce changes in cell behaviour could be 

by regulating the expression of developmentally important genes that 

themselves control cell behaviour. Such genes are the vertebrate Hox genes 

(Carrasco and Lopez, 1994; Krumlauf, 1994). The Hox genes are a family of 

regulatory genes whose products are transcription factors. They contain a

region called the homeobox which encodes a 60 amino acid polypeptide, 

called the homeodomain, that is responsible for DNA binding. They play a 

crucial role in the generation of cellular differences along the vertebrate 

anterior/posterior (A/P) axis because they show genomic structural and

organisational similarities with the homeotic genes of Drosophila, and 

because mutations in these genes lead to abnormalities or absence of 

structures, and to homeotic transformations along the A/P axis. Hox 

expression is established in mesoderm, ectoderm and endoderm during 

gastrulation and organogenesis. In the mouse and humans, Hox genes are 

organised in 4 unlinked clusters. A distinguishing feature of the Hox genes is 

the correlation between the physical order of the genes along the
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chromosome and their spatio-temporal expression along the A/P axis. This 

property is referred to as colinearity. That is, genes at the extreme 3' end of 

the clusters are activated the earliest and have the most anterior boundaries 

of expression. Moving along the clusters in a 5' direction, each successive 

gene adopts a progressively later, more posterior pattern of expression. Their 

transcrip tional regulation is important for the understanding of the 

generation of differences along the embryonic A/P axis. There is evidence 

that tRA may be important for the establishment of their expression pattern. 

For example, the expression of Hox genes in a human embryonal carcinoma 

(EC) cell line (see below) are activated sequentially by tRA in a 3' to 5' order 

(Boncinelli et al., 1991). This reflects the colinearity observed in vivo, 

strongly suggesting that tRA may be involved in the regulation of Hox gene 

expression in vivo. Moreover, treatment of mouse embryos with tRA resulted 

in alterations in the expression domains of endogenous Hox genes (e.g. Wood 

et al., 1994). The molecular mechanisms involved in the regulation of Hox 

genes by retinoic acid are not fully understood.

A good experimental system for the study of genes whose expression is 

regulated by retinoic acid during embryonic development is the use of EC

cells (Slack, 1991). EC cells are the stem cells present in teratocarcinomas.

These are tumours of germ cells or early mammalian embryos, consisting of 

dividing stem cells (EC cells) and a wide range of disorganised differentiated 

cell types. EC cells resemble cells of the early mammalian embryo in the 

sense that they are pluripotent and undifferentiated. For example, the P I 9 

line of EC cells differentiates into neurons, glia and fibroblast-like cells

when exposed to tRA (McBurney et al., 1988). The F9 cell line is a murine EC

cell line that was used extensively for the identification of genes whose 

expression is regulated by tRA (Gudas, 1991). These genes include 

transcription factors such as REX-1, Oct-3, Oct-4, Oct-5, HNF-lcx and HNF-ip,
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structural genes such as laminin B l,  Laminin B2, and collagen IV (a l) ,  and 

growth factors such as transforming growth factors (TGFs) and fibroblast 

growth factors (FGFs). The expression of the activin receptor type IIB in F9 

cells is elevated by both 9cRA and tRA (Wan et al., 1995). In addition, 9cRA 

and tRA induce a similar phenotype in human teratocarcinoma cells, 

suggesting that these retinoids have similar effects (Kurie et al., 1993).

It should be noted that retinoic acid influences the expression of genes in 

many other cell lines and primary cell cultures. It is clear from the above 

that retinoids can influence the expression of many genes. The next section 

discusses the molecular mechanism through which retinoids regulate gene 

e x p re s s io n .

1.5 - Retinoids and gene expression

1.5.1 - Signalling by retinoids

There are two main mechanisms through which signalling molecules can 

regulate gene expression: (a) the signalling molecule binds to a cell surface 

receptor resulting in a cascade of events that transduce the signal to the 

nucleus via intracellular second messengers, (b) the signalling molecule

binds to nuclear receptors which themselves influence transcrip tion  

directly. There is evidence indicating that retinoids act via the second 

m e c h a n ism .

Four structurally distinct classes of intracellular proteins that bind retinoids 

with high affinity have been identified in mammals: the cellular retinol- 

binding proteins (CRBPs), the cellu lar retinoic acid-binding proteins 

(CRABPs)(Ong et al., 1994; see section 1.5.5), and the retinoid receptors. The

latter are the retinoic acid receptors (RARs) and the retinoid X receptors

(RXRs) (Pfahl et al., 1994). Retinoid receptors belong to the steroid hormone
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receptor superfamily. The following section gives information about the 

structure and function of retinoid receptors within the context of this 

s u p e r fa m i ly .

1.5.2 - The steroid hormone receptor superfamily

RARs and RXRs are nuclear retinoid receptors which are transcription 

factors whose function is influenced by retinoid binding. They belong to the 

steroid hormone receptor superfamily of nuclear receptors, the largest 

known family of transcription factors in eukaryotes (Tsai and O' Malley, 

1994). Members of this superfamily regulate transcription by binding as 

dimers to specific cis-acting elements, called hormone response elements 

(HREs), present in the regulatory regions of target genes. Naturally 

occurring HREs are composed of two or more copies of a six nucleotide motif, 

termed a half-site (Stunne/fberg, 1993). All the receptors of this superfamily 

share: (a) a similar building plan consisting of several domains (Figure 1.1), 

(b)some amino acid sequence identity within their DNA and ligand binding 

domains and, (c) the ability to bind hydrophobic ligands (Green and 

Chambon, 1988; Evans, 1988; Pfahl et al., 1994). In addition to RARs and RXRs, 

the nuclear receptor superfamily includes oestrogen receptors (ERs), 

progesterone receptors (PRs), g lucocorticoid  receptors (GRs), thyroid 

hormone receptors (THRs), Vitamin D receptors (VDRs) and the peroxisome 

proliferator activated receptor (PPAR). Each group of receptors comprises a 

family. For example, the RXR family contains RXRa,(3, and y (Mangelsdorf et 

al., 1992). This superfamily also contains genes encoding putative receptors 

for unknown ligands which are referred to as orphan receptors (O'Malley 

and Conneely, 1992). Orphan receptors include the recently isolated RZRs 

which show sequence similarity with RARs and RXRs (Carlberg et al., 1994), 

and RORs which show sequence similarity with RARs (Giguere et al., 1994).



Figure 1.1

A diagrammatic representation of the basic structure of members of the 

steroid hormone receptor superfamily showing the different domains 

(designated A to F).

NH2- A/B C D E F COOH
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1.5.2.1 - The structure and function of the DNA binding domain

Deletion experiments showed that the isolated DNA binding domain (DBD),

also called C domain, can bind DNA suggesting that its correct folding is 

independent of the other regions present in the nuclear receptors (Green

and Chambon, 1988; Evans, 1988). Comparison of the amino acid sequences 

present in the DBDs of all receptors showed that there are eight cysteine

residues whose relative positions are invariant. This suggested that the DBD

of nuclear receptors may contain two zinc-finger motifs, because cysteine

residues are present in known zinc-finger motifs (Miller et al., 1985), and 

because the DBD of the oestrogen receptor requires zinc atoms to bind DNA. 

The existence of the two zinc-finger motifs was confirmed from experiments

which involved the use of nuclear magnetic resonance (NMR) spectroscopy 

to elucidate the three-dimensional structures of oestrogen receptor (Schwabe 

and Rhodes, 1991), RXRa (Lee et al., 1994), and RARp (Knegtel et al., 1993). 

These studies showed that these DBDs have similar tertiary structures (Figure

1.2), strongly suggesting that they bind DNA in a similar way. There are two 

similar zinc-finger motifs folded together to form a single structural unit. In 

each motif there is an extended loop between the two pairs of metal-binding 

cysteines. In both motifs, an a  helix begins at the residue following the third 

metal-binding cysteine and extends over 11-13 amino acid residues. The two a  

helices, helix-1 and helix-2, are highly amphipathic and are folded together, 

such that they cross at right angles near their midpoints. They are held 

together by hydrophobic interactions through hydrophobic residues whose 

position is invariant in all members of the superfamily. This suggests that 

the three-dimensional structures of the DBDs of all nuclear receptors may be 

similar. Helix-1 is exposed on the outside face of the DBD, and contains three 

amino acids whose basic character is conserved, suggesting that they are 

involved in DNA sequence recognition. The loops present between the first 

and second cysteines, and between the second and third cysteines of the
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second zinc-finger (zinc-finger 2) are also exposed on the outside suggesting

that they may be involved in protein/protein interactions. A unique feature

of the RXRs is a third helix, helix-3, in their DBD (Figure 1.2) which is not

present in all the other receptors studied (Lee et al., 1993; Pfahl et al., 1994).

Helix-3 is part of a region named the T-box (Wilson et al., 1992). There are two 

other regions within the DBD: the D-box and the P-box. The functions of these 

three regions is discussed below.

The P-box

Mutagenesis studies showed that the specificity of DNA sequence recognition 

by nuclear receptors depends on three amino acids present within the P-box

(Umesono and Evans, 1989; Danielson et al., 1989; Mader et al., 1989; Martinez 

and Wahli, 1991), a region situated within helix-1 of the first zinc-finger 

(Figure 1.2). For example, it has been possible to convert GR into a receptor 

that binds an oestrogen response element (ERE), by replacing the GR P-box

with the ER P-box (Danielson et al., 1989). Based on the homology of the P-box 

amino acid sequence, nuclear receptors can be grouped into subfamilies. At 

least four subfamilies have been identified so far (Pfahl et al., 1994). The first

subfamily (glucocorticoid subfamily) includes GRs and PRs, whereas the

second group, the oestrogen subfamily, includes ERs. A third group, the

retinoid/thyroid subfamily, includes RARs, RXRs, THRs, VDRs and PPARs.

Consistent with the role of the P-box, many of the receptors that have

identical P-boxes were shown to bind the same DNA sequences. For example, 

retinoid receptors, THRs, VDRs, and PPARs bind to the same HRE. This HRE was 

synthetic and consisted of a single half-site whose sequence was the

consensus of many naturally-occurring HREs found in the promoter regions

of genes whose transcription is influenced by ligands that bind to these

receptors. Thus, it seems that receptors present in different subfamilies



Figure 1.2
Schematic representation of the DNA binding domain of RXRa. Helix 

regions are in grey boxes; the zinc-finger cysteine residues are circled in 

black; the D-box residues are in squares; capital letters represent amino adds 

(Lee et al., 1993).
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regulate the transcription of different genes partly because they have 

different P-boxes. However, differences in the P-box alone are not sufficient 

to explain the different ligand-induced transcriptional responses mediated 

through the different receptors of the retinoid/thyroid subfamily, because 

they share the same P-box. Thus other regions must be involved. One of these 

is the D-box.

The D-box

The D-box consists of the five amino acids present between the first and 

second cysteines of zinc-finger 2 (Figure 1.2) which are involved in 

p rotein/prote in  interactions between the two monomers that make up 

nuclear receptor dimers. This was revealed from structural studies of 

glucocorticoid homodimers (Luisi et al., 1991) and RXR-THR heterodimers

(Rastinejad et al., 1995). Different receptors have different D-boxes, 

suggesting that different receptors have different dimérisation properties

(Pfahl et al., 1994).

The T-box

As mentioned above, helix 3 is part of the T-box, a region whose tertiary 

structure is unique to the DBD of RXRs. Mutagenesis studies revealed that this 

region is necessary for RXRa and RXRp homodimerisation and for efficient 

DNA binding (Wilson et al., 1992; Lee et al., 1993). These observations were 

confirmed by structural studies carried out by Rastinejad et al (1995), who 

showed that amino acids present within helix 3 are involved in 

protein/protein and protein/DNA interactions.

The A-box

The A-box is situated at the carboxy terminal end of the DBD and mutations in

the A-box of THRp or RXRa can dramatically affect their DNA sequence

recognition (Kurokawa et al., 1993; Pfahl et al., 1994).
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1.5.2.2 - The structure and function of the ligand binding domain

The ligand binding domain (LDB) is situated within the E domain and 

contains large numbers of hydrophobic residues which have been suggested

to form a hydrophobic 'pouch' in which the ligand can fit. The LDB was

shown to bind with high affinity to receptor mutants that did not contain

any of the other domains, suggesting that the LDB assumes is correct folding 

independently of the other domains (Green and Chambon, 1998; Evans, 1988). 

RXRs bind 9cRA with high affinity, but fail to bind tRA, 7cRA, l lcR A , or 

13cRA. In contrast, RARs bind both tRA and 9cRA with high affinity 

(Allenby et al,, 1993), This finding shows that RXRs and RARs are selective 

with respect to the nature of retinoids they bind. The chemical structures of 

9cRA and tRA are shown in Figure 1,3, The carboxy terminal regions of the E 

and F domains are also involved in dimer formation and contain the ligand- 

dependent transcriptional activation function (AF2) (Green and Chambon,

1988; Rowe and Brickell, 1993; Pfahl et al,, 1994), The RXR AF2s are unmasked 

or activated in the presence of 9cRA, and RAR AF2s are activated in the 

presence of 9cRA or tRA (Nagpal et al,, 1993), Thus, binding of the hormone 

induces a conformational change that allows the appearance of an activation 

domain at the surface of the protein. Other data in support of this ligand-

induced conform ational switch were obtained by protease resis tance 

analyses of the LDB in the presence or absence of ligand (Bhat et al,, 1993),

In addition, deletions or point mutations of the very C-terminal end of the 

LDB resulted in the disruption of the ligand-dependent activation properties, 

without abolishing DNA or ligand binding functions (Folkers et al,, 1993; 

Nagpal et al,, 1993), For more information refer to 'the role of the ligand' in 

section 1,5,3, The crystal structure of the LDB of the human RXRa has been 

recently determined (Bourguet et al,, 1995). These workers showed that two 

helices and one loop form the homodimerization surface and hydrophobic

heptad repeats participate in stabilising the fold. They also showed the



35

existence of a possible ligand-binding pocket that could allow 9cRA to 

interact with the AF2 domain. Amino acid sequence alignments suggested 

that the three-dimensional structure of the RXR LED may be a prototype fold 

of all LDBs of nuclear receptors.

1.5.2.3 - The A and B domains

The A and B domains have a ligand independent transcriptional activation

function (API) and constitute the N-terminal region of nuclear receptors 

(Green and Chambon, 1988; Rowe and Brickell, 1993; Pfahl et al., 1994). APIs 

have been reported for all three RARs (a ,  p, and y) and for RXRa and RXRy. 

These A PIs show weak activation properties by themselves and strongly

synergise with their corresponding AP2 (Nagpal et al., 1993). APIs show

promoter context specificity (Nagpal et al., 1992) and cell-type specificity 

(Polkers et al., 1993). The cell type specificity of APIs strongly suggests that 

they may interact with cell-type-specific proteins.

1.5.2.4 - The D domain

The function of the D domain is not clear. In the steroid hormone receptors it 

is important for nuclear localisation, and provides a flexible link between

the DBD and LED, hence it is sometimes called the hinge region (Green and

Chambon, 1988; Tsai and O'Malley, 1994).



Figure 1.3
The chemical structures of all trans and 9 cis retinoic acid.
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1.5.3 - Retinoid receptors and transcriptional regulation

This section attempts to explain how retinoic acid can influence the 

expression of many different genes, and how TH, VD, 9cRA, and tRA can 

influence the expression of distinct sets of genes. To do this, one needs to 

id e n tify  all the com ponents  tha t p a r t ic ip a te  in l ig an d - in d u ce d  

transcriptional changes, and understand their role. These include hormone 

response elements (HREs), ligand, nuclear receptors, and other trans-acting 

fac to rs .

H orm one resp on se  e lem en t d iversity

As mentioned above, members of the retinoid/thyroid subfamily have the 

same P-box and can bind to a common synthetic DNA half-site composed of six 

nucleotides whose sequence is 5 '-A G ^/t TCA-3' (Stunnerberg, 1993). This is 

surprising because different receptors bind different ligands and different 

ligands regulate the transcription of different genes. So how is the 

specificity of hormonal response achieved? The answer lies partly in the 

observation that promoters that are activated by different ligands have 

different naturally-occurring HREs (Figure 1.4). Most of the known 

naturally occurring HREs have been characterised by their ability to 

activate a heterologous promoter as a result of binding nuclear receptors in 

the presence of specific ligands (Pfahl et al., 1994). For example, retinoid 

response elements (RREs) activate transcrip tion  by binding retinoid  

receptors in the presence of retinoids. As shown in Figure 1.4, half-sites are 

arranged as direct repeats, with each half-site being composed of closely 

related sequences to the consensus 5 -A G ^ /% TCA-3'. The number of



Figure 1.4
Naturally-occurring hormone response elements derived from the 

promoters of: rat Cellular Retinoic Acid Binding Protein II (CRABP II) 

(Durand et al., 1992), ApoA (Zhang et al., 1992), Osteopontin (Noda et al., 

1990), Moloney Murine Leukemia Virus LTR (MoMLV) (Sap et al., 1990), 

RARb2 (De The et al., 1990). Each nucleotide present between half-sites is 

represented with the letter N. Each half-site is underlined by an arrow.

Gene promoter Response element

Apo AI 5'-GGGTCANGGTTCA-3'

CRABP II 5'-AGTTCANNAGGTCA-3'

Osteopontin 5-GGTTCANNNGGTTCA-3’

MoML V 5-GGGTCANNNNAGGTCC-3'

RARP2 5'-GGTTCANNNNNAGTTCA-3’



3 9

nucleotides between half-sites present in different promoters varies. Thus, 

differences in spacing between adjacent half-sites may contribute to the

nucleotides between half-sites present in different promoters varies. Thus, 

differences in spacing between adjacent half-sites may contribute to the

specificity of hormone response (Umesono et al., 1991). There is evidence

that this is the case (see below). To understand this, one must first realise that

nuclear receptors bind to their naturally occurring HREs as dimers.

Retinoid receptors bind DNA as hom odim ers or heterodim ers  

RARs, THRs and VDRs, bind with high affinity to their cognate DNA binding 

sites as heterodimers with RXR in the absence of ligand (Yu et al., 1991; Leid 

et al., 1992; Zhang et al., 1992a). Moreover, RXRs bind DNA with high affinity 

as homodimers, in the presence of their ligand 9cRA (Zhang et al., 1992b). In 

addition, VDR-THR heterodimers have been observed (Schrader et al., 1994). 

These findings demonstrated that RXRs can be involved in transcriptional 

responses induced by retinoid and non-retinoid signalling molecules (Rowe 

and Brickell, 1993). Each member of the heterodimer binds to one of the two 

closely arranged half-sites (Zhang et al., 1991; Rastinejad et al., 1995). Recent 

studies showed that RXRs can also bind DNA and activate transcription as 

tetramers and other high-order oligomers to HREs poorly recognised by RXR 

dimers (Chen and Privalsky, 1995).

The 1 3 -4 -5  Rule

It has been shown that binding specificity can be determined through the 

number of nucleotides separating the half-sites. Direct repeat of AGGTCA-like 

half-sites spaced by either three, four, or five nucleotides would function as 

optimal HRE for the VDR, THRs, and RARs, respectively. Mutations that alter 

the distance between these hexamers can switch receptor specificity 

(Umesono et al., 1991). In addition, direct repeats separated by one nucleotide 

were preferentially recognised by RXR homodimers (Zhang et al., 1992;



4 0

Lehmann et al., 1992), and activate a heterologous promoter in response to 

RXR but not RARs (Mangelsdorf et al., 1991). Based on these observations 

Evans and co llaborators  proposed that the so-called  1-3-4-5 'rule ' 

(Mangelsdorf et al., 1994) could be used to predict the preferred receptor

dimers which should bind to uncharacterised HREs. However, this rule 

appears to be of restricted value that does not always hold. For example, the

RRE found in the promoter of RARy which consists of direct repeats 

separated by five nucleotides, responds poorly to tRA (Lehmann et al., 1992). 

This suggests that in addition to the 1-3-4-5 rule, other factors must be taken 

into account. Moreover, this rule does not apply to HREs which consist of 

h a lf-s ites  arranged as palindrom ic or inverted  palindrom ic repeats 

(Mangelsdorf et al., 1994). For example, Naar et al (1991), showed that the 

orientation of the half-sites within HREs is also important. Direct repeat, 

palindromic, and inverted palindromic organisation of half-sites spaced by 

three nucleotides confers specific response to RARs, ERs, and THRs

respectively. Taken together, these observations suggest that d ifferent 

combinations of receptor dimers may recognise different HREs and that 

factors other than half-site spacing must also be important for this 

recognition. This possibility is explored in the following sections.

H a lf-s ite  seq uence  and flank in g  n u c leo tid es

The strength of DNA binding by nuclear receptors depends on sequences 

within and around half-sites. For example, optimal binding of RAR takes 

place when the half-site has the sequence PuAG^/yTCA, but not other related 

sequences (Mangelsdorf et al., 1994). This is consistent with the finding that 

the RARp promoter which has half-sites that are composed of this optimal 

sequence, and arranged as direct repeats separated by five nucleotides, 

becomes strongly activated by tRA (Sucov et al., 1990). In contrast, the 

promoter of RARy whose half-sites are also arranged as direct repeats 

separated by five nucleotides but are composed of the sequence AGGTGA, is
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only poorly activated by tRA (Lehmann et al., 1992). Moreover, RARa binds

more efficiently to the RRE present in the promoter of RARa 2 than that

present in the promoter of RARp 2. This suggests that these differences in 

DNA binding affinity may be due to the differences in the nucleotide 

sequences within and around the half-sites, since both these RREs contain 

direct repeats separated by the same number of nucleotides (Mader et al., 

1993). The significance of sequences flanking  the ha lf-s ites  was

strengthened from the work of Rastinejad et al (1995), who showed that the 

DNA binding domain of THR, bound as a heterodimer with the DBD of RXR to a 

thyroid hormone response element (THRE), made contacts beyond the six- 

base pair half-site.

P r o te in /p ro te in  in tera c t io n s  and HRE r e c o g n it io n

It has been shown that the DBDs of RAR-RXR and THR-RXR heterodimers bind 

with a given polarity to direct repeats separated by two (DR2) or five 

nucleotides (DR5) and DR4 respectively. In both cases, the RXR partner bound 

the 5' half-site (Predki et al., 1994; Zechel et al., 1994). The same was also

shown for full length heterodimers. Thus, this polarity in DNA binding must 

be important for HRE recognition by nuclear receptors. Since, this polarity 

depends on p ro te in /pro te in  in teractions between the DBDs of the

heterodimeric partners, it follows that such interactions may be important in

HRE recognition by nuclear receptors. Indeed this is the case. This was 

shown by mutagenesis studies (Zechel et al., 1994). RAR-RXR heterodimers 

use different dimérisation interfaces to bind to DR2 and DR5 elements, and 

THR-RXR heterodimers use dimérisation interfaces for binding to DR4

elements that are different to those observed for RAR-RXR heterodimers. For 

example, RAR-RXR heterodimer binding to DR5 involves interactions

between the D-box of RXR and the N-terminal of zinc finger 1 of RAR, 

whereas binding to DR2 involves interactions between the RXR zinc finger 2 

(excluding the D-box) and the RAR T-box. The fact that these regions contain
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residues that are not conserved between nuclear receptors suggests that 

different combinations of heterodimers may show preferences for different 

HREs. The involvement of interactions between non-conserved residues 

present in the DBDs of heterodimeric partners was shown by the structural 

study of Rastinejad et al (1995) for THR-RXR bound to a DR4 element.

Taken together, these findings suggest that anything that can influence 

these p ro te in /p ro te in  in teractions  may influence the tran sc r ip tio n a l  

response. The A-box of RXR may have such a function because point 

mutations within it force the RXR member of the RXR-THR heterodimer to 

bind the 3' and not the usual 5' half-site of a DR4 element, without affecting 

the stability of DNA/protein interactions (Kurokawa et al., 1993).

The role of the ligand

The main role of the ligand is to activate the receptor so that it forms an 

active transcrip tion  in itia tion complex. This involves l igand-induced  

conformational changes of nuclear receptors. For example, 9cRA caused RXR 

to change its conformation as shown by limited proteolysis (Leid, 1994). 

Moreover, using chimeric receptors Casanova et al (1994), provided evidence 

that DNA-bound THR and RAR may interact with a common inhibitory trans

acting factor that suppresses the activity of these receptors, and that the role 

of their cognate ligands is to dissociate these receptors from this putative 

inhibitor. The region responsible for interacting with this inhibitor was 

found to be within the LED.

The type of retinoid present in cells may lead to different transcriptional 

responses (Leid et al., 1992) since, for example, there are differences in the 

binding specificities of 9cRA and tRA for retinoid receptors (Allenby et al., 

1993). Since the interconversion of tRA and 9cRA differs between cell types 

it follows that the existence of either one may depend on the cell type 

(Mangelsdorf et al., 1994). For example, treatment of the Drosophila 82 cells
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with tRA activates transfected RXRa to drive transcription of an R X R a-driven  

reporter gene (Heyman et al., 1992; Levin et al., 1992), whereas no effect was

observed in yeast cells (Mak et al., 1994). This strongly suggests that tRA must

have been converted to 9cRA in S2 but not in yeast cells, since 9cRA but not 

tRA binds and activates RXR. A mechanism through which the type of ligand 

present may influence the transcriptional response was discovered by

(Zhang et al., 1992). These workers showed that 9cRA but not tRA can 

increase the amount of RXR homodimers and decrease the amount of 

heterodimers, thereby generating new response pathways. This is because 

RXR homodimers form and bind DNA only in the presence of 9cRA, whereas 

RXR-THR and RXR-RAR heterodimerisation and DNA binding takes place in

the absence of ligand, and because both homo- and heterodimers were 

formed when 9cRA was mixed with either RAR and RXR or THR and RXR. This 

is consistent with the work of Medin et al (1994), who showed that 9cRA 

increases RXR homodimer binding to a RRE, while decreasing the affinity of

RXR-THR heterodimer binding to the same element. A different mechanism 

through which the identity of the ligand determines the transcriptional 

response was suggested by the work of Schrader et al (1994). They showed 

that the VDR-THR heterodimer binds to a naturally occurring DR3 with a 

polarity opposite to the one observed when it binds a DR4, and that the ligand 

responsible for transcriptional activation is the one that binds to the 

receptor which contacts the downstream half-site.

Inh ib it ion  o f  tran scr ip tion  by nu clear  recep tors

Retinoid receptors can be involved in negative transcriptional responses. 

For example, it has been shown that RXR homodimers bind to DRl elements

and activate transcription in response to 9cRA (Mangelsdorf et al., 1991). 

However, although RXR-RAR heterodimers bind to the same DRl elements 

with higher affinity  than RXR homodimers, they fail to activate 

transcription in response to either tRA or 9cRA (Kurokawa et al., 1993).
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Explanation of this came from the work of Kurokawa et al (1994) who showed 

that the RAR member of the heterodimer allosterically prevented 9cRA from 

binding to and activating RXR because RAR was bound to the upstream half

sites of DRl elements.

Orphan receptors can also inhibit signalling by retinoids and other 

hormones (Pfahl et al., 1994). For example, COUP receptors inhibit retinoid 

receptor activities on several response elements that are activated by RAR- 

RXR heterodimers or RXR homodimers, by binding strongly as homodimers to 

these elements, without forming heterodimers with RXR (Tran et al., 1992).

R etinoid receptors and A P I

The activator protein-1 (AP-1) is a transcription factor that contains the

products of the proto-oncogenes c-Fos and c-Jun and binds to a sequence 

motif known as the AP-1 binding site (Bohmann et al., 1987). AP-1 inhibits 

transcriptional activation by RAR and vice-versa, through a mechanism that 

involves protein/protein interactions (Pfahl et al., 1992). This regulatory 

mechanism, by which members of two different families of transcription 

factors can control each others' activity is likely to represent a major 

signalling switch.

In conclusion, the factors involved in transcriptional regulation by retinoid 

and other nuclear receptors are many and complex, and so a complete 

explanation of the molecular mechanisms involved, has yet to be proposed.

1.5.4 - The RAR and RXR families

Three different RARs (RARa, p and y) are known to exist in mammals, birds 

and amphibians (Giguere et al., 1987; Zelent et al., 1989; Blumberg et al., 1992; 

Smith and Eichele, 1991; Krust et al., 1989). Ail RARs, within a given species, 

show a high degree of amino acid sequence identity in their DNA- and 

ligand-binding domains, but not in their A, D and F domains which are



Figure 1.5
Schematic amino acid comparison of retinoid receptors within and between 

species. The information presented below was derived from Mangelsdorf et 

al (1990, 1994) and Linney (1992). N.C.: not calculated; DBD: DNA binding 

domain; LDB: ligand binding domain; A to F are the domains of the 

receptors.

mouse RXRa

mouse RXRp

human RXRa

human RARa

A/B C D-E-F

38.4% 90.9% 84.7%

82.9% 98.5% 98.1%

N.C. 61% 27%

human RARa

human RARp

human RARy

human RXRa

DBD LBD

97% 82%

97% 76%

61% 27%
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highly variable(Figure 1.5). However, when compared across species, each 

domain is highly conserved. For example, the LBD of a given subtype is more 

similar to its counterpart in another species than to the LEDs of the other 

subtypes within the same species (Figure 1.5). This suggests that the 

molecular function of each subtype is conserved across species (Leroy et al., 

1992). The RAR subtypes are expressed in distinct patterns in embryos and 

adults indicating that they may mediate different functions (Dolle et al., 1990; 

Osumi-Yamashita et al., 1990). In the developing mouse embryo, RA Ra is 

ubiquitously  expressed, whereas transcrip ts  for RARp and RARy are 

temporally and spatially restricted. In general, RARp and RARy display non

overlapping patterns of expression, suggesting that they may have distinct 

developmental functions. Each RAR gene encodes more than one protein 

(Figure 1.6; Leroy et al., 1992). For example, the murine RARp gene encodes at 

least four protein isoforms which differ in their A domains. These are 

encoded by four different mRNAs that are generated by the use of two 

different promoters and by alternative splicing of primary transcripts 

(Zelent et al., 1991; Nagpal et al., 1992). Similar observations were made for 

the other RARs (Rowe and Brickell, 1993). Thus, these different RAR isoforms 

may contribute to the diversity of retinoic acid-induced cellular responses.

Three different RXR subtypes and their isoforms (Figure 1.6) have been 

isolated, and are designated RXRa, p and y (Mangelsdorf et al., 1994). When the 

present work began, only human RXRa (Mangelsdorf et al., 1990), rat and 

mouse RXRp (Yu et al., 1991; Hamada et al., 1989) and chicken RXRy (Rowe et 

al., 1991) had been isolated. By analogy to the RARs, RXRs proteins are closely 

related to each other both in their DNA-and ligand-binding domains, but 

vary in their other domains (Mangelsdorf et al., 1994). A striking observation 

was the apparent dissimilarity in amino acid sequence between RXRs and 

RARs. In fact, RAR is more similar to the THR than it is to RXR (Mangelsdorf
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Figure 1.6

RAR and RXR subtypes and isoforms (Mangelsdorf et al., 1992; Rowe and 

Brickell, 1993; Liu and Linney, 1993; Seleiro et al., 1994)

Gene P ro te in  iso fo r m s

RARa a l ,  a2

RARP pi, P2, P3, P4, P5

RARy yl, y2

RXRa a l

RXRP pl,p2

RXRy yl, y2
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et al., 1990). This suggests that the response of these two receptor families to 

tRA has evolved through distinct mechanisms. The expression pattern of 

R X R y  in the chick embryo was restricted mainly to elements of the 

peripheral nervous system (Rowe et al., 1991), whereas murine RXRa and (3

and chick RXRa were expressed in most embryonic regions (Mangelsdorf et 

al., 1992; Dolle et al., 1994; Seleiro, 1994).

The in vivo role of retinoid receptors has been recently examined by the 

generation o f  transgenic mice carrying null mutations for the retinoid

receptors. Null mutant mice for all RARy isoforms exhibited  growth 

deficiency, early lethality, and male sterility. These defects were previously 

observed in Vitamin A-deficient animals, demonstrating that RARy mediates

some of the retinoid signal in vivo (Lohnes et al., 1993). On the other hand, 

mice lacking all isoforms of RARp are viable and fertile with no obvious 

apparent abnormalities, suggesting functional redundancy among members

of the RAR family (Luo et al., 1995). Double mutations in different RAR 

subtypes resulted in abnormalities many of which were observed in vitamin

A-deficient foetuses, demonstrating that RARs are essential for correct 

developm ent (Lohnes et al., 1994; M endelsonhn et al., 1994). The

abnormalities included eye defects, axial and limb skeleton defects and heart 

defects. R X Ra null mutants died in utero and exhibited myocardial and ocular 

malformations similar to those observed in vitamin A-deficient embryos 

supporting the idea that RXRa is involved in retinoid signalling in vivo 

(Sucov et al., 1994; Kastner et al., 1994). In addition, R X R a /R A R y  double

mutants exhibited several malformations not seen in single mutants,

strongly suggesting the involvement of RXR-RAR heterodimers in retinoid 

signalling in vivo (Kastner et al., 1994).



4 9

1.5.5 - Retinoid binding proteins

The cellular retinoid binding proteins are small cytoplasmic molecules that

bear no resemblance to retinoid receptors (Blomhoff et al., 1990). Two 

families of cellular retinoid binding proteins have been identified so far,

based on their binding affinities for different retinoids. They are the 

cellular retinol binding proteins (CRBP I and II), and the cellular retinoic

acid binding proteins (CRABP I and II) (Ong et al., 1982; Saari et al., 1982). The 

amino acid sequence identity between the rat CRBP I and II is 44% (Li et al., 

1986), and 73% between the mouse CRABP I and II (Giguere et al., 1990). These

d ifferences  suggest d ifferent functions. C onsistent with this is the

observation that all four proteins have different binding affinities for

retinoids. For example, the binding affinity of CRBP I for retinol is about 3

times higher from that observed for CRBP II (MacDonald and Ong, 1987). 

Moreover, CRABP I has approximately 15 times higher affinity for tRA than

CRABP II (Baily and Siu, 1988).

Treatment of embryonal carcinoma cell lines with tRA resulted in increases

of CRBP I, CRABP I, and CRABP II mRNA levels (Wei et al., 1989; Giguere et al., 

1990). Consistent with this, RREs were found in the promoter regions of CRBP 

I and CRBP II that activated transcription of a reporter gene in the presence 

of retinoid receptors and retinoic acid (Mangelsdorf et al., 1991; Husmann et 

al., 1992).

Each of the CRBPs and CRABPs are expressed in a tissue-specific function

during embryonic development and are often associated with sites that are 

sites which are sensitive to the teratogenic effects of retinoids (Dolle et al.,

1990; Maden et al., 1992; Ruberte et al., 1992). There is evidence that CRBP I

may serve to concentrate retinol in cells with a requirement for its

metabolites and that CRABP I may act as a sink that regulates the

concentration of free intracellular retinoic acid available to interact with
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nuclear receptors (Boylan and Gudas, 1991). However, mice lacking a 

functional CRABP II develop normally, except from a single digit duplication 

(Fawcett et al., 1995). The role of these proteins is not yet clear.

1.6 - Aims of this Thesis
The recent isolation of a chicken RXRy cDNA clone and the characterisation 

of the pattern of RXRy expression in the chicken embryo, was carried out by 

Dr. Annie Rowe in our laboratory. RXRy was found to be expressed mainly in 

elements of the developing peripheral nervous (PNS) system. So, the initial 

aim of the present work was to investigate the role of RXRy during the 

development of the mammalian PNS, based on the assumption that the 

embryonic pattern of RXRy expression should be similar between chicks and 

mammals. The experimental system chosen was the rat because rat PNS 

neurons have been extensively studied, and because cell lines derived from 

the rat PNS were available in our laboratory.

The first part of this work (Chapter 3) was concerned with the isolation of 

R X R y  cDNA clones from rats, by screening a rat cDNA library, using the 

chicken RXRy cDNA as a probe. The rat RXRy cDNA clone was then used as 

probe to investigate RXRy expression in embryonic and adult rats. The results 

were surprising because, even though RXRy was expressed in elements of 

the embryonic rat PNS, expression was also observed in areas that do not 

contain RXRy transcripts in chickens. These included embryonic and adult 

skeletal muscle and adult heart.

Thus, the main objective of the second part of this work was to investigate 

the role of RXRy in skeletal muscle development (Chapter 4). The aim was to 

compare the spatio-temporal expression of RXRy during myogenesis with 

that of muscle specific genes of known function, so as to formulate a



5 1

hypothesis about its possible role. The hypothesis was then tested by

examining the effect of retinoic acid on rat skeletal muscle cell lines, whilst 

at the same time monitoring RXRy expression. During the course of this work 

a murine RXRy cDNA clone was isolated by others. This clone was used in the

present study to compare RXRy expression in skeletal muscle in mouse and

rat embryos.

The third set of experiments (Chapter 5) were concerned with identifying

neuronal specific genes that may be transcriptionally regulated by RXRy, 

since it is expressed in specific areas of the developing nervous system. The 

gene chosen codes for the neuronal nicotinic acetylcholine receptor a  2 

su b u n i t .

Finally, the expression of RXRy during postnatal rat heart development was 

examined, in order to test the idea that it might be involved in the regulation 

of cardiac age-dependent changes (Chapter 6). The effect of thyroid hormone 

and retinoic acid on the expression of RXRy in cultured rat heart muscle cells 

was also examined since there is evidence that these signalling molecules 

may be involved in mediating age-dependent changes during postnatal heart 

dev e lo p m en t .
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CHAPTER II

MATERIALS AND METHODS

2.1-Screening  of  a cDNA l ibrary under low str ingency

c o n d i t i o n s

C h a ra c te r is t ic s  of the cDNA l ib ra ry

The cD N A  library used was a gift f rom J. N. Woo d (Ana tomy Dpt.  , UCL) ,  and

was  de r iv ed  f rom neonate  rat  dorsa l  root  gangl ia .  The  c D N A  ins er t s  were

p res en t  wi th in  the À Z A P II  v e c t o r  ( S t r a t a g e n e ) .  T h is  v e c t o r  c o m b i n e d  the  

h i g h  e f f i c i e n c y  o f  b a c t e r i o p h a g e  l a m ^ a  l i b r a r y  c o n s t r u c t i o n  a n d  th e  

c o n v e n i e n c e  o f  a p la sm id  sy s te m  for  fu r th e r  m a n ip u la t i o n .  It c o n s i s t e d  of  

s e q u e n c e s  a s s o c ia te d  wi th no rm a l  X vec to r  and se q u e n c e s  w h ic h  co n s t i t u te

the p B l u e s c r i p t  SK - I I  p la sm id ,  wi th in  w h ic h  in se r t  c D N A  s e q u e n c e s  were  

p r e s e n t .  T h e  k Z A P I I  v e c t o r  b e h a v e d  as a b a c t e r i o p h a g e  a n d  c o u l d  be 

c o nv e r t ed  to pBlu escr ip t  p lasmid  by in vivo  exc i s io n .  Thi s  ' s ub c lo ni ng '  s tep  

took p lace  inside E. coli b ac t e r ia  in fec ted  wi th  the E x A s s i s t  h e l p e r  p h age  

whose  role was to provide  all the proteins  necessary  for  this step. The  E. co li 

BB 4 strain was  used because  it cont a in ed  the F' ep i so m e  which  car r ied  genes 

re sp o n s ib le  for  the  fo rm a t io n  o f  bac te r ia l  F' pili .  The  lat te r we re  s t ru c ture s  

n eces sa ry  for  in fec t ion  by the h e lp er  phage .  Se lec t i on  for  b a c te r ia  car ry in g
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the F' episome was accomplished by growth in the presence of tetracycline, 

since the F' episome contained a tetracycline resistance gene. Selection of 

recom binant E.coli was achieved by growth in the presence of ampicillin 

since pBluescript plasmid contained an ampicillin resistance gene.

cDNA library  screen ing

Non-recombinant BB4 cells were streaked on a LB/agar/ tetracycline plate 

and were allowed to grow overnight at 37' C. A colony was picked and grown 

in 10ml of LB-broth with shaking at 37' C overnight. BB4 cells from the 

overnight culture (200pl) were grown for 7 hours in 10ml of LB-broth

containing maltose and MgCl2 (20% w/v) with shaking. These cells were

recovered by centrifugation at 4'C, for 10 minutes at 2,000 revolutions per 

minute (rpm). Subsequently, they were resuspended in 3mL of lOmM MgSO^.

The cells were diluted in the same solvent so that their optical density (OD^oo ) 

was 0.5. These cells were stored at 4'C until they were infected by ^ Z A P I I  

recombinant bacteriophages (see below).

Prior to screening, the library was titered. To do this, several different

dilutions of the ÀZAPII cDNA library were carried out in SM buffer. The

2 8dilution range was from 10 -fold to 10 -fold. Each of the bacteriophage

dilutions (18pl) were used to infect BB4 cells at 37'C for 20 minutes. Each of

the infected E.coli samples were mixed with 3ml of LB-agarose (kept liquid at

47 C) and quickly poured on to dry LB-agar Petri dishes. The number of

plaque forming units (p.f.u.) per dish was counted, and the titre of the 

original library calculated.

Screening was performed using 22 x 22 cm plates. Four plates were poured. 

For each plate an aliquot of the library containing approximately 2 x 10^ 

p.f.u., was mixed with 600pl of the prepared non-recombinant BB4 cells 

(O .D .600 = 0.5), and incubated at 37'C for 20 minutes. This was then mixed with
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40 ml of molten LB-agarose, poured onto a 22 x 22 cm LB-agar plate, left to 

cool at room temperature for 20 minutes, and incubated at 37'C overnight. 

Duplicate lifts were taken from the plates onto Gene Screen Plus membranes 

(Du Pont) according to the manufacturer's instructions after chilling the 

plates at 4'C for 1 hour.

The transferred DNA was denatured on the membranes by floating them, DNA 

side up, on denaturing solution (1.5M NaCL, 0,5M NaOH) for 5 minutes, and 

then neutralised in neutralising solution (0.5M Tris-HCL pH 8, 1.5M NaCL) for 

5 minutes. The membranes were then rinsed for 30 seconds in 0.2M Tris-HCL 

pH 7.5/ 2XSSC. Subsequently, the DNA was UV crosslinked onto the 

membranes. Finally the membranes were allowed to dry at room temperature, 

and were stored until needed at room temperature.

Preparation of the rat RXRy specific oligolabelled DNA probe was carried out

as described in section 2.3. Prior to its addition to the hybridisation mixture, 

the probe was denatured at lOO'C for 10 minutes and chilled on ice for 3 

minutes. Prehybridisation and hybridisation were performed at 65 ‘C in a 

Hybaid rotary hybridisation oven with 10^ cpm of probe per ml of 

hybrid isa tion  mixture. P rehybrid isation took place for 5 hours and

hybridisation took place overnight. Both hybridisation and prehybridisation 

solutions contained 6xSSC, 5xDenhardt's solution, 1%SDS, and 100|ig/ml of 

single stranded Herring sperm DNA. After hybridisation, the membranes 

were subjected to low stringency washes within sandwich boxes. The first 

two washes were carried out in 2xSSC, 0.5%SDS at 50'C for 1 hour each, and the 

last two washes were carried out in 2xSSC, 0.1%SDS at 50'C for 1 hour each. 

After washing, the membranes were wrapped in Saran wrap and exposed to

X-ray film. Signals which were duplicated on both membranes were 

identified as prospective positive clones. The autoradiograms were then 

aligned with the plates, and the positive plaques picked into and transferred

into microfuge tubes containing 950p.l of SM buffer and 50pl of chloroform. 

The tubes were briefly vortexed and incubated overnight at 4,C to allow
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complete release of the phage particles. Based on the library titre 

calculation, several different dilutions of the prospective positive phage 

particles were made, and these were allowed to infect the prepared non

recombinant BB4 bacteria. Subsequently, the infected bacteria were plated 

on to Petri dishes and library screening was carried out as described above. 

The prospective positive plaques from this secondary screening were picked 

and transferred into microfuge tubes containing 500pl of SM buffer and 20pl 

of chloroform. The prospective positive phage particles were released as 

described above.

In vivo excision of pBluescript from À , Z A P I I

Non-recombinant BB4 cells (200|il of cells with O.D.^oo = 1) and Ip l of helper

phage were added to each of the tubes containing the released phage 

particles. In addition, a negative control was set up using BB4 cells with 

helper phage only. The mixtures were then incubated at 37'C for 15 minutes 

to allow the simultaneous infection of the host bacteria by the two phages. 

After adding 5ml of 2xYT (1 Lt contained lOg of NaCL, lOg of Yeast extract and 

16g of Bacto-Tryptone), the infected cells were further incubated for 3 hours 

at 37'C with shaking to allow packaging of the pBluescript phagemid. The

cultures were then heated to 70'C for 20 minutes, and spun at 3,000 rpm for 15 

minutes at 4'C, to destroy and remove the debris of the host bacteria. The 

supernatant contained the packaged recombinant phagemid.

The pBluescript clones were recovered by mixing 20pl of a 100-fold dilution

of the packaged phagemid with 200pl of fresh non-recombinant BB4 cells 

(O .D . 600 = !)• This mixture was incubated at 37'C for 15 minutes to allow 

infection of the host bacteria by the phagemid. Finally, 1, 10 and lOOpl of this 

culture were plated on LB-Amp plates and incubated overnight at 37'C. The 

resulting colonies were minipreped and the DNA was subjected to restriction 

enzyme digest. The digests were electrophoretically separated through 1% 

agarose gel. Finally, Southern blotting and hybridisation using the same
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probe and the same conditions as the library screening took place. This 

allowed the identification of positive clones which were maxipreped and 

subjected to DNA sequencing.

2.2 - Gene probes

This section provides information about the cDNA clones used as templates 

for the generation of DNA and RNA probes (Figure 2.1). All cDNAs were

cloned into the pBluescript vector.

DNA template used for the generation of  DNA probe specific for

the region which codes for the ligand binding domain of  chicken

RXRy

The clone named pR2.1 (Rowe et al., 1991) was a gift from A. Rowe. It was 

digested with the enzymes Eco RI and Bam HI. Subsequently, the fragment 

which was used as template for the generation of an oligolabelled DNA probe

was purified from an agarose gel after its electrophoretic separation from

the other DNA fragments (Figure 2.1, panel A).

DNA template used for the generation of  RNA probe specific for

rat RXRy mRNA

The cDNA clone named RXR8 (chapter III) was linearised with Eco RI. After 

DNA purification, the riboprobe was made using T7 RNA polymerase I. The 

template used for transcription contained all the insert sequences, and the

resulting riboprobe was approximately 700 bp long (Figure 2.1, panel B).

DNA template used for the generation of  RNA probe specific for

rat RXRy antisense mRNA (negative control)
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The RXR8 clone was linearised with Kpn I, and following DNA purification 

the riboprobe was made using T3 RNA polymerase (Figure 2.1, panel B). The 

resulting riboprobe was approximately 700bp long.

DNA template used for the generation of  RNA probe specif ic  for

mouse RXRy mRNA

The mouse RXRy cDNA clone (Mangelsdorf et al., 1992) was a gift from R.N. 

Evans. It was linearised with Kpn  I and after DNA purification, the riboprobe 

was transcribed using T3 RNA polymerase. The approximate probe length was

1.7Kb and the template used for transcription contained all the insert

sequences (Figure 2.1, panel C).

DNA template used for the generation of  RNA probe specif ic for

ant isense mouse RXRy mRNA (negative control)

The mouse RXRy cDNA clone (Mangelsdorf et al., 1992) was linearised with Sst

I. Following purification of the DNA, the riboprobe (approximate length: 1.7

Kb) was transcribed from a template that contained all the insert sequences 

using T7 RNA polymerase (Figure 2.1, panel C).

DNA template used for the generation of  RNA probe specif ic  for

rodent a - c a r d ia c  actin mRNA

The cDNA clone used was a gift from P. Timmons and P. Rigby, and contained 

sequences (100 bp) derived from the first exon of the mouse a-card iac  actin 

(Sassoon et al., 1988). Linearisation was accomplished with Eco RI digestion, 

and transcription of the riboprobe was achieved using T3 RNA polymerase

(Figure 2.1, panel D).



Figure 2.1
Diagrammatic representation of the DNA templates used for the generation 

of DNA and RNA probes. Vector (pBluescript) sequences are represented as 

lines and insert cDNA sequences as boxes. See text in section 2.2 for details.
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DNA template used for the generation of  RNA probe specif ic  for

rodent Myf-5 mRNA

The cDNA clone used consisted of 311 nucleotides and was derived form the 5' 

end of the mouse Myf-5 cDNA (Ott et al., 1991). This clone was a gift from P. 

Timmons and P. Rigby. The enzyme Bam HI was used for linearisation, and T7 

RNA polymerase for transcription (Figure 2.1, panel E).

DNA template used for the generation of  RNA probe specif ic  for

rodent myogenin  mRNA

The clone used contained a 260 bp long cDNA insert derived from coding 

sequences of the mouse myogenin cDNA clone (Sassoon et al., 1989). It was a 

gift from P. Timmons and P. Rigby. Linearisation was achieved using the

enzyme H in d  III, and transcription of the riboprobe was accomplished using 

T7 RNA polymerase (Figure 2.1, panel F).

DNA template used for the generation of  RNA probe specif ic for

both muscle and non-muscle rodent actin mRNAs

The clone used was obtained form Ambion (Ambion, Austin, TX) and had been 

linearised and purified by the manufacturer. Transcription was carried out 

using T7 RNA polymerase and the resulting riboprobe was 330 bp long

(Figure 2.1, panel G).

2.3 - Construction of a-^^P  labelled DNA probes

The probes were prepared by random priming (oligolabelling) of DNA 

templates. Following digestion of recombinant plasmids with the appropriate

restriction enzymes, the resulting DNA fragments were electrophoretically

separated in 1% (w/v) low melting point agarose gel in Ix TAB. The relevant 

fragment was cut out of the gel and placed in a microfuge tube containing 3x 

its volume of dd water. This mixture was heated at 65'C for 10 minutes to melt 

the agarose and was stored at -20 C until needed. Just prior to use, the DNA 

template was mixed with 5pl of 5x oligonucleotide labelling buffer (OLE), 2pl 

(20|LiCi) of [a-32p] dCTP, 2pl of Klenow fragment of DNA polymerase I and dd
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water making up the volume to 25pl. This reaction mixture was incubated at 

room temperature overnight.

5x OLE: 100p,l Solution A, 250p,l 2M HEPES pH 6.6, 150pl 90 units/|il random 

h e x a m e r s .

Solution A: 1ml (1.25M Tris-HCL pH 8 , 0.125M MgCL^), 18|li1 2-mercaptoethanol, 

5 îl (O.IM dATP, O.IM dTTP, O.IM dGTP).

Once the labelling reaction was complete, unincorporated nucleotides were 

removed by spinning the reaction mixture through a Sephadex G-50 column. 

This was prepared by pipeting 1ml of Sephadex G-50 beads, resuspended in TE 

buffer, into a 1ml syringe plugged with siliconised glass wool. This was 

followed by centrifugation of the column at 3,000 rpm for 10 minutes to 

remove the buffer and compact the beads. Subsequently, TE buffer was added 

to the reaction mixture to increase its volume to 200|il. This was loaded on to 

the column and centrifuged at 3,000 rpm for 10 minutes. The eluate was 

collected inside a 15ml falcon tube. The purified probe was transferred to a 

microfuge tube, and Ifil was put into a scintillation vial containing 8ml of 

Ecoscint to determine the cpm/pl value of the probe. The probe could be used 

within the following two weeks provided it was stored at -20 'C .

2.4 - Large and small scale preparation of plasmid DNA

Large  sca le  prep arat ion

LB-Amp (500ml) was inoculated with a bacterial glycerol stock, or a colony 

containing the desired plasmid and grown for approximately 18 hours at 37'C 

with shaking. Subsequently, the culture was placed on ice for 30 minutes and 

spun at 3,000 rpm for 20 minutes at 4'C. The bacterial pellet was resuspended 

in 20ml of ice-cold solution I (50 mM glucose, 25mM Tris-HCL pH 8, lOmM 

EDTA), gently mixed with 40ml of freshly prepared solution II (0.2N NaOH, 1% 

(w/v) SDS), and incubated at room temperature for 10 minutes to allow
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bacterial lysis. Then, 20ml of ice-cold solution III (3M Potassium acetate, pH

4.3) was added. The resulting mixture was thoroughly mixed and incubated on

ice for 10 minutes to allow precipitation of the bacterial debris. The

precipitate was removed by centrifuging at 3,000 rpm for 20 minutes at 4 'C , 

followed by filtering the supernatant through four layers of nylon gauze.

The nucleic acids present in the supernatant were precipitated by the 

addition of 0.6 volumes of propan-2-ol, incubation at room temperature for 10 

minutes, and centrifugation at 6,000 rpm for 15 minutes at room temperature. 

The pellet was then washed with 70% ethanol and resuspended in 3ml of 

autoclaved dd water.

High molecular weight RNA was precipitated by transferring the solution to 

a 10ml Sarstedt tube, adding the same volume of ice-cold 5M LiCL, followed by 

centrifugation at 10,000 rpm for 10 minutes at 4 'C .

The supernatant was transferred to a fresh Sarstedt tube and the plasmid DNA 

was precipitated at room temperature for 10 minutes after the addition of 2.5 

volumes of ethanol. Following centrifugation at 10,000 rpm for 10 minutes at 

4 'C , the pellet was washed with 70% ethanol, and resuspended in 750pl of 

autoclaved dd water. Removal of the remaining RNA was achieved by adding 

previously  boiled RNase-A ( l | i l  of 50mg/ml) and incubation at room 

temperature for 1 hour. Subsequently, the plasmid DNA was precipitated by 

adding the same volume of ice-cold PEG buffer (1.6M NaCL, 13% (w/v) 

polyethylene glycol 8000) and spinning at 13,000 rpm for 10 minutes at 4 'C . 

The DNA/PEG pellet was resuspended in 400pl of autoclaved dd water, 

ex tracted  tw ice with phenol/ch loroform , once with ch loroform , and 

precipitated with 2.5 volumes of ethanol at room temperature for 5 minutes. 

Following centrifugation for 5 minutes in a microfuge, the DNA pellet was 

washed twice with 70% ethanol air dried at room temperature and 

resuspended in the appropriate volume of autoclaved dd water. This was 

stored at -20'C.
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Sm all  sca le  preparat ion

A bacterial colony was used to inoculate 5ml of LB-Amp in a sterile Universal 

tube and was grown overnight at 37'C with shaking. Subsequently, 1,5 ml of 

the culture were transferred into a microfuge tube. This was spun for 5 

minutes at 13,000 rpm and the supernatant was discarded. The bacterial pellet 

was resuspended in solution I (see above) followed by addition of SOOpl of 

freshly prepared solution II (see above). The bacterial debris were

precipitated with the addition of 250 p i  of solution III (see above) and 

incubation on ice for 10 minutes. Following centrifugation for 5 minutes at

13.000 rpm, the resulting supernatant was transferred into a fresh microfuge 

tube, and the nucleic acids were precipitated with 0.6 volumes of propan-2-ol, 

at room temperature for 10 minutes. This was centrifuged again for 5 minutes 

at 13,000 rpm, and the pellet was washed with 70% ethanol and resuspended 

in lOOpl of autoclaved dd water. Removal of contaminating proteins was 

achieved by their precipitation with lOOpl of 5M ammonium acetate at room 

temperature for 10 minutes. After centrifugation at 13,000 rpm for 5 minutes, 

the supernatant was transferred into a fresh microfuge tube and the nucleic 

acids were precipitated with 500pl of ethanol. Following centrifugation at

13.000 rpm for 2 minutes, the pellet was washed with 70% ethanol and 

resuspended in 400pl of autoclaved dd water. Contaminating RNA was 

removed using RNase-A as described above. The DNA solution was further 

purified by phenol/chloroform and chloroform extraction, followed by

ethanol precipitation. The resulting pellet was washed with 70% ethanol and 

resuspended in the appropriate volume of autoclaved dd water.

2.5 - Phenol/chloroform extraction of nucleic acids
An equal volume of equilibrated phenol/chloroform/isoamyl alcohol (50:49:1

v/v) was added to either DNA or RNA solutions. This was vortexed until a 

homogeneous emulsion was observed. After centrifugation at 6,000 rpm for 5
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minutes the upper aqueous layer was transferred to a fresh tube taking care 

not to disturb the interface. The same procedure was repeated using an equal 

volume of equilibrated chloroform. The resulting solution was precipitated in 

e th a n o l .

2.6 - Ethanol precipitation of nucleic acids

To the DNA or RNA solution sodium chloride or sodium acetate were added so 

that the final concentration was 0.2M sodium chloride or 0.3M sodium acetate 

pH 5.2. This was followed by addition of 2.5 volumes of ice-cold ethanol and 

incubation for 1 hour at -20'C or 20 minutes at -70'C to precipitate the nucleic 

acids. Recovery of the nucleic acids was achieved with centrifugation at 4'C 

for 15 minutes at 12,000 rpm. After removal of the supernatant, the pellet was 

washed with ice-cold 70% (v/v) ethanol. Subsequently the tube was spun 

under the same conditions. After the removal of the supernatant the pellet 

was air dried at room temperature and was resuspended in the appropriate 

b u f f e r .

2.7 - DNA purification using the "Gene Clean" method

This method was used for the isolation of low abundance DNA fragments of up 

to 5Kb in length from agarose gels. The procedure described below was 

recommended by the manufacturer (Bio-101, La Jolla, USA). The gel area 

containing the DNA fragment to be purified was cut out, and the agarose was 

dissolved by addition of 3ml of Nal per Ig of excised gel, and incubation at 

50 'C  for 5 minutes with periodic shaking. After the agarose was dissolved, 5pl 

of "glass milk" were added followed by vortexing and incubation on ice for 10 

minutes, to allow binding of the DNA to the "glass milk". The mixture was 

then centrifuged for 15 seconds at 13,000 rpm and the pellet was washed 

twice with ice-cold "new wash". This was followed by resuspension of the 

pellet in lOpl of dd water and incubation at 50'C for 5 minutes. The "glass
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milk" was then precipitated by spinning at 13,000 rpm for 30 seconds. The

supernatant which contained the DNA was transferred to a fresh tube.

2.8 - Restriction enzyme digestion

Digestion reactions with restriction enzymes were carried out in the buffers 

recommended by the manufacturer. Typically, 1 pg of DNA was digested with 

1 unit of enzyme for 1 hour, in a volume greater than 10 times the volume of 

the enzyme used.

2.9 - Agarose gel electrophoresis of DNA

Normal or low melting point agarose was used for the preparation of gels

depending on the subsequent usage of DNA. Restriction enzyme digests were 

analysed on horizontal agarose gels containing between o.7 and 1.2% w/v 

agarose, in Ix TBE (Tris-Borate-EDTA) or Ix TAE (Tris-Acetate-EDTA) with 0.5 

mg/ml of ethidium bromide. Samples to be loaded, were mixed with 10% v/v 

of gel loading buffer, and electrophoresed at 10 volts/cm in the same buffer 

used to prepare the gel. Finally, the DNA was visualised on a short wave 

(254nm) utraviolet transilluminator.

2.10 - Subcloning of DNA fragments 

Preparation of insert and vector DNA

The pBluescript vector and insert DNA (5pg) were digested with the 

appropriate enzymes so that both vector and insert DNA fragments had

different "sticky ends" to prevent religation. The reactions were run on a low 

melting point agarose TAE gel, and the fragments of interest were purified 

using the "Gene Clean" method (section 2.7). Vector and insert DNA 

fragments were resuspended in small volumes of autoclaved dd water, and 

their concentrations were estimated by running a small aliquot of each on 

an agarose gel, next to known quantities of DNA markers.
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L i g a t i o n  re a c t io n

The ligation reaction was set up as follows: 3.5pl of insert DNA, 3.5|il of vector 

DNA, 2\i\ of 5x T4 DNA ligase buffer, Ipl of 5mM ATP, 1 unit of T4 DNA ligase. 

This was incubated overnight at 15'C. The amounts of vector and insert DNA 

used were equimolar. In addition, two more ligation reactions were set up 

using different amounts of insert and vector DNA (2:1 and 1:2) to ensure that 

the suitable molar ratios were achieved. Several control ligations were also 

set up to monitor the efficiency of the ligation.

Prepara t ion  of  com petent  bacter ia

A single bacterial colony of the E .c o l i  strain DH5a was grown in a small

volume of LB-broth overnight at 37'C with shaking. The culture was 

subsequently diluted 1000-fold in 50ml of fresh LB-broth and grown for 1-2

hours to an OD^OO of 0.3-0.4. The culture was then chilled on ice for 15 

minutes and harvested by centrifugation at 2,500 rpm for 10 minutes at 4 'C .

The pellet was then resuspended in 25ml of ice-cold 50mM CaCl2- After a 

further incubation of 1 hour on ice, the competent bacteria were ready for

t r a n s fo rm a t io n .

T ra n s fo rm a t io n  of  com petent  bacter ia

The ligation reaction mixture (5|il) was chilled on ice. This was followed by 

the addition of freshly prepared competent cells. This mixture was incubated 

on ice for 45 minutes and heat-shocked at 42'C for 2 minutes, followed by 

incubation at room temperature for 10 minutes. Subsequently, 1ml of LB- 

broth was added and the tube was incubated at 37'C for 45 minutes. The cells 

were then centrifuged for 5 minutes at 3,000 rpm. The resulting supernatant 

was discarded, and the bacterial pellet was gently resuspended in 2 0 0 )11  of 

fresh LB-broth containing 8 |i l  of lOOmg/ml IPTG (isopropyl p - D -  

thiogalactopyranoside) and 8|il of lOOmg/ml X-gal (5-bromo-4-chloro-3- 

indo ly  1-P-D-galactopyranoside). The bacteria were then plated on LB-Amp 

agar plates and incubated overnight at 37'C. White colonies were picked and
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were subjected to small scale plasmid preparation and restriction enzyme 

digestion to confirm their identity.

2.11 - DNA sequencing

DNA sequencing was performed by the dideoxy-chain termination method, 

using the 'Sequenase Version 2.0' (USB Corporation, Cleveland, USA) double 

s tranded  DNA sequencing system, according to the m anufacturer 's  

instructions. Double stranded DNA (lOpg in 20pl volume) was denatured with 

2 | i l  of 2M NaOH for 10 minutes at room temperature. The mixture was 

neutralised with 8.8|il of 5M ammonium acetate and precipitated with 124pl of 

ethanol at -70'C for 30 minutes, followed by centrifugation at room

temperature for 10 minutes at 13,000 rpm. After 70% ethanol wash, the pellet

was resuspended in dd water so that the concentration was lp,g/)il. For each 

set of reactions, 3pg of DNA were mixed in a microfuge tube with 2pl of 5x 

'Sequenase buffer' and 12ng of an 18-mer oligonucleotide primer in a final

volume of lOpl. This was incubated at 75'C for 2 minutes, and allowed to slowly 

cool down to room temperature, by floating the tube in a small beaker with

water from the 75'C waterbath. Once the temperature was 30'C, the annealing 

was complete and the solution was stored on ice for a maximum of 1 hour

until it was used. To the annealed template and primer mix were added, Ip l of 

O.IM DTT, 2pl of 'labelling mix' (diluted 5x in dd water), 0.5|il of [a-^^S] dATP,

and 2p.l of Sequenase enzyme (diluted 8x in ice cold enzyme dilution buffer).

This was mixed and the labelling reaction was allowed to take place by 

incubation at room temperature for 7 minutes. During the labelling reaction,

2 .5pi of each ddNTP termination mix, were added to four tubes prewarmed for 

2 minutes at 37'C. Once the labelling reaction was complete, 3 .5pl of the 

labelling mix were added to each of the four tubes containing the different 

termination mixes. This was followed by incubation at 37'C for 5 minutes. The
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reaction was stopped by addition of 4|il of Stop solution'. These were stored at 

- 2 0 'C  for up to 1 month before being subjected to polyacrylamide gel 

e le c t ro p h o re s is .

Polyacrylamide gels were prepared using 'Sequagel' (National Diagnostics, 

USA) reagents, according to the manufacturer's instructions. The gel mix was

as follows: 3.6ml of lOxTBE, 23.75ml of Diluent, 8.65ml of Sequagel

Concentrate, 1 15 |li1  of ammonium persulphate (1.12g/5ml stock solution), and 

15pi of TEMED (N,N,N',N' tetramethyl-ethylenediamine; Biorad, UK). The mix 

was poured between two 40cmx20cm glass plates, separated by 0.4mm thick

spacers, with an inverted "shark's tooth comb " on the top. Once the gel was

set, it was placed in a sequencing tank with IxTBE and pre-run at 30mA for 20 

minutes. The DNA samples were then denatured at 75'C for 3 minutes and 

placed on ice for 2 minutes. Subsequently, they were loaded on to the gel and 

run at 30mA for the required length of time. Once electrophoresis was 

complete, the tow glass plated were separated, and the gel, stuck to one of the 

plates, was fixed in 1:1:8 v/v of methanol/acetic acid/dd water for 20 minutes. 

The gel was then transferred onto a sheet of Whatman 3MM paper and dried 

for 20 minutes in a vacuum at 80'C. Finally, the dried gel was exposed to X-ray 

film overnight at room temperature.

2.12 - Isolation of total RNA

Total RNA extraction from adult rat t issues

Total RNA was isolated using the guanidinium-phenol/chloroform method 

(Chomczynski and Sacchi, 1987). Tissue samples were collected, rinsed in ice 

cold Ix PBS, snap-frozen in liquid nitrogen, and stored at -70 'C until 

processed. Up to 0.5g of tissue was immersed in 5ml of solution D (4M 

guanidinium thiocynate, 25mM sodium citrate pH 7, sarcosyl 0.5% w/v, O.IM 

2-mercaptoethanol), and homogenised using a homogeniser. After a 30- 

m in u te  incubation at 4'C, the following were added, with mixing after each 

addition: 500pl of 0.2M sodium acetate pH 4, 5ml of water saturated phenol, 1ml
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of chloroform/isoamyl alcohol (49:1 v/v). The mixture was then vortexed for 

10 seconds, cooled on ice for 15 minutes and centrifuged at 10,000 rpm for 20 

minutes at 4'C. Subsequently, the resulting upper aqueous layer was

transferred to a fresh tube. The RNA was precipitated by the addition of an 

equal volume of isopropanol and incubation at -20'C for 1 hour. The pellet 

was recovered by centrifugation at 10,000 rpm for 20 minutes at 4'C, and

resuspended in 600|il of solution D. The RNA was precipitated by the addition 

of an equal volume of isopropanol, followed by incubation at -20'C for 1 hour 

and centrifugation at 13,000 rpm for 20 minutes at 4'C. The resulting pellet 

was washed with 70% ethanol and resuspended in 400|il of RNase-free dd 

water (dd water autoclaved in glass bottles that had been baked at 180 C for 3 

hours) by heating at 65 'C . The total RNA was then purified by

p h eno l/ch lo ro fo rm  and ch loroform  ex trac tion , fo llow ed  by e thanol 

precipitation. After resuspension in RNase-free dd water, the total RNA 

solution was stored at -70'C until needed.

Total RNA extraction from cultured cells

The culture medium was removed from cell monolayers grown in 80ml

culture flasks, followed by resuspension and lysis in 2ml of solution D. The

following steps were the same as those for tissue samples in the sense that 

the same relative amounts of each reagent were used under the same 

co n d it io n s .

2.13 - Agarose gel electrophoresis of total RNA

Formaldehyde denaturing agarose gels for the separation of total RNA, were

prepared according to the method described by Sambrook et al (1989). Total 

RNA (10-20|ig) was mixed with 2 volumes of RNA loading buffer (75% v/v 

deionised formamide, 9% v/v formaldehyde, 1.5x MEA and lOpg/ml of 

ethidium bromide) and heated at 65'C for 5 minutes, followed by incubation 

on ice for 5 minutes. The samples were then loaded on to a denaturing

agarose gel (1.1% w/v agarose, Ix MEA and 6% v/v formaldehyde). The gel
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was then run at 5volts/cm in Ix MEA buffer, for the required length of time. 

Finally, the RNA was visualised on a short wave ultraviolet translluminator 

and photographed.

2.14 - Northern blotting and hybridisation

Northern blots were performed according to the method outlined in the 

Hybond-N nylon membrane manual (Amersham, UK). After blotting and 

before removing the gel, the membrane was marked with pencil to allow 

later identification of the tracks. The RNA blot was then fixed by baking in 

an oven at 80 C for 2 hours.

Northern hybridisation was performed as described by Rowe et al (1991). The 

membranes were, interleaved with sheets of nylon mesh and were placed in 

hybridisation bottles containing prewarmed (65‘C) prehybridisation mixture 

(5x SSC, 60% v/v of deionised formamide, 20mM sodium phosphate pH 6, 5x 

Denhardt's solution, 1% w/v of SDS, heat-denatured lOOmg/ml herring sperm 

DNA, heat-denatured 100p,g/ml yeast total RNA and heat-denatured lO pg/m l 

p o ly -(A )+  RNA). This was followed by incubation at 65 C in a Hybaid rotary 

oven for at least 2 hours. Hybridisation was carried out at 65 C overnight, in a 

mixture identical to the prehybridisation mixture with extra 7% (w/v)

dextran sulphate and with ^^P-labelled RNA probe to a final concentration of 

approximately 10^ cpm/ml of hybridisation mixture. It should be mentioned 

that before its addition to the hybridisation mixture, the probe was combined 

with herring sperm DNA, yeast total RNA and ply-(A)+ RNA, denatured by 

heating at 80‘C for 5 minutes.

Once hybridisation was complete, the membranes were transferred to 

sandwich boxes and washed with agitation as described below:

3x SSC, 1% (w/v) SDS, 30 minutes at 65‘C 

2x SSC, 0.5% (w/v) SDS, 30 minutes at 70‘C 

Ix SSC, 0.5% (w/v) SDS, 30 minutes at 75‘C
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O.lx SSC, 0.5% (w/v) SDS, 30 minute at 80 C

O.lx SSC, 0.1% (w/v) SDS, 30 minutes at 80’C

Finally the membranes were wrapped in Saran wrap without allowing them 

to dry, and exposed to X-ray film at 70'C. The approximate estimation of the 

length of the RNA bands present on the autorads was calculated based on the 

known sizes of the 18S and 28S ribosomal RNA bands which are 1.9Kb and 

5.1Kb respectively (Darling and Brickell, 1994).

Str ipping  of  riboprobes  of f  membranes

In some cases, membranes that carried a hybridised probe were used for

hybridisation with a second probe, after the first probe had been stripped 

off. This involved the immersion of the membrane in a sandwich box

containing boiling 0.1% w/v SDS at room temperature for 15 minutes. This 

step was repeated once more, and the membrane was exposed to X-ray film to 

confirm that the probe was stripped off.

2.15 - Labelling of RNA probes

Three different methods were used to label RNA probes according to their

subsequent use: CTP (New England Nuclear Inc.) was used to label

riboprobes used for northern hybridisation, [ a -^ ^ S ]  CTP (New England 

Nuclear Inc.) for riboprobes used for in situ hybridisation of embryonic wax 

s e c t io n s ,  and D ig o x ig e n in -1 1  - u r id in e - 5 - t r ip h o s p h a te  (D IG -1  lU T P ;

Boehringer Mannheim) for riboprobes used for in situ hybridisation of 

whole-mount embryos. All the procedures described below were carried out

using RNase-free reagents.

^2p- iabe ll ed  RNA probes

Plasmids containing the DNA templates were linearised, phenol/chloroform

and chloroform extracted, followed by ethanol precipitation. They were then

resuspended in dd water so that their concentration was l | i g / | i l .  All the

reagents, except the enzymes, were allowed to reach room temperature. Then

the following reaction mixture was set up with each component added in the
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order shown: 5^il of 5x transcription buffer, 5.9|xl dd water, l | i l  of IM DTT, 

lOmM GTP, 1.2|il lOmM ATP, 1.2pl lOmM UTP, Ipl 50mM CTP, 1.5)li1 DNA template, 

5p.l [ a - 3 2 p ]  CTP, l | i l  RNase Inhibitor, 1|li1 (10 units) of either T3 or T7 RNA

polymerase. After mixing the reaction was incubated at 37'C for 50 minutes.

Following the addition of l|al of fresh RNA polymerase, the mixture was 

incubated for 1 hour at 37'C. After the addition of RNase Inhibitor (lp,l) and 

Iji l  of RNase-free DNase I, the mixture was incubated for 15 minutes at 37 'C.

Subsequently, l | i l  of tRNA (20mg/ml stock), 20|il of 3M sodium acetate pH 5.2,

and 170 |il  of dd water were added. After ethanol precipitation and 

centrifugation at 4'C for 20 minutes at 13,000 rpm the RNA pellet was washed 

in 70% ethanol and resuspended in 50^1 of dd water by heating at 65'C for 10 

minutes. The probe was used immediately after its activity was counted in a 

scin tilla tion counter.

3 ^ S -Iab e IIed  RNA p ro b e s

The method for the generation of ^^S-labelled riboprobes was the same as the

method described above, with the exception of adding 7p,l of [a-^^S] CTP and

4 | i l  of dd water. In addition, the presence of 50mM DTT was maintained 

throughout the whole procedure, and ethanol precipitation was carried out

in the presence of 0.5M lithium chloride. The probe was resuspended in 50pl 

of dd water containing 50mM DTT, and stored up to 2 weeks at -70'C.

Probes longer than 350bp were hydrolysed by alkaline hydrolysis to an 

average length of 350bp. This was carried out as follows: 50|il of hydrolysis 

buffer (80mM NaHCOg, 120mM Na2 C 0 3  pH 10.2, lOmM DTT) were added to the 

5 0 |l i1  of the probe followed by incubation at 60'C for the required amount of 

time. This was calculated according to the following formula: 

time in minutes = ^original probe length in Kb) - 0.35

0.1 X (original probe length in Kb) x 0.35 

Subsequen tly ,  50^1 of neutralising buffer (0.2M sodium acetate, 1% v/v

glacial acetic acid, lOmM DTT) were added, and the probe was ethanol-
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precipitated in the presence of 0.3M sodium acetate pH 5.2, and resuspended 

as before.

D I G - l l - U T P - l a b e l l e d  RNA probes

The DNA template of interest was purified from a low melting point 

agarose/TAE gel using the "Gene Clean" method (section 2.7). The probe was 

made according to the protocol provided by the manufacturer of the label 

(Boehringer Mannheim). All the reagents, except the enzymes, were allowed 

to reach room temperature and the reaction mixture was set up as follows: Ip l 

of DNA template ( Ip g /p l  stock), 5pl of 5x transcription buffer, 10.5 p i of dd 

water, 1.3pl of lOmM UTP, 2pl of lOmM ATP, 2pl of lOmM CTP, 2ml of lOmM GTP, 

O.Vpl of DIG-11-UTP, Ipl of RNase Inhibitor (40 units), 1.5pl of either T7 or T3 

RNA polymerase (20 units). The mixture was incubated at 37'C for 2 hours. A 

further incubation at the same temperature for 15 minutes was carried out 

after the addition of 2pl of RNase-free DNase I, Ip l of RNase Inhibitor, and Ipl 

of transfer RNA(10mg/ml stock). This was followed by ethanol precipitation 

in the presence of 0.5M lithium chloride. After the RNA pellet was washed in 

70% ethanol and air-dried, it was resuspended in lOOpl of dd water and stored 

at -20'C for up to a month. It should be noted that the reaction was monitored 

by loading Ip l  of the reaction mixture, before the DNase I step and after the 

final resuspension, on to a TBE agarose gel and visualising the riboprobe 

after brief electrophoresis.

2.16 - Culture of cell lines

All manipulations were carried out under sterile conditions. The ND7/23 cell 

line (ECACC, UK) was maintained in Dulbecco's modified Eagle's medium 

(DMEM), in the presence of 2mM glutamine, 0.3% glucose w/v, 10% foetal calf 

serum (ECS) v/v. BHK-21 (ECACC, UK) and H9c2(2-1) cells (ATCC, USA) were 

maintained in DMEM in the presence of 10% PCS v/v. The PC 12 cell line was a 

gift from J.N. Wood (Anatomy Dept. UCL) and was maintained in DMEM in the 

presence of 10% ECS v/v, and 5% horse serum v/v. All media were supplied
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by GIBCO BRL, USA. Care was taken to subculture the cells before they 

reached complete confluency.

2.17 - Treatment of cultured cells with retinoic acid and 

thyroid  horm one

All trans retinoic acid and thyroid hormone (3,3',5-Triiodo-l-Thyronine)

were supplied by SIGMA in powder form, and 9-cis  retinoic acid was a gift 

from M. Klaus, Hoffman-La Roche, Switzerland. All hormones were dissolved 

in ethanol and kept air-tight in the dark at -20'C. The final concentration of

the hormones in culture media was 1 |liM . Negative control media contained an

equal volume of ethanol.

2.18 - Preparation of primary cultures of ventricular rat

c a r d io m y o c y te s

The cultures were derived from the ventricles of neonate rat hearts and were 

a gift from D. Cummings (Dept. Mol. Path., UCL) and were prepared as follows: 

the cells were dispersed in a calcium free, HEPES buffered salt solution

conta in ing  pancreatin  0 .6mg/m l and type II co llagenase  0 .5m g/m l 

(approximately 266 units/ml, via a series of incubations at 37'C. The dispersed 

cells were preplated for at least 30 minutes to allow the fibroblasts to adhere 

to the plate, with the myocytes remaining unattached. The myocyte-enriched 

unattached cells were replated on 6-well gelatine-coated plates at a density of 

1.5-2 million cells per well. The cardiac myocytes were cultured at 37'C, 5-7%

C O 2, in 4:1 DMEM/Medium 199 (GIBCO BRL) supplemented with 10% v/v horse 

serum, 5% v/v PCS and 1% penicillin/streptomycin. After 24 hours, the 

medium was replaced with serum free medium to reduce fibroblast 

contamination. Cardiocyte cultures under these conditions started to beat 

synchronously within 72 hours, and the percentage of beating cells was 

about 90%. They were viable for up to at least a week. The experimental
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manipulations on these cells began as soon as they started to beat and the 

medium used was serum free medium.

2.19 - Staining of cultured cells

This procedure allowed visualisation of the cytoplasm and the nuclei of 

cultured cells. The dye used was the Leishman stain (0.15% w/v in methanol). 

The cells to be stained were washed with serum free medium followed by 

addition of the stain enough to cover the cells. After 1 minute a double 

volume of previously boiled dd water was added, and the cells were left in this 

mixture for 15 minutes. Finally, excess stain was removed by two washes with 

previously boiled dd water, and the cells were allowed to air dry. They were 

stored in air-tight conditions at room temperature until they were

p h o to g ra p h e d .

2.20 - In situ  hybridisation of wax embryonic sections

The experimental method described below is based on the procedure followed 

by Rowe et al (1991). All the reagents used were RNase-free.

P reparat ion  of  em bryonic  sect ions

Pregnant mice and pregnant rats (Anatomy, UCL) were killed by cervical

dislocation and day 0.5 post coitum (pc) was the morning on which a 

copulation plug was observed. Rat embryos were very similar to mouse

embryos, though for a given developmental stage they were approximately 

1.5 days older than mouse embryos (Kaufman, 1990). The developmental age 

of embryos was verified morphologically with reference to the study of 

Martin (1990).

Embryos were dissected in ice cold Ix PBS and fixed overnight in freshly 

made 4% (w/v) paraformaldehyde in PBS, at 4'C. The fixative was removed by 

washing twice in PBS at 4'C for 30 minutes and the embryos were dehydrated 

through an ascending series of ethanol solutions (70%, 70%, 85%, 95%, 100%,
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100% v/v ethanol in dd water), with each step carried out for 30 minutes at 

room temperature. This was followed by incubation in toluene, twice under 

the same conditions. Subsequently, the embryos were gradually embedded in 

freshly melted, filtered paraffin wax. After the final embedding the blocks 

were allowed to cool to room temperature. The blocks could then be stored for 

several months at 4'C with desiccant.

Clean glass slides were washed in 10% (v/v) HCL for 20 minutes, rinsed in dd

water, dried and baked at 180.C for 3 hours. Prior to their use the slides were

coated with TESPA (3-aminopropyltriethoxysilane) by dipping them for 10 

seconds in freshly made solution of 2% (v/v) TESPA in acetone, rinsed twice 

in acetone for 10 seconds, rinsed once in dd water, and finally baked at 42'C 

overnight. They were stored at room temperature for up to a week.

Sections (6|im thick) were cut in a standard microtome, and ribbons were 

collected and stored in frames. The selected sections were floated on a drop of 

dd water present on TESPA-coated slides. The slides were on a 45’C hot plate to 

allow the sections to extend. Once they were completely extended, the water 

was blotted off, and the sections were allowed to dry by incubation at 60‘C for 

24 hours. The slides were then stored at 4'C with desiccant until used.

After being allowed to reach room temperature, the slides were dewaxed in 

xylene for 15 minutes, rehydrated through an ethanol series (100%, 95%, 

90%, 80%, 60% and 30% v/v ethanol, for 2 minutes each), washed twice for 2 

minutes in dd water and incubated for 15 minutes in 1: 49 (v/v) of HCL. The 

slides were then washed in 2x SSC at room temperature for 5 minutes, 

followed by incubation with 5pg/ml proteinase K (SIGMA) in lOOmM Tris pH

7.5, 50mM EDTA, at 37'C for 10 minutes. The enzyme was inactivated by

incubation in 2mg/ml glycine in PBS for 2 minutes, followed by rinsing 

twice in PBS for 1 minute. Next, the slides were incubated in freshly prepared 

4% (w/v) paraformaldehyde in PBS for 20 minutes, and rinsed in PBS for 2 

minutes. The slides were then acetylated in 1:400 (v/v) acetic anhydride in 

O.IM triethanolamine pH 8 for 10 minutes. Subsequently, the slides were
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washed in PBS for 5 minutes and rinsed in dd water for 2 minutes. Finally,

they were dehydrated through an ethanol series (30%, 60%, 80%, 95%, 100%

ethanol v/v, for 2 minutes each), and air dried under dust cover for at least 1 

hour. At this stage, the sections were ready for in situ hybridisation. 

H y b r i d i s a t i o n  and washing

The in situ hybridisation mixture contained: Ix "salts" (20x "salts" stock: 20x

Denhardt's solution, 400mM Tris pH 8, lOOmM EDTA, 200mM phosphate buffer 

pH 6.8) 50% v/v deionised formamide, 10% w/v dextran sulphate, 50mM DTT, 

500 p-g/ml yeast total RNA, 50|ig/ml poly-(A)+ RNA, ^^S-labelled probe (see 

section 2.15) to a concentration of 80,000 counts per minute/p, 1 of 

hybridisation mixture. Prior to its use, the hybridisation mixture was heated 

to 80’C for 3 minutes and placed on ice for 3 minutes. It was then spread on 

the sections which were subsequently covered with coverslips. The slides 

were then placed horizontally on top of glass rods inside plastic boxes 

containing 3MM Whatman paper soaked in 50% (v/v) formamide. After the 

boxes were sealed with sellotape, they were incubated at 55 C overnight.

After hybridisation, the boxes were opened and the slides rapidly transferred 

to a slide rack. The slides were then washed in 2x SSC, 50% (v/v) of 

formamide, lOmM DTT for 15 minutes at 55'C. During this step the coverslips

were removed from the slides by frequent shaking of the slide rack. The 

slides were then washed in fresh wash solution at the same temperature for 

20 minutes. They were then washed in fresh wash solution for 20 minutes at 

65 C and rinsed twice in RNase buffer (500mM NaCL, lOmM Tris pH 8, ImM 

EDTA) for 30 minutes at 37'C, and incubated in 40pg/ml of pancreatic RNase A 

in RNase buffer for 30 minutes at 37'C. Following one more rinse in fresh 

RNase buffer for 15 minutes at 37'C, the slides were washed twice in wash 

solution (same as above) for 20 minutes at 65 C. They were then incubated in 

O.lx SSC, lOmM DTT at 65 C for 20 minutes, followed by incubation in O.lx SSC 

for 5 minutes at room temperature. Finally, the slides were dehydrated 

through an ethanol series (300mM ammonium acetate in 70% v/v ethanol.
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95% v/v ethanol, absolute ethanol, for 2 minutes each at room temperature) 

and air dried under dust cover overnight.

Dipping,  exposure,  developing and staining of  sections

The slides were dipped in a dark room under 'safe light’ in K5 emulsion 

(Ilford, UK) diluted 6:8 in 2% glycerol (v/v), and kept in liquid form at 4 2 'C . 

The slides were then allowed to dry in the dark overnight at room

temperature, followed by their exposure in light tight boxes with dessicant at

4 'C  for the appropriate amount of time. This was usually 12 days and was

estimated by the development of test slides after 7 days of exposure. After the

slides were warmed to room temperature they were developed for 5 minutes 

in Kodak D19 developer, rinsed in dd water, and fixed for 5 minutes in Kodak

Unifix. The slides were then rinsed under running water for 10 minutes and

stained. Staining was achieved by placing the slides in 0.01% (w/v) Malachite 

green solution for 3 minutes. Excess stain was removed by washing under 

running water until a satisfactory staining was observed. Subsequently, the 

slides were air dried at room temperature overnight, followed by the 

mounting of coverslips with DPX mountant (BDH). The sections were observed 

and photographed under a microscope in both dark field and light field. 

Morphological identification of embryonic regions was made with reference 

to Kaufman (1992).

2.21 - In s itu  hybridisation of whole embryos

The protocol was provided by K. Patel (NIMR, London, UK) and all the 

reagents used were RNase-free. The DIG-11-UTP-labelled riboprobes were 

made as described in section 2.15.

P r e tr e a tm e n t  of  em bryos

The embryos were dissected and fixed as described in section 2.20. They were 

then rinsed twice in PBT (0.001 % v/v of Triton X-100; BDH, in Ix PBS) for 5 

minutes at 4'C, followed by rehydration through a graded series of methanol 

solutions (75%, 50%, 25% v/v methanol in PBT, PBT; 10 minutes each on ice).
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The embryos were then incubated in PBT for 10 minutes at room temperature 

with shaking, followed by treatment with Proteinase K (20pg/ml in PBT) for 

20 minutes at room temperature with shaking. After rinsing in ice cold PBT

for 10 minutes, the embryos were refixed in 4% (w/v) paraformaldehyde, 

0.25% (v/v) glutaraldehyde for 20 minutes at 4'C. After rinsing in ice cold 

PBT for 10 minutes, the embryos were prehybridised overnight at 60 C. A 

50ml volume of prehybridisation solution contained: 25ml of deionised

formamide, 12.5 ml 20x SSC pH 4.5, Ig of Blocking Reagent (Boehringer 

Mannheim), 50pl of Triton X-100, 0.5ml of 10% w/v CHAPs solution (SIGMA), 

50pl of 50mg/ml Heparin lithium salt (SIGMA), 0.5ml of 0.5M EDTA pH 8, 250pl

of 20mg/ml phenol/chloroform extracted yeast total RNA (SIGMA).

H y b r i d i s a t i o n  and p o s t -h y b r i d i s a t i o n  t r e a tm e n ts

The DIG probe was thawed to room temperature and added to freshly-made

hybridisa tion mixture (identical to the prehybridisation mixture). The

amount of probe (volume of probe stock lOOpl; see section 2.15) added was 

between 8 and 16pl per 2ml of hybridisation mixture. Prior to its addition the 

probe was heated for 3 minutes at 80'C and placed on ice for 3 minutes. After 

the removal of the prehybridisation mixture, the embryos were incubated in 

the presence of the hybridisation mixture containing the probe, at 60 C 

overnight with gentle shaking.

The embryos were then washed in three times in 2x SSC, 0.1% w/v CHAPs, at 

60 C for 1 hour each, followed by incubation at room temperature for 10 

minutes in KTBT (0.05M Tris pH 7.5, 0.15M NaCL, O.OIM KCL, 0.1% v/v Triton X- 

100). Subsequently, the embryos were incubated in 20% v/v heat-inactivated 

lamb serum in KTBT for 3 hours at 4'C with shaking. This was followed by

incubation in fresh 20% v/v lamb serum in KTBT, supplemented with anti- 

digoxigenin antibody (Boehringer Mannheim) to a concentration of I p l  per

1ml of solution, at 4'C, overnight with shaking.
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The following day, the embryos were incubated 5 times in KTBT, for 1 hour 

each, at room temperature with shaking. They were then incubated 

overnight in KTBT at 4.C with shaking. This was followed by 3 incubations at 

room temperature for 5 minutes in alkaline phosphatase buffer (50ml stock 

solution contained: 5ml of IM Tris pH 9.5, 2.5ml of IM MgCL2 , 1.25ml of 4M 

NaCL, 0.5ml of 10% v/v Triton X-100, 50p4 of IM levamisol ;SIGMA).

The colour reaction' was performed in the dark with shaking, in BM purple 

AP-substrate precipitatin (Boehringer Mannheim) for the required length 

of time. Once the desired colour intensity was obtained, the embryos were 

washed in KTBT for 30 minutes, fixed in 4% w/v of paraformaldehyde in PBS 

for 2 hours, and rinsed in PBS twice. The embryos were stored at 4'C in PBS 

for up to 3 months.

2.22 - Transient transfection  of cu ltured  ce lls  with

plasmid DNA

Transient transfections were carried out using the 'Calcium phosphate 

method' (Gorman, 1985). The cell lines used were grown as monolayers in 

10cm petri dishes. All the reagents used were sterile and the procedure was 

carried out under sterile conditions.

T ransfection  medium' (5ml of D ulbecco's modified Eagle 's  medium 

supplemented with 10% v/v of foetal calf serum) was added to lxlO& cells, 

after their culture medium was removed. This was followed by incubation at 

3 7 'C  for 30 minutes. Just prior to the completion of this step two different 

solutions were added to two microfuge tubes (tube A and tube B). Tube A 

contained 5|ig of expression vector DNA, 5|ig of reporter plasmid DNA, 31pl of 

2M CaCL 2 , and the volume was made up to 250pl with dd water. Tube B 

contained 250pl of 2x HBS (Hepes-buffered saline) pH 7.5 (lOx stock solution 

contained 8.8% NaCL w/v, 5.49% Hepes w/v, 0.2% Na2 H P 0 4  w/v). Immediately 

after the tube A contents were added to tube B, the resulting precipitate was 

added to the cells which were then incubated at 37 'C for 5 hours.
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Subsequently, the medium was replaced with the appropriate culture

medium. This was followed by incubation for 48 hours at 37'C. To ensure that 

the transfection efficiency was very similar for all samples, all transfections 

were carried out at least in quadruplets during the course of one experiment 

using the same stock reagents. Finally, the cells were washed twice in Ix PBS 

(phosphate buffer saline) to remove the precipitate. They were then 

harvested and subjected to the luciferase assay (see below).

2.23 - Luciferase assays

The procedure was carried out using the luciferase assay system (Promega, 

USA) according to the manufacturer's instructions.

After being washed twice in IxPBS, the cells resuspended in SOOpl of fresh Ix 

PBS using a scraper. They were then transferred into a microfuge tube and 

precipitated by spinning at room temperature for 5 minutes, at 6,500 rpm. 

After removal of the supernatant, the cell pellet was resuspended in 250pl of 

ice cold Ix lysis buffer and incubated at room temperature for 20 minutes. 

After centrifugation at room temperature for 15 minutes, at 13,000 rpm, the

supernatant was transferred into fresh tubes. This cell lysate (SOpl) was 

mixed with 400pl of luciferase assay reagent and immediately placed into a 

lum inometer (Turner Luminometer 20E, USA). The light emittance was 

measured on a potentiometer over a period of 1 minute. A negative (reporter

plasmid that does not express the luciferase gene) and a positive (reporter

plasmid that expresses luciferase constitutively) control were used. These 

plasmids were provided by the manufacturer. To ensure that the same 

amount of cell lysate was used for all samples, the luciferase activity values 

were equalised for protein content. This was achieved by taking into account 

the protein content (assumed to be proportional to the number of cells 

present) of each lysate sample, by carrying out BCA (Bicinchonimic acid) 

protein assay (Pierce, USA) according to the manufacturer's instructions.
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The BCA protein assay was carried out as follows: A set of protein standards of 

known concentration was prepared by diluting the stock 2mg/ml ESA 

standard (bovine serum albumin) in the same diluent as the cell lysate 

samples. Standard or unknown protein samples (lOOpl) were mixed with 2ml 

of 'Working Reagent' (Pierce, USA) and incubated at room temperature for 2 

hours. For blanks, lOOpl of diluent were used. Subsequently, the absorbance 

at 562nm of each sample with respect to that of the blank was measured using 

a double beam spectrophotometer. A standard curve was plotted based on the 

absorbance values of the samples containing the protein standards. This was 

used to determine the protein amount in each cell lysate sample used for 

luciferase assays. Each luciferase value was then expressed as a ratio of 

protein content. These ratios were then used to estimate the average 

luciferase value and the standard error of the mean.

2.24 - Tritiated-thym idine incorporation assay

This assay was used to investigate the effect of 9cRA, tRA and thyroid

hormone on the rate of tritiated thymidine incorporation by the H9 

myoblasts. The amount of [^H] thymidine incorporation is proportional to the 

rate of DNA synthesis and hence to the rate of cell proliferation. This is 

because tritiated thymidine becomes incorporated in the newly synthesised 

DNA of cells undergoing cell division when they are cultured in a medium 

that contains this radioactively labelled nucleotide. All assays were carried 

out in triplicate during the course of one experiment.

After culture in 'proliferation medium' (10% v/v PCS in DMEM medium), H9

myoblasts were harvested followed by estimation of the cell number per

given volume of medium, using a haemocytometer. Subsequently, the 

myoblasts were plated in 96-well dishes, at 7000 cells per well. Following 

overnight incubation in proliferation medium, the cells were rinsed twice in 

Ix PBS and were cultured in fresh proliferation medium with or without
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retinoids or thyroid hormone (all at l|o,M final concentration) for either 2 or 

4 days. In addition, cells were cultured in differentiation medium' (0.1% FCS 

in DMEM) only. Finally the cells were incubated in [^H] thymidine (IjxCi per 

well in serum-free DMEM) for 6 hours, after which they were washed and 

harvested, using a Titer cell harvester, onto paper disks. These were placed 

into a scintillation counter, and the incorporated radioactivity counted.

2.25 - List of general use buffers and culture media

R N ase-free  doub le  de ion ised  (dd) w ate r :  autoclaved dd water in glass 

bottles previously baked at 180"C for at least 3 hours.

A garose gel loading buffer: 0.25% w/v bromophenol blue, 25 mM EDTA,

50% v/v glycerol.

P o lyac ry lam ide  gel loading  buffer: 0.25% w/v bromophenol blue, 0.25%

w/v xylene cyanol, 25mM EDTA, 50% v/v glycerol.

lOOx D e n h a rd t 's :  20% w/v BSA, 20% w/v polyvinylpyroloidone, 20% w/v

Ficoll.

20x MEA: 400mM MOPS (morpholinopropanesulfonic acid), lOOmM sodium 

acetate, 20mM EDTA pH7.2.

lOX PBS (phosphate  bu ffer  saline): 1000ml of solution made in dd water 

contained 76g of NaCL, 12.46g of Na2 HP0 4 .2 H2 0 , and 4.68g of NaH2 P 0 4 .H2 0 .

20x SSC: 3M NaCL, 0.3M trisodium citrate.

50x TAE: 2M Tris, 50mM EDTA; pH 8 adjusted with glacial acetic acid. 

lOx TBE: IM Tris, IM boric acid, 20mM EDTA: pH 8.35

L B - b r o th :  1% w/v tryptone, 0.5% w/v yeast extract, 0.5% w/v NaCL. The pH 

was adjusted to 7.2 with NaOH.

LB - A g a r  : 1.5% w/v technical agar in LB-broth

L B -A m p :  LB-broth or LB-Agar supplemented with 0.1 mg/ml of ampicillin 

L B - a g a r o s e :  0.8% w/v agarose in LB-broth
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CHAPTER III

ISOLATION OF A RAT RXRy cDNA CLONE AND 

INVESTIGATION OF RXRy GENE EXPRESSION IN EMBRYONIC 

AND ADULT RODENTS

3.1 - INTRODUCTION

3.1.1 - AIM

The aim of the first set of experiments presented here was to isolate a rat 

RX Ry  cDNA clone and to use it as a template for the generation of a rat RXRy- 

specific probe to investigate its expression pattern in embryonic and adult 

rats using northern hybridisation and in situ hybridisation. In particular, 

the aim was to study the possible role of RXRy in the differentiation of rat 

peripheral nervous system (PNS) sensory neurons, since RXRy had been 

shown to be expressed in the developing PNS in chick embryos (Rowe et al., 

1991). The rat was chosen as an experimental system because a great deal of 

information is known about the cell biology of rat PNS neurons. During the 

course of this work the murine RXRa, p and y genes were cloned by 

Mangelsdorf et al (1992), and so the embryonic expression of RXRy during 

mouse and rat embryonic development was also compared.



85

3 .2 -  RESULTS

3.2.1 - Isolation and characterisation of a rat RXRy cDNA clone

To isolate rat RXRy cDNA clones, approximately 2x10^ clones of a neonatal rat 

dorsal root ganglion (DRG) cDNA library constructed in the bacteriophage 

vector XZAPII (kindly provided by John Wood), were screened under low 

stringency conditions, with a radiolabelled chicken RXRy cDNA probe. The 

choice of this particular cDNA library was based on the expectation that it 

could contain RXRy sequences, since RXRy is expressed in embryonic and 

adult chick DRG (Rowe et al., 1991; Seleiro, 1994). The chick probe contained 

sequences coding for the E and F domains of the chick RXRy and the 3' 

untranslated region of chick RXRy mRNA (Figure 3.1). By analogy to the RAR 

genes (Green and Chambon, 1988; Leroy et al., 1992; chapter I), this probe 

would be expected to hybridise to rat RXRy cDNA clones while at the same 

time avoiding hybridisation to other nuclear receptors. In particular, the C 

domain was not included in the probe sequences because it is conserved 

between all nuclear receptors. Following two rounds of screening, 12 

hybridising clones were identified. These were isolated and converted into 

recombinant pBluescript plasmid clones by the ExAssist helper phage. The 

plasmids were amplified by small-scale plasmid preparation, digested with 

Xho I and EcoR I to cut out the insert and subjected to agarose gel 

electrophoresis and Southern blot hybridisation using the chick RXRy cDNA 

probe under the same conditions used in library screening. Seven out of the 

12 inserts hybridised. Restriction enzyme digest showed that there were two 

different types of positive insert, typified by clones RXR8 and RXR5 (Figure 

3.2). RXR8 was approximately 0.65Kb long and RXR5 was approximately 

0.56Kb long. These two clones were amplified using large scale preparation 

of plasmid DNA and their inserts were sequenced by the chain-termination



Figure 3.1
Restriction map (A), nucleotide sequence and predicted amino acid sequence 

(B) of the chick RXRy cDNA clone XR2 (Rowe et al., 1991). The sequences 

coding for the putative DNA binding domain are enclosed in a box.

FxoR I
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A ■ B EF
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gaattcCGGTGAGAGGAGACGGTCGTGTTTTGAAAGGCGAGAGATGAACTGAAGATTAAACATGTATGGGAATTA
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TCCTCA(m^ZATTAAGTTTCCIGGGGGCTTCGGCAATTCCCCTGTTCATGCCAGCTCCACGTCTGTGAGCCCATC
P H F I K F P A G F G N S P V H A S S T S V S P S

ATCCAGCCTGTCCGTGGGGAGCACGGTGGACGGACACCACAACTACCTCGAGGCCCCCACAAACGCCTCCCGGGC
S S L S V G S T V D G H H N Y L E A P T N A S R A

GCrcCCATCCCCCATGAACACCATTGGGTCTCCAGTGAACGCGTTGGGCTCACCCTACAGGGTCATCGCATCCTC
L P S P M N T I G S P V N A L G S P Y R V I A S S

CATTGGCrTCGCATCCCGTTGCTCTGTCGTCCTCAGCœCGGGCATGAATTTTGTGACCCAGAGCCCACAGCCCAA
I G S H P V A L S S S A P G M N F Y T H S P Q P N

TGTGCTCAAGAATGTCAGCAGCrcGGAGGACATCAAGCCCTTGCCAGGTCTACCAGGGATTGGGAACATGAATTA
V L N N L S S S E D I K P L P G L P G I G N M N Y

T S P G S L A K H I
TCCATCCACAAGCCCAGGTrCTTTAGCCAAACACATC TGTGCCATCTGTGGGGACAGGTCrTCAGGGAAGCACTA
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TGGGGTGTACAGCreCGAGGGCTGCAAGGGCTTCTTTAAGAGGACCATCCGGAAAGACCTGATCTACACCTGCCG
G V Y S C E G C K G F F K R T I R K D L I Y T C R

TGACAACAAGGACrreCCTCATCGACAAGCGCCAGCGCAACCGCTGCCAGTACTGCCGCTATCAGAAGTGCCTCGC
D N K D C L I D K R Q R N R C Q Y C R Y Q K C L A

M G M
CATGGGGATG AAGAGGGAAGCCGTGCAGGAGGAGAGGCAGGGGAGCAGGGAGCGCAGTGAGAACGAAGCTGAATC

K R E A V Q E E R Q G S E R E N E A E

GACGAGCGGCGGCAGCGAGGACATGCCTGTGGAGAGGATCCTGGAAGCCGAGCTGGCAGTCGAACCCAAGACGGA
T S G G S E D M P V E R I L E A E L A V E P K T E

GGCATACAGCGACGTGAACACGGAGAGCTCAACCAATGACCCCGTCACCAACATCTGCCACGCTGCTGACAAGCA
A Y S D V N T E S S T N D P V T N I C H A A D K Q

GCTCTTCACCCrcGTCGAGIGGGCCAAGCGCATCCCCCACTTCTCCGACCTGACCCTGGAGGACCAAGTCATCCT
L F T L V E W A K R I P H F S D L T L E D Q V I L

CCIXXGGGCAGGCTCGAACGAGCrcCTCATCGCATCCTTCTCCCATCGCTCCGTGTCGGTGCAGGATGGCATCCT
L R A G W N E L L I A S F S H R S V S V Q D G I L

GCTGGCCAGAGGCITGGATGTGGACCGCAGCAGTGCTCACAGTGCAGGCGTGGGCTCCATCTTTGACAGAG IT 1T
L A T G L H V H R S S A H S A G V G S I F D R V L .

GACAGAGCTGGTGTCCAAAATGAAGGACATGCAGATGGATAAGTCGGAGCTGGGGTGCCTGCGAGCCATTGTCCT
T E L V S K M K D M Q M D K S E L G C L R A I V L

CTTCAACCCAGACGCCAAGGGCCTGTCCAGCCCCTCCGAAGTGGAGTCGCTGCGGGAAAAGGTCTACGCCACGCT
F N P D A K G L S S P S E V E S L R E K V Y A T I .

GGAAGCCTACACGAAGCAGAAGTACCCCGAGCAGCCGGGGCGGTTTGCCAAACrCCTCCTGCGCCTGCCAGaACT
E A Y T K Q K Y P E Q P G R F A K L L L R L P A L

ACGGTCCATCGGGCTGAACn\X:CIXX3AGCACCrCTTCTTCTTCAAGCTGATCGGGGACACCCCCATCGXCACCTT
R S I G L K C L E H L F F F K L I G D T P I D T F

CCTTATGGAGATGCTGGAGACACCCCrrGCAGGTCACTTGAGGGTCCGCTCCCCCCCGCXIATATCCCCACACAGCT
L M E M L E T P L Q V T *

CCCACCarrcCTCTCCGGGCIXXIJV^GAGCCGCCCTCXZACCCrcTGCTCCIXriTlXXTrcGGArrGTTGT^^

TAO^GCrK3TAAATCGTCCCX:TCTAACCCrcœGGTGGGTTGCGGACCCTCimXAGCTAACCACACACCTCCCT

GTACAGATAATTGCITrAAATTATTTTTTCACTCTCAATAAAAGCCAACAACAACCGgaattc
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Figure 3.2

Restriction enzyme digests of the RXR8 and RXR5 clones.

lane 1:A Hind  III DNA marker 

lane 2: undigested RXR8 

lane 3: EcoR I digest of RXR8 

lane 4: Xho I digest of RXR8 

lane 5: EcoR 1/ Xho I digest of RXR8 

lane 6: undigested RXR5 

lane 7: EcoR I digest of RXR5 

lane 8: Xho I digest of RXR5 

lane 9: EcoR 1/ Xho I digest of RXR5

1 2  3 4 5 6 7 8 9
I*



Figure 3.3

A diagrammatic representation of the RXR8 cDNA clone showing the 
positions of the primers (arrows) used for sequencing (Panel A). The same 
primers were used for sequencing both RXR8 and RXR5. Panel B shows the 
nucleotide sequence of RXR8. Underlined nucleotides constitute the RXR5 
clone.

Panel A
■RXR8

'1 669

T3 primer 5’ 3’ T7 primer

250 265

576 592

567
I

RXR5

Panel B
CCAAGATGAAGGACATGCGGATGGATAAGTCGGAGCTCGGGTGCC 4 5  

TGCGCGCCATTGTGCTGTTCAATCCAGATGCCAAGGGTTTGTCCA 9 0  

ACCCCTCGGAGGTGGAGTCTCTTCGAGAGAAGGTTTATGCCACCC 1 3 5  

TCGAGCCCTATACCAAGCAGAAGTATCCGGAACAGCCTGGCAGGT 

TTGCCAAGCTTCTGCTGCGCCTCCCAGCTCTGCGCTCCATTGGAT 0 3 5  

TGAAATGCCTGGAACACCTCTTCTTCTTCAAGCTCATTGGGGATA 3 7 0  

CCCCCATTGACACCTTCCTCATGGAGATGTTGGAGACCCCTCTGC 3  3^5 

AGATCACCTGAAACTCCTCGGCTGTAGGTTCCTCACCCAGAGTGA 3 5 9  

CCCCTGGGCTGGGGTGTGTGTGTCGCCCTACCCTGCACACTGTCC 4 9 5  

TCTCCCACTCTGACTTCCCTTCCTGTCCCCAAAATGTGATGCTTG 4 5 ^̂ 

TCCCGAATAACTACAACCTTTCTACACATGAGACTTTTCTAGGTG 4 9 5  

GAGTTTTGTATGGTTGTTAAAGGTGACCCTTCTTTGCTACTTAAG 5 4 Q 

GGGTGAGTCTGGCAGTTCTTGGAAGAGTAGCCAAGCCTCTGTACA5 3 5

TATAATTATCTTGGTTTAAATTATTTTTTCACTTGCCATGGAAAG630

CAAACAAATGGAAAAGAAAATAATAAATACGATACTGGC-(An) 6 6 9

An: p o ly  A t a i l
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method, using primers corresponding to pBluescript sequences flanking the 

insert. The complete sequences of RXR8 and RXR5 were then determined 

using internal primers (Figure 3.3, Panel A). The RXR8 insert (Figure 3.3, 

Panel B) had a polyA tail, suggesting that it codes for the 3' end of the mRNA. 

The RXR8 insert was 669bp long, excluding the polyA tail whose length could 

not be accurately determined. The RXR5 insert was 567 nucleotides long. 

Sequence comparison between RXR8 and RXR5 showed that all RXR5 

nucleotides were completely identical to nucleotides 1 to 567 of RXR8 (Figure 

3.3 Panel B). This suggested that the RXR5 clone is a truncated version of

RXR8.

As shown in Figure 3.4 RXR8 had a high degree of nucleotide sequence 

identity with the 3' end of the chicken RXRy cDNA clone (Rowe et al., 1991). 

This indicated that RXR8 contained the 3' end of the rat RXRy coding sequence

and 3' non-coding sequences. The putative amino acid sequence of rat RXRy

was deduced from the nucleotide sequence of RXR8, using the reading frame 

of chick RXRy (Figure 3.5). Nucleotide and amino acid sequence comparison 

of RXR8 with the chicken RXRy and the recentlyisolated murine RXRa, p and y 

(Figure 3.6) confirmed this. The conclusion from these is that RXR8 is a

truncated cDNA copy of the rat RXRy mRNA which contains the 3' end of the 

predicted coding sequence and 3' untranslated sequences.

No attempt was made to clone larger rat RXRy clones because the RXR8 clone 

should make a specific probe, by analogy to the chick RXRy cDNA clone 

whose 3' end was used as a template for the generation of a chick RXRy- 

specific probe (Rowe et al., 1991).



Figure 3.4

Nucleotide sequence alignment of the RXR8 cDNA clone with the chicken 

RXRy cDNA clone (Rowe et al., 1991) so that the greatest sequence identity 

between the two clones was observed. Nucleotide 1 of RXR8 corresponded to 

nucleotide 1140 of the chicken RXRy cDNA clone.The putative termination 

codon within the chicken RXRy was between nucleotides 1462 and 1466, and 

within RXR8, it was between nucleotides 323 and 327. The nucleotide 

sequence identity between RXR8 and chicken RXRy cDNAs was: 84% within 

the putative coding sequence, and 31.5% within the putative 3’ untranslated 

region.

5' untranslated
A

coding region 3* untranslated
/ ' \

chicken RXRy cDNA

RXR8 cDNA

5'

r
62 1140

5'

'1
1465

putative coding region

1713

3'

|3-
326 669

I
\ /
\  /
\ /

putative 3'untranslated



Figure 3.5

T3 promoter Sac I EcoR I Xho I Xho I Kpn I T7 promoter

!  kzzzzÀzzzzzzzzzzzzr t —4— h

6

C C A A 6A T 6A A 66A C A T G C 66A T G 6A T A A 6T C G 6A 6C T C 666T 6C C -45  

K M K D M R M D K S E L G C  L - 1 5 

TGCGCGCCATTGTGCTGTTCAATCCAGATGCCAAGGGTTTGTCCA-90 

R A I V L F N P D A K G L S  N -3  0 

ACCCCTCGGAGGTGGAGTCTCTTCGAGAGAAGGTTTATGCCACCC-135 

P S E V E S L R E K V Y A T  L -4  5 

TCGAGCCCTATACCAAGCAGAAGTATCCGGAACAGCCTGGCAGGT-180 

E P Y T K Q K Y P E Q P G R  F - 6  0 

TTGCCAAGCTTCTGCTGCGCCTCCCAGCTCTGCGCTCCATTGGAT-2 3 5 

A K L L L R L P A L R S I G  L -7  5 

TGAAATGCCTGGAACACCTCTTCTTCTTCAAGCTCATTGGGGATA-27 0  

K C L E H L F F F K L I G D  T -9  0 

CCCCCATTGACACCTTCCTCATGGAGATGTTGGAGACCCCTCTGC-315  

P I D T F L M E M L E T P L  Q -1 0 5  

AGATCACCTGAAACTCCTCGGCTGTAGGTTCCTCACCCAGAGTGA-3 6 0  

T T

CCCCTGGGCTGGGGTGTGTGTGTCGCCCTACCCTGCACACTGTCC-405 

TCTCCCACTCTGACTTCCCTTCCTG TCCCCAAAATG TG ATG CTTG -450  

TCCCGAATAACTACAACCTTTCTACACATGAGACTTTTCTAGGTG-495  

GAGTTTTGTATGGTTGTTAAAGGTGACCCTTCTTTGCTACTTAAG-5 4 0  

GGGTGAGTCTGGCAGTTCTTGGAAGAGTAGCCAAGCCTCTGTACA-5 8 5  

TATAATTATCTTGGTTTAAATTATTTTTTCACTTGCCATGGAAAG-6 3 0  

CAAACAAATGGAAAAGAAAATAATAAATACGATACTGGC-(An) - 6 6 9

An: p o ly  A t a i l



Figure 3.6

Nucleotide (Panel A) and predicted amino acid (Panel B) sequence 
alignment and comparison of the putative coding region of RXR8 with 
chicken RXRy (Rowe et al., 1991) and mouse RXRa, p, and y (Mangelsdorf et 
al., 1992).

Panel A

RXR8

326

mouse RXRy

1189 1514

32.3%

chicken RXRy

1140 1465

M % .

mouse RXRa

1256 1581

77%

mouse RXRp

1015 1340

Panel B

RXR8

mouse RXRy

chicken RXRy

mouse RXRa

mouse RXRp

107

-  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - i

357 463

1 96.3%

361 467

1 96.3%

361 467

J 87%

304 410

87% t
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3.2.2 - Expression of RXRy mRNA in adult rat tissues and rat cell 

l i n e s

The distribution of RXRy mRNA in adult rats was examined by northern

hybridisation using total RNA derived from rat tissues. The cell lines PC 12 

and ND7/23 were also tested because they are used as model systems for the 

study of rat PNS neurons. The PC 12 cell line (Green and Tischler, 1982) was 

derived from rat pheochromocytoma cells which are tumours arising from 

the neural-crest-derived chromaffin cells of the adrenal medulla. The 

ND7/23 cells (Wood et al., 1990) are used as a model system for the study of 

sensory neurons, and were derived from the fusion of rat neonatal dorsal 

root ganglia, which contain neurons of the PNS, with mouse neuroblastoma 

cells .

The amount of total RNA used was 15pg and its quality was assessed by

ethidium bromide staining after agarose gel electrophoresis. A typical 

example is shown in Figure 3.7. The RXR8 clone was used as a template for the 

construction of a ^^P-labelled rat RXRy specific antisense riboprobe. The 

results of northern hybridisation are shown in Figure 3.8. Five different 

R X R y  transcripts of different lengths were detected. A 1.8Kb transcript was 

detected in the liver (Figure 3.8 panel A, lane 1) skeletal muscle (panel A,

lane 4), brain (panel A, lane 5), heart (panel A, lane 6), thymus (panel B,

lane 3), sciatic nerve (panel B, lane 4), intestine (panel B, lane 5), and aorta

(panel C, lane 3). A 3.7Kb transcript was present in skeletal muscle, brain and

heart (panel A, lanes 3, 4 and 5 respectively). A 4.2Kb and a 2.9Kb transcript

were found in sciatic nerve (panel B, lane 4), and a 0.9Kb transcript was

present in the intestine (panel B, lane 5). No RXRy mRNA was detected in the 

testis, bladder, spleen, stomach, uterus, skin, adrenal gland, kidney, or 

pancreas (panels A, B, C, D). In addition, no transcripts were detected in the



Figure 3.7

A typical example of a formaldehyde/agarose gel, with each lane containing 

ISjxg of electrophoresed total RNA stained with ethidium bromide and 

visualised under ultraviolet light. The two visible bands represent the 18S 

and 28S ribosomal RNAs.
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Figure 3.8
Northern blot analysis of rat RXRy expression in adult rat tissues and cell 

lines. Each track contains ISpg of total RNA. All blots were exposed under 

an intensifying screen at -70‘C as follows: blot A, 10 days; blot B, 7 days; blot 

C, 14 days; blot D, 6 days. The arrows on the left-hand side indicate the 

position of the 18S ribosomal RNA band. The numbers on the right-hand 

side indicate the approximate transcript size in Kilobases, calculated as 

described in chapter II.

Blot A
track 1: liver 
track 2: testis 
track 3: gall bladder 
track 4: skeletal muscle 
track 5: brain 
track 6: heart

Blot 6
track 1: liver 
track 2: spleen 
track 3: thymus 
track 4: sciatic nerve 
track 5: gut

BlotC
track 1: liver 
track 2: stomach 
track 3: aorta 
track 4: uterus

BlotD
track 1: skin
track 2: adrenal glands
track 3: kidney
track 4: heart
track 5: skeletal muscle
track 6: pancreas
track 7: ND7/23 cells
track 8: PC 12 cells



Figure 3.8
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ND7/23 and PC 12 cell lines (panel D, lanes 7 and 8 respectively). This was 

surprising because one would expect them to express RXRy mRNA since they 

are derived from PNS neurons. The presence of RXRy transcripts in rat 

skeletal muscle and their absence in rat skin and adrenal gland was also 

surprising, because the opposite is observed in adult chickens (Seleiro, 

1994).

3.2.3 - Expression of RXRy tran scr ip ts  during rodent em bryonic

d e v e l o p m e n t

The northern hybridisation experiments presented above suggested that the 

expression pattern of RXRy during rat development may differ from that 

during chick development. To test whether this was the case, in situ  

hybridisation experiments were carried out. Wax sections of rat embryos 

from 9.5 days post coitum (d.p.c.) to 15 d.p.c. (equivalent to 8 d.p.c. to 13.5 d.p.c 

mouse embryos; Kaufman, 1990) were hybridised with a radiolabelled 

antisense riboprobe specific for rat RXRy RNA. These embryonic ages were 

chosen because they represent the time window during which the formation 

of skeletal muscle and PNS neurons takes place (Stockdale, 1992; Miller, 1992;

Le Douarin and Smith, 1988; Serbedzija et al., 1994; Tan and Morriss-Kay, 

1985). In addition, wax sections of mouse embryos were hybridised with a 

radiolabelled antisense riboprobe specific for mouse RXRy, in order to 

compare RXRy expression in rat and mouse embryos. Mouse embryos were 

also subjected to whole-mount in situ hybridisation using digoxigenin- 

labelled antisense riboprobes. Identification of the embryonic regions that 

express RXRy RNA was achieved with reference to Kaufman, (1992). 

Identification of developing skeletal muscle was achieved by hybridising 

adjacent wax sections with antisense riboprobes specific for Myf-5 (Ott et al., 

1991; Rudnicki et al., 1993; chapter IV) and oc-cardiac actin (Sassoon et al., 

1988; Ontell et al., 1993; chapter IV)). The former begins to be expressed in
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early  myoblasts prior to their  d iffe ren tia tion  into skeletal muscle

differentiation and the latter begins to be expressed at the time of skeletal

muscle differentiation (see chapter IV).

R X R y  RNA was undetectable in sections of 9.5 (data not shown) and 10.5 and 

11.5 d.p.c.(Figures 3.9a, and 3.9b) rat embryos, equivalent to 9 and 10 d.p.c. 

mouse embryos respectively. A similar observation was made for a 10 d.p.c. 

mouse embryo (Figure 3.10). RXRy RNA was first detected in sections of 12

d.p.c. rat embryos (equivalent to 10.5 d.p.c. mouse embryos). RXRy RNA was

detected in ventral regions of the posterior hindbrain, in the muscle masses 

of branchial arches, and in a region which possibly corresponds to the

facial(VII) component of the facio-acoustic (VII-VIII) ganglion complex

(Figure 3.11). Sections through the fore limbs of the same embryo showed 

expression in the ventral horns of the neural tube and in the myotomes 

(Figure 3.11). A similar observation was made in mouse embryos, in the sense 

that RXRy RNA was first detected in sections of a 10.5 d.p.c. embryo (Figure

3.12). Observation of sections from a 13 d.p.c. rat embryo (equivalent to 11.5

d.p.c. mouse embryo) showed that RXRy RNA is still detected in the myotomes

and ventral horns of the neural tube and the posterior hindbrain and in the 

muscle masses of the branchial arches as well as in the facial (VII) ganglion 

(Figures 3.13 and 3.14). In addition, expression of RXRy RNA in 13 d.p.c. 

embryos was detected in two other cranial ganglia, namely the superior

ganglion of the glossopharyngeal (IX) nerve and the vestibulocochlear 

(VIII) ganglion (Figure 3.14), and in the muscle masses of the developing 

forelimbs (Figure 3.13). Sections through the trunk of a 15 d.p.c. rat embryo , 

which is equivalent to a 13.5 d.p.c. mouse embryo, showed that RXRy

transcripts are present in the developing skeletal muscle, in the ventral

horns of the neural tube, but not in the dorsal root ganglia (DRG) (Figure 

3.15). However, RXRy is expressed in the DRG in sections through the neck of 

a day 15 p.c. rat embryo (Figure 3.15). Sections through the neck and head of
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Figure 3.9a

Distribution of RXRy transcripts in the trunk and posterior regions of 10.5

and 11.5 d.p.c. rat embryos.

Adjacent transverse sections through the trunk and posterior end of day 10.5 

p.c. rat embryo (A and B), and a day 11.5 p.c. rat embryo (B and C), 

hybridised with a RXRy-specific probe (A and C), with an a-cardiac actin- 

specific probe (B), and with a Myf-5-specific probe (D). All sections are shown 

under dark-field illumination. Myf-5 expression is restricted to the 

myotomes of the somites, and a-cardiac actin expression is restricted to 

cardiac and skeletal muscle.

Note that RXRy is not expressed in any of the sections shown. RXRy was 

also not expressed in all the other sections examined from the same 

embryos (data not shown), ah: atrial chambers of the heart; vh: ventricular 

chambers of the heart; nt: neural tube; sm: somite; mt: myotome.



Figure 3.9a
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Figure 3.9b
Distribution of RXRy transcripts in the forelimbs of a 11.5 d.p.c. rat embryo.

Adjacent transverse sections through the fore limbs of a day 11.5 p.c. rat 

embryo, hybridised with a probe specific for RXRy transcripts (A), and with a 

probe specific for RXRy antisense transcripts (B). The latter was used as a 

negative control. Sections are shown under dark-field illumination, 

nt: neural tube; fl: fore limb bud.



Figure 3.9b
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Figure 3.10

Distribution of RXRy transcripts in the trunk and posterior end regions of a

10 d.p.c. mouse embryo.

Whole mount in situ hybridisation of 10 day p.c. mouse embryos derived 

from the same mother, hybridised with a mouse RXRy specific probe (A), 

and with a Myf-5 specific probe (B). Myf-5 expression is restricted to 

myotomal skeletal muscle. Note that RXRy is not expressed, whereas Myf-5 

is restricted to the myotomes, as expected, 

mt: myotomes; hi: hind limb bud



Figure 3.10
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Figure 3.11

Distribution of RXRy transcripts in the hindbrain and neural tube of a day 12

p.c. rat embryo.

Adjacent transverse sections through the hindbrain (A and B), and through 

the forelimbs (C and D) of a 12 day p.c. rat embryo hybridised with a probe 

specific for RXRy transcripts (A and C), and with a probe specific for Myf-5 

transcripts (B and D). Myf-5 expression is restricted to skeletal muscle. Note 

the colocalisation RXRy and Myf-5 transcripts in the muscle mass of the first 

branhial arch (A and B), and in the myotome (C and D). Note that RXRy 

transcripts are not present throughout the myotome, as Myf-5 transcripts 

(for more information see chapter IV). RXRy transcripts were also detected 

in elements of the nervous system (A and C). All sections are shown under 

dark-field illumination.

1: posterior hindbrain; 2: otic vesicle; 3: primary head vain; 4: facial (VII) 

component of the facio-acoustic (VII-VIII) ganglion complex; 5: ventral 

horns of the hindbrain; 6: ventral horns of the neural tube; 7: muscle mass 

of the first branchial arch; 8: myotome.



Figure 3.11
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Figure 3.12
Distribution of RXRy transcripts in the neural tube, branchial arches and 

forelimb, of a day 10.5 p.c. mouse embryo.

Adjacent sections of day 10.5 p.c. mouse embryos, hybridised with a probe 

specific for RXRy transcripts (A and C), and with a probe specific for Myf-5 

transcripts (B and D). Myf-5 expression is restricted to skeletal muscle. 

Pictures A and B show transverse sections through the trunk of the embryo, 

and pictures C and D show parasagittal sections. Note that RXRy is expressed 

in the muscle masses of the second and third branchial arches as well as in 

the myotomes of the somites. Also note, that RXRy expression is restricted 

to the ventral part of the myotome, and that RXRy is not expressed in the 

muscle masses of the limb bud, or in posterior somites

1: myotome; 2: ventral horns of the neural tube; 3 limb bud muscle masses 

4: muscle masses of the second and third branchial arches; 5: posterior 

somites.



Figure 3.12
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Figure 3.13
Distribution of RXRy transcripts in the forelimb of a day 13 p.c. rat embryo.

Adjacent transverse sections through the forelimbs of a day 13 p.c. rat 

embryo, hybridised with a probe specific for RXRy transcripts (A). As a 

negative control, an adjacent section was hybridised with a probe specific for 

antisense RXRy transcripts (B). All sections are shown under dark-field 

illumination.

1: ventral horns of the neural tube; 2: forelimb bud; 3: areas that correspond 

to the developing skeletal muscle masses; 4: myotome.



Figure 3.13
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Figure 3.14

Distribution of RXRy transcripts in the hindbrain region of a day 13 p.c. rat

embryo.

Adjacent transverse sections through the hindbrain of a day 13 p.c. rat 

embryo hybridised with a probe specific for RXRy transcripts (A), and with a 

probe specific for a-cardiac actin transcripts (B). The expression of a-cardiac 

actin is restricted to cardiac and skeletal muscle. All sections are shown 

under dark-field illumination.

Note the RXRy expression in: 1: hindbrain; 2: facial (VII) ganglion; 3: 

vestibulocochlear (VIII) ganglion;; 4: muscle mass of first branchial arch; 5: 

superior ganglion of glossopharyngeal (IX) nerve. Primary head vein: 6; 

dorsal surface of tongue mass: 7.



Figure 3.14
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Figure 3.15

Distribution of RXRy transcripts in the trunk and neck regions of a day 15

p.c. rat embryo.

Adjacent transverse sections through the trunk (A and B) and neck (C, D 

and E ) of a day 15 p.c. rat embryo, hybridised with a probe specific for RXRy 

transcripts (A and C)), with a probe specific for a-cardiac actin transcripts (B 

and D), and with a probe specific for antisense RXRy transcripts (E). The 

expression of a-cardiac actin is restricted to cardiac and skeletal muscle. All 

sections are shown under dark-field illumination. RXRy expression was 

observed in skeletal muscle masses, and the ventral horns of the neural 

tube. Note that RXRy is not expressed in trunk dorsal root ganglia, but it is 

expressed in the dorsal root ganglia at the neck level.

skeletal muscle masses: 1; ventral horns of the neural tube: 2; dorsal root 

ganglion: 3.



Figure 3.15
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Figure 3.16

Distribution of RXRy transcripts in the head and neck regions of a day 15 p.c.

rat embryo.

Adjacent transverse sections through the neck (A and B) and through the 

head (C, D and E) of a day 15 p.c. rat embryo, hybridised with a probe specific 

for RXRy transcripts (A and C), a probe specific for a-cardiac actin transcripts 

(D), and a probe specific for antisense RXRy transcripts (B and E). The a- 

cardiac actin transcripts are restricted to cardiac and skeletal muscle. All 

sections are shown under dark-field illumination. Note RXRy expression in 

the inferior ganglion of the glossopharryngeal (IX) nerve (1), the superior 

cervical sympathetic ganglion (2), the premuscle precursors of the muscles 

of the tongue (3), the muscle masses of the first branchial arch (4), muscle 

masses of the head (5), the ventral horns of the anterior neural tube (6), and 

the neural retina (7). In addition, RXRy transcripts were present in non

muscle areas of the head (8) whose identify is unclear,

9: dorsum of tongue.
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Figure 3.17

Distribution of RXRy transcripts in the brain of a day 15 p.c. rat embryo.

Adjacent transverse (A and B) and parasagittal (C, D, E, F,) sections through 

the head of a day 15 p.c. rat embryo, hybridised with a probe specific for RXRy 

transcripts (A, C, E,), and a probe specific for a-cardiac actin transcripts (B, D, 

F). The a-cardiac actin transcripts are restricted to cardiac and skeletal 

muscle. All sections are shown under dark-field illumination. Note that 

RXRy transcripts are present in specific regions of the midbrain (1), in the 

trigeminal ganglion (2),in the vestibulocochlear (VIII) ganglion (3), the 

semicircular and cochlear canals (4), in the striatum (5), and skeletal muscle 

of the head (e.g. 6).

Medullary raphae: 7; caudal extremity of fourth ventricle: 8.
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a day 15 p.c. rat embryo, showed that RXRy transcripts are present in the

inferior ganglion of the glossopharryngeal (IX) nerve, the superior cervical 

sympathetic ganglion, the premuscle precursors of the muscles of the 

tongue, the muscle masses of the first branchial arch, muscle masses of the

head, the ventral horns of the anterior neural tube, and the neural retina 

(Figure 3.16). In addition, sections through the brain of a 15 d.p.c. rat embryo 

showed that RXRy RNA was present in specific regions of the midbrain, in 

the trigeminal ganglion, in the striatum, in the vestibulocochlear ganglion, 

the semicircular and cochlear canals (Figure 3.17).

The distribution of RXRy RNA was also analysed in a 15 d.p.c. mouse embryo 

(equivalent to 16.5 d.p.c. rat embryo). RXRy RNA was detected in DRG (Figure 

3.18), throughout the neural tube, with the signal from the dorsal part being 

more intense, and in the superior cervical sympathetic ganglia and vagal (X)

trunk (Figure 3.19). It should be noted that at this stage the RXRy RNA in

skeletal muscle becomes confined to the edges of muscle masses (Figure 3.19;

see also chapter IV). Moreover, RXRy transcripts were detected in the

trigeminal ganglion, vestibulocochlear (VIII) ganglion, superior ganglion 

of glossopharyngeal (IX) nerve, and in the semicircular and cochlear canals

and the anterior pituitary gland (Figure 3.20). In addition, expression was 

detected in the prospective cerebral cortex, facial (VII) ganglion (Figure 

3.20), and the striatum (data not shown).

Taken together the results show that RXRy is expressed in specific regions of 

the peripheral and central nervous system and in the skeletal muscle of

rodent embryos. The detection of RXRy expression in rat PNS ganglia is

asynchronous in the sense that some ganglia express RXRy transcripts 

before other ganglia. For example, the facial and glossopharyngeal ganglia 

expressed RXRy before such expression was detected in DRGs and trigeminal

ganglia. In skeletal muscle, R X R y  RNA seems to be present in all muscle 

masses analysed, in both rat and mouse embryos during the early stages of

m y o g e n es is .
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Figure 3.18

Distribution of RXRy transcripts in the dorsal root ganglia of a day 15 p.c.

mouse embryo.

RXRy expression in DRG. Adjacent parasagittal sections through anterior (A, 

C, and E) and posterior (B, D, and F) DRG of a day 15 p.c. mouse embryo, 

hybridised with a probe specific for RXRy transcripts (A and B), a-cardiac 

actin transcripts (C and D), and RXRy antisense transcripts (negative control; 

E and F). The a-cardiac actin transcripts are restricted to cardiac and skeletal 

muscle. All sections are shown under dark-field illumination. Note RXRy 

expression in DRG (1), and skeletal muscle (2). Also, notice that RXRy is not 

expressed in the spinal nerves (3).



Figure 3.18
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Figure 3.19

Distribution of RXRy transcripts in the anterior spinal chord and head

regions of a day 15 p.c. mouse embryo.

Adjacent transverse sections through the anterior spinal chord of a day 15 

p.c. mouse embryo (A, C, and E), and adjacent parasagittal sections through 

the head of a day 15 mouse embryo, hybridised with a probe specific for 

RXRy transcripts (A and B), a probe specific for a-cardiac actin transcripts (C 

and D) and a probe specific for antisense RXRy transcripts (negative control; 

E and F).The a-cardiac actin transcripts are restricted to cardiac and skeletal 

muscle. All sections are shown under dark-field illumination. RXRy 

transcripts are present: throughout the neural tube (1), in DRG (2), in the 

superior cervical sympathetic ganglia (3), in the vagal (X) trunk (4), and in 

the future anterior lobe of the pituitary gland (5). It should be noted that 

during this stage, RXRy expression in skeletal muscle begins to become 

restricted to the edges of muscle masses (see also chapter IV) as shown for 

tongue muscle (6).
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Figure 3.20

Distribution of RXRy transcripts in the brain of a day 15 p.c. mouse embryo.

Adjacent transverse (A, C and E) and parasagittal (B and D) sections through 

the head of a day 15 p.c. mouse embryo, hybridised with a probe specific for 

RXRy transcripts (A and B), a probe specific for a-cardiac actin transcripts (E) 

and a probe specific for antisense RXRy transcripts (negative control; C and 

D). The a-cardiac actin transcripts are restricted to cardiac and skeletal 

muscle. All sections are shown under dark-field illumination. Areas 

expressing RXRy include: posterior semicircular canal (1), vestibulochlear 

(VIII) ganglion (2), superior ganglion of glossopharyngeal (IX) nerve (3), 

neuroepithelium in anterior part of the wall of cochlear canal (4), anterior 

pituitary (5), and trigeminal ganglion (6), neopallial cortex (future cerebral 

cortex) (7), facial (VII) ganglion (8), skeletal muscle (9). Note the reduced 

expression of RXRy in skeletal muscle.
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3 . 3 -DISCUSSION

Rat RXRy

The experiments presented in this chapter resulted in the isolation of a 

truncated rat RXRy cDNA clone of which contains part of the E and F domains 

as well as 3' untranslated sequences. This observation was based on 

nucleotide and predicted amino acid sequence comparison with a chicken 

RXRy  cDNA clone, and the more recently isolated mouse RXRa, (3 and y cDNA 

clones (Figure 3.6). This confirmed the notion that any given retinoid 

receptor is more similar to its counterpart in another species than to other 

receptors within the same species (chapter I; Leroy et al., 1992).

R X R y  expression in adult rats and cell lines

The northern hybridisation analysis showed that RXRy expression in adult 

rat tissues is different from that in adult chicken tissues. RXRy RNA was 

detected in rat heart and skeletal muscle but not in skin and adrenal glands 

(Figure 3.8), whereas the opposite observation was made for the same tissues 

of adult chickens (Seleiro, 1994). This was surprising because one would 

expect a similar RXRy expression between these two species since they are 

closely related in evolutionary terms. The significance of this inter-species 

difference in RXRy expression is not clear at the present. On the other hand, 

R X R y  transcripts were detected in adult liver, brain, intestine and spinal 

nerves in both chickens and rats. This suggests that at least in these tissues 

the role of RXRy may be evolutionary conserved. A step towards confirmation 

of this would require the use of in situ hybridisation experiments to test 

whether RXRy is expressed in the same areas in these two species.
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The finding that no RXRy transcripts are present in the PC 12 cell line which 

was derived from the adrenal glands, is consistent with the absence of RXRy 

RNA in adult rat adrenal glands. The observation that no RXRy transcripts 

were detected in the ND7/23 cell line, which was derived from rat neonatal 

DRGs, which are sensory neurons, was surprising because these cells express

RXRy.  An explanation of this apparent inconsistency may be given when one

realises that the ND7/23 cells used were undifferentiated. It is only upon 

their differentiation which takes place in low serum in the presence of 

cAMP and NGF that they display properties of differentiated sensory neurons 

(Wood et al., 1990). This suggests that RXRy may not be involved in the

differentiation of sensory neurons because it is not expressed prior to the 

differentiation of ND7/23 cells. Thus, it could be involved in the regulation of 

the behaviour of differentiated sensory neurons. In order to investigate this,

future experiments should test whether RXRy is expressed in differentiated 

ND7/23 cells. This may be the case because RXRy must be expressed in 

differentiated DRGs because the cDNA library used for the isolation of the rat 

RXRy clone was derived from the mRNA population present in neonatal DRGs.

The northern hybridisation results presented here confirm and extend the 

findings of Mangelsdorf et al (1992). These workers used an antisense 

riboprobe constructed from a full length mouse RXRy cDNA clone to analyse 

R XRy  expression in adult rat tissues. In contrast, the present study used the 3' 

end of the rat RXRy cDNA, RXR8, to analyse RXRy expression in adult rat 

tissues. The results presented here confirm those of Mangelsdorf et al (1992), 

in the sense that two RXRy transcripts are present in skeletal muscle, brain 

and heart, one RXRy RNA is present in liver and no RXRy RNA is expressed in 

spleen and testes. In addition, the present findings show for the first time 

that no RXRy RNA is present in bladder, stomach, uterus, pancreas and skin, 

whereas one RXRy transcript is present in aorta and thymus, and three RXRy 

transcripts are expressed in sciatic nerve. Moreover, this study shows that no
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R X R y  expression was detected in kidneys and adrenal glands, whereas 

Mangelsdorf et al (1992), showed the opposite. A possible explanation for this 

could be that these workers detected RXRp RNA, which is expressed in these 

tissues, since their probe contained the C domain, which shares a very high

degree of sequence homology with other RXR genes. These workers also 

showed that RXRy is not expressed in rat intestine, whereas the present study 

shows that it is expressed at very low levels. A possible explanation could be 

that these workers did not detect low levels of rat RXRy expression because 

the probe used was not sensitive enough, since it contained murine and not

rat sequences. This is consistent with the finding that the nucleotide

sequence identity of the RXR8 cDNA clone with the mouse RXRy cDNA clone is 

92.3% (Figure 3.6).

F ive RXRy transcripts of different sizes were detected by northern

hybridisation. This work reports the identification of three new RXRy

transcripts: two transcripts in sciatic nerve of approximate length 4.2 and 

2.9Kb, and a 0.9Kb transcript in the intestine (Figure 3.8). Recent work 

showed that two human RXRp mRNAs, two mouse RXRy mRNAs, and two

chicken RXRy mRNAs differ at their 5' ends (Leid et al., 1992; Fleischhauer et

al., 1992; Liu and Linney, 1993; Seleiro et al., 1994). It therefore seems likely

that the different RXRy transcripts identified here will also differ at their 5' 

ends. If that is the case, these mRNAs may be translated into different 

proteins with different functions.

Taken together, the northern hybridisation data suggest that RXRy may have

a role in the control of the behaviour of cells present in the adult rat tissues

that express it. The fact that several different tissues express RXRy suggests 

that it may be involved in the regulation of different sets of genes. This is

consistent with the finding that RXRs can form homodimers as well as 

heterodimers with RARs, thyroid hormone receptors (TRs), and vitamin D
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receptor (VDR) showing that RXRs can mediate the effects of different 

hormones such as 9cRA, tRA, thyroid hormone and Vitamin D (Zhang et al., 

1992; Yu et al., 1991; Leid et al., 1992; kliewer et al., 1992; Rowe and Brickell, 

1993).

R X R y  an d  skele ta l m uscle  developm en t

The in situ hybridisation experiments showed for the first time that RXRy is 

expressed in developing skeletal muscle in rat embryos. RXRy expression in 

the somites, which contain the precursors of all skeletal muscles excluding 

those of the head (Christ and Ordahl, 1995), suggests that RXRy may have a 

role in myogenesis. It is surprising that RXRy is not expressed in embryonic 

chick skeletal muscle (Rowe et al., 1991). It may be the case that another, as 

yet unidentified RXR, is expressed in chick embryonic muscle that has a 

similar role to RXRy in rodent embryos. Clues about the possible role of RXRy 

in myogenesis come from the observation that it seems to be expressed in all 

skeletal muscle masses analysed, suggesting that it may regulate a cell 

behaviour common to all skeletal muscle. These results also show that RXRy is 

expressed in differentiated skeletal muscle as shown by coexpression with a -  

cardiac actin. However, the present findings can not determine whether 

R X R y  is expressed prior to differentiation during the early stages of 

myogenesis because the Myf-5 gene, which is coexpressed with RXRy, is 

expressed prior to, as well as after the initiation of skeletal muscle 

differentiation. The results presented here confirm and extend those of Dolle 

et al (1994) who demonstrated that RXRy is expressed in developing murine 

skeletal muscle.

R X R y  and  the  developm ent of n eu ra l  c re s t  de r iva tive s

The present findings show for the first time that RXRy is expressed in neural 

crest derivatives, namely ganglia of the PNS, in both rat and mouse embryos. 

This is consistent with the finding that a similar expression pattern was
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observed in chick embryos (Rowe et al., 1991). This suggests that the function 

of RXRy in elements of the PNS may be evolutionary conserved. The neural 

crest is a transient population of cells that arises within the dorsal portion of 

the neural tube during neurulation. From this point of origin, these cells 

migrate extensively throughout the embryo to give rise to numerous 

neuronal and non-neuronal cell types (Le Douarin and Smith, 1988; Bronner- 

Fraser, 1993; Serbedzija et al., 1994). In the trunk, these derivatives include 

pigment cells of the skin, neurons and glia of the dorsal root and sympathetic 

ganglia, adrenomedullary cells, aortic plexuses and Schwann cells. The 

derivatives of cranial neural crest include the neurons and glia of the

trigeminal (V), facial (VII), superior glossopharyngeal (IX) and vagal (X)

ganglia. Even though RXRy expression in the rodent embryonic PNS is

similar to the chick PNS there are some differences. In the chick embryo

R X R y  was detected early on, namely during neural crest cell migration, 

whereas in the rat embryo RXRy expression was first detected in already

formed ganglia. A possible explanation in support of an evolutionary 

conserved function could be that the signal whose effect is mediated by RXRy

is present after ganglion formation in both rats and chicks. Another

difference in RXRy expression between chick and rodent PNS is that no RXRy 

RNA was detected in the enteric ganglia, the spinal nerves and the ventral

roots of rodent embryos, whereas RXRy RNA was present at these sites in 

chick embryos. The reason for this is unclear. It may be that these tissues 

express RXRy in rodent embryos but that this was not detected in this study 

because the appropriate wax sections were not used. To resolve this, whole-

mount in situ hybridisation should be carried out. A similar explanation may

be given for the finding that RXRy transcripts were found in the rodent but 

not in the chick glossopharryngeal (IX) ganglion. The detection of RXRy 

RNA in the most anterior DRGs only of a 15 d.p.c. rat embryo and in both

anterior and posterior DRGs of a 15 d.p.c. mouse embryo, equivalent to a 16.5

d.p.c. rat embryo, suggests that RXRy expression in rodent DRGs occurs in an



117
anterior to posterior direction. This is consistent with the finding that the 

initiation of neural crest cell migration from the neural tube takes place in 

an anterior to posterior wave (Bronner-Fraser, 1993).

The timing of RXRy expression in the rat PNS ganglia may give clues to its 

function. More specifically, the timing of the initiation of RXRy expression 

in at least some PNS ganglia seems to be during or just after their neurons

have made contact with their targets, suggesting that it may be involved in

the control of cell behaviours that take place during this time, such as cell

death, change in neurotrophin requirements or the initiation of synaptic 

communication (Oppenheim, 1991; Hefti et al., 1993; Davies, 1994). For 

example, the timing of RXRy expression in the rat trigeminal ganglion 

(between 13 and 15 d.p.c.) coincides with the time of innervation of the 

whisker follicles by trigeminal sensory neurons which takes place at about 

14 d.p.c. (Altman and Bayer, 1982; Davies and Lumsden, 1986). A possible role 

for RXRy could be that it may regulate the expression of genes that are 

involved in the change in neurotrophin requirement which takes place 

during this time. For example, Paul and Davies (1995), provided evidence that 

trigeminal ganglion neurons are dependent on the neurotrophin nerve 

growth factor (NGF) after but not prior to innervation of their peripheral

ta rg e t .

R X R y  and the developing CNS

R X R y  RNA was detected in the neural retina of the eye in rodent embryos, as 

it is in chick embryos (Seleiro, 1994), suggesting that its role in this tissue 

may be evolutionary conserved. In contrast to the chick embryo, rodent

embryos show RXRy expression in several areas of the central nervous

system (CNS). This study shows for the first time that RXRy RNA is present in 

regions of the CNS of the rat embryo which include the ventral region of the 

hindbrain and neural tube, which possibly corresponds to motor neurons.
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the caudate putamen, striatum and in unidentified regions of the midbrain. A 

very similar observation was made by Dolle et al (1994) in mouse embryos. 

However, the present work shows for the first time that RXRy RNA in a 15 

d.p.c. mouse embryo (equivalent to a 16.5 d.p.c. rat embryo) becomes diffuse 

throughout the neural tube with the dorsal part containing more RXRy 

transcripts. The significance of this is unclear. In addition, during this 

stage, RXRy expression was detected in the developing mouse cerebral cortex.
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CHAPTER IV

RXRy a n d  s k e l e t a l  m u s c l e  d i f f e r e n t i a t i o n  i n  r a t

EMBRYOS AND CULTURED RAT MYOBLASTS

4.1 ■ INTRODUCTION

4.1.1 - AIM

The experiments described in Chapter III showed that RXRy is expressed 

during myogenesis in rat embryos, suggesting that RXRy could be involved 

in skeletal muscle differentiation by mediating the effects of retinoids or 

non-retinoid signalling molecules (see chapter I). This chapter therefore, 

describes an investigation of the roles of the retinoid receptor RXRy and of 

the retinoids 9cis retinoic acid (9cRA) and all trans retinoic acid (tRA) 

during rat myogenesis in vivo and in vitro.

The introduction of this chapter deals first with a description of cell 

behaviour during myogenesis followed by a discussion of the role of genes 

that are important for correct skeletal muscle formation. This background 

information is necessary for the interpretation of the results presented in 

this chapter. The last section of the introduction deals with the experimental 

objectives of the present work.

4.1.2 - CELL BEHAVIOUR DURING MYOGENESIS

Cell behaviour during myogenesis is complicated and if one wants to 

understand it at the genetic level, one needs to identify the cells involved, 

describe their behaviour, identify the embryonic regions which control that
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behaviour and determine the timing that such control takes place. Only then 

will it be possible to address questions as to which genes are involved. The

most detailed information about myogenesis at the cellular level comes from 

experiments on avian embryos due to their easy accessibility to experimental 

manipulations such as tissue grafting and cell marking. It is assumed that

cell behaviour during myogenesis in mammalian embryos is very similar to 

that in avian embryos. This assumption is based on the fact that all the

embryonic structures and developmental events involved are very similar

in both (see below).

4.1.2.1 - Description of myogenesis at the cellular level

All skeletal muscles (excluding those of the head) arise from cells derived

from transient embryonic structures called somites. These are solid balls of 

cells that bud off from the paraxial mesoderm, otherwise known as segmental 

plate or presomitic mesoderm, which is a narrow sheet of mesoderm on 

either side of the neural tube. In the mouse embryo, the first pair of somites 

is formed at the anterior end of the paraxial mesoderm. A wave of somite

formation then proceeds in an anterior to posterior direction (Tam and 

Beddington, 1987: Rugh, 1990). This means that the most newly formed somite 

is the one situated most posteriorly. The time it takes for each new pair of

somites to form is approximately the same for all pairs (Keynes and Stern,

1988). This regularity in the timing of somite formation can be used as a 

means of indicating the developmental 'age' of each individual somite based 

on how recently it has pinched off from the paraxial mesoderm. For the

chick embryo, roman numbers are used to designate somite 'age' with the

most recently formed somite designated as stage I, the next most recent as

stage II and so on (Ordahl, 1993).
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The chick somite is populated by cells that have different embryonic origins. 

Cell marking experiments showed that cells of the medial half of the somite

(Figure 4.1) are derived from a region of Hensen's node, while those of the 

lateral half come from a region of the primitive streak (Selleck and Stern, 

1991). Half somite transplantation experiments in which the lateral or medial 

halves of newly formed chick somites were replaced with those of quail 

showed that cells in the medial half give rise to axial muscles, whereas those 

of the lateral half form the muscles of the body wall, shoulder and limb 

(Ordahl and Le Douarin, 1992; Figure 4.1). Quail cells are useful in

transplantation experiments because they behave in a similar fashion to

those of the chick host and can be easily distinguished from host cells (Le

Douarin, 1982) so that one can easily follow what happens to them from the 

time of transplantation onwards. Less detailed studies regarding the origin of 

somitic cells were carried out in mouse embryos (Tam, 1989; Tam and

Beddington, 1987). They showed that cells destined for the somitic and lateral 

mesoderm are confined to the anterior portion of the primitive streak.

The paraxial mesoderm at the level of the head (cranial level) does not

segment into somites in neither avian nor mammalian embryos (Jacobson 

and Meier, 1986; M eier and Tam, 1982). Chick-quail transplantation 

experiments (Noden,1983) showed that the cells of the cranial paraxial

mesoderm disperse through the head to form all the skeletal muscles of the

head. Using the same experimental system, it was shown that all the skeletal
I

muscles of the tongue come from the most anterior somites (Christ eta^., 

1986).

Once formed, somites undergo a series of cellular changes. The most detailed 

information about such changes is given below and comes from chick 

somites at the forelimb level (Kaehn et al., 1988; Ordahl, 1993). The 

morphology of the developing somite in the mouse embryo is grossly similar



Figure 4.1

Diagram showing the embryonic origin of skeletal muscle at the level of the 
forelimbs of chick embryos. The cross-sectional view is shown.
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to that of the chick (Ostrovsky et al., 1988; Ede and El-Gadi, 1986). The cells of

the newly formed somite (somite I) are not highly organised. By somite stage

III the cells reorganise themselves to form an epithelial ball surrounding a 

central cavity (Figure 4.2). During stage V, cells in the ventro-medial portion 

of the somite loose their epithelial character and begin to migrate. These are 

the cells of the sclerotome which migrate towards the neural tube and 

notochord where they later form the cartilage of the developing vertebrae. 

The remaining epithelium of the somite is called the dermomyotome. By stage 

VI, cells at the dorso-medial lip of the dermomyotome begin to migrate and 

form the myotome. Myotomal cells give rise to the axial muscles. It should be 

mentioned that the first cells participating in myotome formation are post 

m itotic and mononucleated. They are the precursors  of the first 

d iffe ren tia ted  myotomal cells (primary muscle fibers of the axial

musculature. The latter are mononucleated cells (Stockdale, 1992). About the 

same time that the myotome begins to form, a second population of migratory 

cells leaves the ventro-lateral edge of the dermomyotome. These cells give 

rise to the muscles of the body wall, shoulder and limb. At a much later stage, 

another population of cells (dermatome cells) leaves the dermomyotome to 

give rise to the dermis of the skin of the dorsal body wall. The cells that give 

rise to the limb musculature migrate into the limb to form the dorsal and 

ventral premuscle masses (Figure 4.2). These sites contain replicating 

myoblasts (Christ et al., 1986) which are the precursors of the primary

muscle fibers of the limbs. The latter are multinucleated and differentiated 

muscle cells derived from the fusion of the mononucleated myoblasts 

(Stockdale, 1992). At a later stage, secondary muscle fibers are formed. Those 

for the axial muscles come from mitotically competent myoblasts that enter 

the myotome from the dermomyotome. The origin of the replicating 

myoblasts that are the precursors of the secondary fibers of the limbs is 

poorly understood, though there is evidence from chickens that they are 

derived from the somites through a second migratory event (Kachn et al..



Figure 4.2

Diagrammatic representation of the morphogenetic events which take place 
during the development of chick somites at the level of the forelimb.
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1989). Secondary muscle fibers form on primary fiber surfaces at sites of 

innervation of primary fibers (Duxson et al., 1989).

As deduced from the above, muscle fibers form in at least two waves, called

primary and secondary (Harris et al., 1989; Fredette and Landmesser, 1991). It 

is generally assumed (Stockdale, 1992) that in both mammals and birds the 

first formed myoblasts are the ones which give rise to primary fibers

whereas the later formed myoblasts are the progenitors of secondary fibers. 

While there is no direct evidence for this assumption, early myoblasts are

the only ones that can be isolated at the time primary fibers form in 

mammals and birds (Hauschka et al., 1979; Miller and Stockdale, 1986). The 

same applies for the later formed myoblasts which generate the secondary

fibers (reviewed in Donoghue and Sanes, 1994; Stockdale, 1992). The majority 

of adult skeletal muscle consists of secondary fibers.

4 .1 .2 .2  - Com m itm ent of em bryonic cells  tow ards the m yogenic

p h e n o t y p e

This section deals with the commitment of embryonic cells towards the 

myogenic phenotype. Before discussing this, some background knowledge 

about cell commitment will be given. As discussed in chapter I, the 

transformation of early embryonic cells destined to become a particular cell

type in the mature organism, does not take place in one step. Instead,

embryonic cells go through a series of changes in cell behaviour, each 

giving rise to a transient cell state, before they acquire their mature,

terminally differentiated state.

Any given embryonic region changes behaviour as a result of signal

reception whose origin may reside within or outside the region in question.
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In the latter case the signal is said to be inductive. However, the presence of 

a signal is not sufficient for the occurrence of changes in cell behaviour. 

Cells must first acquire three properties. The first is the acquisition of the

potential to give rise to a particular cell state. The second is the acquisition 

of the means to receive the signal. The third is acquisition of the means to 

link signal reception to the change in cell behaviour. When cells posses

these three properties they are said to have the potency to achieve the 

desired cell state and they only do that upon signal reception. Once the 

signal has been received the cells are said to be determined to change

behaviour in a certain way because they do so since they have all the means 

necessary. So, the development of a determined region is independent of its 

environment. Grafting experiments are usually used to study determination. 

In general, if a region of tissue which normally develops into, say, region X 

is grafted into any other region of the embryo at the same stage and still 

develops into X, it is determined.

The ability to respond to inductive signals is termed competence. Cell 

competence towards a particular cell state can be tested when the cells in 

question are placed in a permissive environment (source of potential

signals) which may be provided by transplantation experiments. In many 

cases early embryonic cells are competent to acquire several different 

states. This can be shown when they behave differently when placed in 

different environments. In such cases their commitment is not fixed in the 

sense that the available developmental pathways open to them are more than 

one. In the event that there is only one developmental pathway available , 

their commitment is said to be fixed because they are competent to follow 

only one pathway.
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4.1 .2 .2 .1  - Prospect ive skeletal  musc le  cel ls  are myogenica l ly

competent from a very early stage but are not determined

The question as to whether the prospective somite cells present in areas of 

Hensen's node and primitive streak are myogenically competent was 

addressed by grafting experiments in which these early embryonic regions 

from quail embryos were grafted into wings of chick hosts (Christ et al., 

1986). The result was that they are myogenically competent because they 

contributed to limb skeletal muscle. The situation in the mouse embryo is 

very similar. More specifically, when fragments of the primitive steak were 

grown as teratomas in ectopic sites, extensive myogenesis was observed (Tam, 

1984).

Even though at this early stage the prospective somite cells are myogenically 

com petent they are not determined. Evidence for this comes from 

experiments on chick embryos (Selleck and Stern, 1992) in which 

prospective lateral somite (anterior region of primitive streak) cells were 

labelled with the Dil dye and grafted into the prospective notochord region. 

The labelled cells contributed to notochord tissue. The same result was 

obtained when the same experiment was carried out using prospective medial 

somite cells from the lateral part of Hensen's node.

4.1.2.2.2 - Myogenic specification of somites occurs as a result of

i n d u c t i v e  s i g n a l ( s )

In order to investigate the commitment of the segmental plate (source of 

somites) towards a myogenic phenotype, avian explant cultures were 

employed. These, so called, specification experiments involve the removal
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from the embryo of a tissue region followed by its culture in a medium which 

must be neutral with respect to the available pathways present in the 

embryo at the time of its removal (Slack, 1991). Caution should be taken in 

the interpretation of such experiments because one is never certain about 

the neutrality of the culture medium. An embryonic region is said to be 

specified to become something at the time of its removal if it develops into 

that something when cultured in isolation. Specification experiments can be 

informative about the source of the signal and the timing of its action and 

about the commitment of the region in question. For example, if  the 

explanted segmental plate does not develop as it does in normal development, 

generating cells which include muscle fibers, then one explanation is that 

the signal required for this development had not been received at the time 

the explant was made, and that the signal comes from a region other than the 

segmental plate. Alternatively, if the segmental plate explant does develop as 

in normal development, it means that it is myogenically committed and has

received the signal whose source may lie within or outside the explanted 

region. However it is not known whether it is determined because it is not 

known whether it responds to other signals when exposed to all embryonic 

environments at the stage in question.

Buffinger and Stockdale (1994) showed that segmental plates taken from

chick embryos at Hamburger and Hamilton (HH) stages 11 to 15 are not

myogenically specified. Myogenic specification was assayed by detection of 

muscle specific isoforms of myosin heavy chains (proteins present in 

differentiated muscle fibers) using monoclonal antibodies. The specification 

of somites was examined using similar experiments in which single somite 

explants were performed (Stern and Hauschka, 1995). These experiments

showed that the first myogenically specified somite is the most anterior one 

present in a chick embryo at the 8 somite pairs stage (HH stage 9+). Late, 

during HH stages 10 to 11 (9 to 11 and 12 to 14 somite pairs, respectively)
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myogenic specification occurred from somite VI onwards. During HH stages 

12 and 13 (15 to 20 somite pairs) all somites tested were specified, except for 

the three most recently formed, and by HH stages 14 to 15 (20 to 26 somite 

pairs) only the most recently formed somite (in 90% of cases examined) did

not contain myogenically specified cells. The same results were obtained by 

Buffinger and Stockdale (1994) and Kenny-Mobbs and Thorogood(1987) 

regarding the finding that the segmental plate is not myogenically specified 

and that the three most newly formed somites from HH stages 12 to 13 are not 

myogenically specified either. The conclusion from the above is that: (a)

specification towards a differentiated muscle state occurs when myogenic 

progenitor cells are members of the somite and not the segmental plate, (b)

the specification signal is inductive and is received by the somite, (c) the

timing of myogenic specification does not take place simultaneously for all

somites but depends on both the embryonic stage and the 'age' of the somite

during a given stage. A possible explanation regarding the differences in the 

timing of somite specification could be that the myogenic signal is available 

all the time but that the somite responds to it only when it acquires the 

competence to do so. Another possibility could be that the somite is 

myogenically competent all the time and it becomes specified only when the 

signal becomes available. There is evidence favouring the latter (see below).

4.1.2.2.3 - Signal(s) from the neural tube and/or notochord are 

necessary  for myogenesis  in the myotomes

Information about the source of the inductive signal(s) during myogenesis 

came from in vivo experiments monitoring the developm ent of the 

segmental plate and somites in the absence of neural tube and notochord

(Rong et al., 1992; Ordahl and Le Douarin, 1992; reviewed by Lassar and

M unsterberg, 1994). The experiments performed included microsurgical 

ablation (removal) of these axial organs, or their microsurgical separation
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from the somitic mesoderm. The results showed that the appearance of 

differentiated myotomal cells (assayed by the detection of proteins present in 

muscle fibers) is dependent on the neural tube/notochord complex because 

its ablation or separation results in the loss of myotomal differentiation. In 

addition, either one of these two axial structures can mimic the effect of both 

as far as myotome differentiation is concerned. These findings show that 

myogenesis in the myotomes requires a signal from the neural tube and/or 

the notochord (Rong et al., 1992). These workers also showed that myotomal 

differentiation is possible in the absence of neural tube and notochord

provided that the somites have remained in contact with these axial

structures for a certain period of time, after which differentiation can 

proceed in their absence. The conclusion is that the inductive signal is 

required during a transient period only. More specifically, only the most 

anterior somites could produce differentiated myotomal cells when separated 

from the axial organs at the 12-somite stage, i.e. about 10 hours after their 

individualisation. This finding predicts that these somites are myogenically 

specified. This is indeed the case because this prediction is consistent with

the specification studies performed by Buffinger and Stockdale (1994) and 

Stern and Hauschka (1995). It has to be stressed that the myotomal cells that 

appear in the absence of axial organs have a transient existence and begin to 

die within the first day after the operation and completely disappear a few

days later (Teillet and Le Douarin, 1983; Ordahl and Le Douarin, 1992; Christ et 

al., 1992). Therefore the neural tube/notochord complex is necessary for the 

appearance and subsequent survival of differentiated myotomal cells.

4 . 1 . 2 . 2 . 4  - M y o g e n i c a l ly  u n s p e c i f i e d  m e s o d e r m a l  c e l l s  are

m y o g e n i c a l l y  c o m p e t e n t

The competence of myogenically unspecified chick cells - those of the 

segmental plate and unspecified somites - to respond to inductive signals
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from the neural tube/notochord complex was examined using explant 

cultures. In these experiments, pieces of segmental plate or somites (single 

or groups) were cocultured with pieces of neural tube or notochord 

(Buffinger and Stockdale, 1994; Stern and Hauschka, 1995; Kenny-Mobbs and 

Thorogood, 1987). These studies concluded that the neural tube promotes 

myogenic differentiation of segmental plates and all the unspecified somites, 

whereas the notochord has no effect on the segmental plate but does induce 

unspecified somitic cells to differentiate into muscle fibers. In addition, 

Buffinger and Stockdale (1995), showed that the ventral neural tube is a 

strong inducer of myogenesis while the dorsal neural tube is a week one. 

Thus, it seems that the timing of somite myogenic specification does not 

depend on the timing of the acquisition of myogenic competence because all 

m yogenically unspecified cells at all stages tested are myogenically 

competent. This favours the scenario that the timing of signal reception may 

be the decisive factor during myogenic specification.

A similar study which is consistent with the above was carried out using 

embryonic tissues from mouse embryos (Vivarelli and Cossu, 1986). These 

workers demonstrated that the in vitro differentiation (shown by detection 

of myosin heavy chain expression) of embryonic day 10 mouse somites can 

be promoted by explants of neural tube, whereas somites isolated from older 

embryos developed muscle cells without the addition of the neural tube.

4 .1 .2 .2 .5  - The role of  the axial  s tru ctures  in the  in it ia l

appearance of  myotomal muscle

The experiments described above were mainly concerned with the effect of 

the axial structures on the appearance of differentiated myotomal cells

detected by structural muscle specific gene expression. However, they

provide no information about their effect on earlier myotomal gene
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expression. To address this question, Bober et al (1994), performed ablation 

experiments in chick embryos which involved the removal of either the 

neural tube or the neural tube/notochord complex at the level of the 

segmental plate. The subsequent development of the segmental plate at the 

operated site was followed by morphological observation and by the detection

of transcripts from the genes CMDI (chick homologue of Myf-5) and 

myogenin. These are members of the myogenic regulatory gene family 

encoding basic helix-loop-helix transcription factors (see below) and are the 

earliest known markers in prospective myotomal cells in avian embryos 

(Pownall and Emerson, 1992). The striking observation was that the 

segmental plate gave rise to somites which generated myotomal cells 

expressing transcripts of the muscle specific regulators CMDI and myogenin 

as well as proteins of the gene desmin (Bahai et al., 1990) even though the 

axial organs adjacent to the segmental plate had been removed before its 

segmentation into somites. However, this expression disappeared 4 days 

after the operation. Therefore, these workers concluded that the neural tube

is not important for the initial steps of myotomal development, but supports 

the survival and subsequent development of axial skeletal muscle. This,

however, does not exclude signalling from the neural tube that may have

taken place at a stage before the experiment took place.

The observations made by Bober et al. (1994) seem to contradict all the other 

findings mentioned in this chapter with regards to the role of the axial 

structures in the appearance of myotomal cells. All findings agree that the

neural tube/notochord complex is necessary for the correct development and 

survival of myotomal muscle but it is debatable as to whether it is required 

for the initial appearance of differentiated myotomal cells. The work of

Bober et al (1994), suggests that the axial structures are not necessary

whereas the work of others (Rong et al., 1992; Buffinger and Stockdale, 1994; 

Stern and Hauschka, 1995) suggest that they are. Thus, the role of the axial
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organs in the initiation of myotomal development is controversial. A possible 

explanation that makes both observations consistent with each other can be 

given if one assumes that Bober et al (1994), detect myoblasts, since the genes 

they used as markers are expressed in both myoblasts and muscle fibers 

(Yablonka-Reuveni and Nameroff, 1990; Braun et al., 1989; Wright et al., 

1989). Thus, the axial organs could be necessary for myoblast differentiation 

but not for myoblast formation.

4.1.2.2.6 - The myogenic signal derived from the axial structures

is select ive  rather than instructive and is mediated by diffusible  

f a c t o r s

Evidence in favour of the idea that the signal from the neural tube is 

selective, rather than instructive, came from experiments in which the 

neural tube when cocultured with lateral plate mesoderm (which does not 

normally form skeletal muscle) was unable to induce myogenesis (Buffinger 

and Stockdale, 1994; Stern and Hauscha, 1995). This finding agrees with the 

view that developmental signals are selective (Wolpert, 1991; Chapter I ,this 

th e s is ) .

The finding that in ovo separation of somites from axial structures (Rong et 

al., 1992) results in the loss of myotomal muscle suggests that the reception of 

the myogenic signal that comes from them requires somites to be in close 

proximity to the axial regions. This was confirmed in explant cultures by

Stern and Hauschka (1995). This raises the question as to whether the signal 

responsible for myogenic specification of somites is mediated by cell to cell 

contact or by diffusible factors. Buffinger and Stockdale (1995), showed that

cell to cell contact is not required because either the neural tube or the

notochord were able to induce myogenesis in unspecified somite explant 

cultures when these tissues were separated by a 0.2- or 0.05-pm pore filter.
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They concluded that myogenic specification of somites is mediated by 

diffusible factors.

4.1.2.2.7 - The development of  limb skeletal muscle is independent

of axial organs

It is important to stress that the absence of axial structures has no effect on

the survival and differentiation of limb and body wall muscles even if the 

somites are separated from them before the prospective limb muscle cells 

migrate to the limb (Rong et al., 1992). The observation that only axial

skeletal muscle differentiation, and not that of body wall or limb muscle,

requires signal(s) from the neural tube/notochord is consistent with the 

observation that these two muscle groups arise from different regions of the 

somite.

Most of the data presented so far were informative with respect to the 

commitment of cells of the medial half of the chick somite (precursors of

axial muscle). In order to examine the commitment of cells in the lateral half 

of the somite (precursors of body wall and limb muscle), half somite explants 

were performed (Lassar and Munsterberg, 1994). It was shown that when 

cells of the lateral half somite (derived from somite III) were explanted and 

cultured in isolation, they do not differentiate into muscle and hence are not 

myogenically specified. These observations, taken together with those from 

the neural tube/notochord ablations, suggest that the myogenic signal that 

acts on the lateral half somite is an inductive one whose source is not the 

neural tube/notochord complex. The source of this signal is not known but 

there is evidence to suggest that it may reside within the developing limb 

since regions containing early muscle progenitors (cells from Hensen's node 

and primitive streak ) contribute to skeletal muscle when grafted to chick 

limb (Christ et al., 1986).



135

Removal of the neural tube does not affect early limb muscle development 

but it is crucial for the development of later-formed limb muscles. Rong et al 

(1992), observed disorganisation of limb muscles in chick embryos at the 

stage when the first secondary fibers normally appear (McLennan, 1983). 

There is evidence indicating that innervation is necessary for the correct 

development of these later-formed limb muscles. More specifically, previous 

studies showed that innervation is necessary for the maintenance of primary 

fibers and for the production of secondary fibers in both chick (McLennan, 

1983) and rat (Condon et al., 1990) embryos.

4.1.2.2.8 - The timing of myogenic determination

As previously discussed, specification experiments are not informative with 

regards to determination. Cells determined to become skeletal muscle should 

do so autonomously, independent of their environment. The timing of 

myogenic determination was addressed in chick embryos by grafting 

experiments (Ordahl and Le Douarin, 1992). These workers replaced the 

medial half of the most recently formed somite (which contains the 

precursors of axial muscle and skeleton), with the lateral half (which 

contains the precursors of limb and body wall musculature) and vice-versa, 

from 14-15 HH stage chick embryos. This demonstrated that the cells of the 

newly formed somite are not determined because they developed according to 

their new positions. This finding is consistent with previous observations 

which showed that all somites except from the most newly formed (somite 

stage I) from 14-15 HH stage embryos, are myogenically specified (Buffinger 

and Stockdale, 1994; Stern and Hauschka, 1995).

As deduced from the above, the exact timing of myogenic determination is 

not yet known. However, the time window during which it must take place
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can be deduced from the available data. That is, it may occur during or after 

specification but not after terminal differentiation. For example, myotome 

formation occurs at somite stage V and the first genes responsible for the 

myogenic phenotype begin to be expressed slightly later. Thus, the 

determination of myotomal muscle precursors to become myotomal fibers 

must take place between somite stage II and the time of terminal 

d i f f e r e n t ia t io n .
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4.1.3 - GENE ACTION DURING MYOGENESIS

This section is concerned with the genetic control of skeletal muscle 

development. Genes involved in such control should be capable of regulating 

d irectly  or indirectly  the expression and/or function of the genes 

responsible for the skeletal muscle phenotype, and should be expressed prior

to but not after terminal differentiation. The MyoD family of myogenic

regulators (see below) contains such genes. The members of this family are

MyoD (Davis et al., 1987), myogenin (Wright et al., 1989; Edmonson and Olson, 

1989), Myf-5 (Braun et al., 1989) and MRF4 (Rhodes and Konieczny, 1989; 

Miner and Wold, 1990; Braun et al., 1990).

4.1.3.1 - The contribut ion of  skeletal  muscle cell l ines to the

s tudy of  myogenic  d i f ferent ia t ion

M yogenic determ ination  is the developm ental event during which 

prospective skeletal muscle cells receive a signal that causes them to 

autonomously differentiate into mature skeletal muscle. There is evidence 

supporting the notion that the immediate precursors to muscle fibers are

cells called myoblasts because they are present during the formation of

muscle fibers in the embryo and when explanted have the potency to 

differentiate only into skeletal muscle (Stockdale, 1992; Olson, 1992). Even 

though cultured myoblasts can only differentiate into muscle, whether they 

do so depends on the culture conditions. More specifically, the presence of

serum (source of growth factors) prevents differentiation, whereas its 

absence promotes it (Olson, 1992). Thus, myoblasts are not determined to

differentiate into muscle because if they were they would do so independent 

of their environment. So, the myogenic differentiation signal may act on 

myoblasts by causing them to become determined myoblasts. Thus, the 

appearance of differentiated skeletal muscle cells requires the occurrence of
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at least two developmental events: (a) the determination of mesodermal

progenitors to differentiate into myoblasts, and (b) the determination of 

myoblasts to differentiate into muscle fibers. It should be stressed that since 

there are no molecular markers unique to myoblasts, which can be

identified only by their capacity to differentiate into muscle fibers when 

induced to do so (Weintraub, 1993), one should be careful in the 

interpretation of experiments regarding myogenic determination in vivo.

The exact signals that cause the determination of in vivo myoblasts leading to 

their irreversible differentiation to muscle fibers are not known (Olson, 

1992). However, cultured myoblasts provide an attractive system for the study 

of the molecular biology of myogenesis (Buckingham, 1994). Even more 

attractive is the use of skeletal muscle cell lines, whose progenitor cells were 

derived from embryonic muscle, because they have the advantage of

providing large quantities of myoblasts. More specifically , cultured 

myoblasts can propagate themselves indefinitely provided that they are kept

in a proliferative state. The maintenance of this state requires that the 

myoblasts are cultured in the presence of medium supplemented with a high 

concentration of serum and that they are sub-cultured regularly, because 

cell contact prevents cell division (Olson, 1992) and leads to spontaneous 

differentiation. Myogenic determination of these myoblasts to terminal 

differentiation takes place upon growth factor withdrawal. This leads to the 

cessation of proliferation which results in the activation of muscle-specific 

gene expression. Irreversible commitment to the postmitotic state occurs 

upon fusion to form multinucleated muscle fibers (Olson, 1992). The 

activation of the muscle specific program takes place only when the dividing 

myoblasts exit the cell cycle, for example when they are cultured in low

concentrations of serum (referred to as differentiation medium).
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Skeletal muscle cell lines are good models for the study of myogenic 

differentiation because they mimic certain aspects of the in vivo situation: 

(a) morphological and biochemical differentiation in vitro, is very similar to 

the in vivo situation (b) cultured myoblasts are actively dividing and are 

responsive to mitogens as is the case for the in vivo myoblasts (Furst et al., 

1989; Harris et a l ,  1989; Cusella-De Angelis et a l ,  1994), (c) the differentiation 

of cultured myoblasts is prevented by growth factors (Olson et al., 1986; Spizz 

et a l ,  1986), and they and their receptors are present in the developing 

muscle in the embryo before and during myogenic differentiation (Herbert 

et a l ,  1990; Schmid et al., 1991; Pelton et al., 1991; Haub and Goldfarb, 1991; 

Drucker and Goldfarb,1993; deLapeyriere et a l ,  1993; Lawler et a l ,  1994), 

suggesting that the in vivo myoblasts remain in an undifferentiated state due 

to the effects of growth factors and they differentiate only when they 

overcome this effect. Thus, if one assumes that they are capable of 

preventing myogenesis in vivo, as they do in vitro, then one can predict that 

putative differentiation signalling molecules should be able to induce the 

myogenic differentiation of cultured myoblasts in the presence of growth 

fac to rs .

Skeletal muscle cell lines may not be a good model for the differentiation of 

the earliest myotomal muscle because these cells are mononucleated 

(Stockdale, 1992) and their precursors are postmitotic (Kaehn et al., 1988) and 

do not respond to mitogenic agents (Cossu et a l ,  1988).

Taken together, the above findings suggest that skeletal muscle cell lines 

may be good models for the study of the d e te rm in a tio n  of 

p ro life ra ting /g row th  fac to r-responsive  m yoblasts  to d iffe ren tia te  into 

multinucleated fibers, and that putative differentiation agents should induce 

them to differentiate in the presence of growth factors.
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4.1.3.2 - Information about the role of members of the MyoD

family derived from ectopic expression studies

Clues about the function of the proteins encoded by the genes of the MyoD 

family came from experiments that involved their ectopic expression (forced 

expression  in cells that do not normally  express them). Ectopic 

overexpression of any member of this family in fibroblastic cells of the 

C3H/10T1/2 line leads to their conversion in to myoblasts (Lassar et al., 1987; 

Buckingham, 1992; Olson, 1990). This cell line consists of multipotential 

mesodermal progenitor cells which can give rise to precursors of various 

mesodermal lineages such as myoblasts, adipoblasts and chondroblasts. Upon 

cessation of proliferation of these precursors, differentiation occurs leading 

to the appearance of differentiated cells characteristic of each lineage 

(Duprey and Lesens, 1994). These findings show that members of the MyoD 

family have the ability to force these mesodermal progenitors to choose one 

developmental pathway (become myoblasts) out of the several pathways 

available. Thus, they are involved in the determination of the C3H/10T1/2 

progenitors towards the myogenic phenotype in the sense that they cause 

their differentiation into myoblasts (cells with the potency to differentiate 

only into skeletal muscle), hence the name MyoD (for myogenic 

determination factors).

The above observations are consistent with ectopic expression studies carried

out in mouse embryos. More specifically, ectopic expression of MyoD and 

Myf5 in mouse embryos using transgenic technology (Miner et al., 1992; 

Santerre et al., 1993) caused embryonic cells that do not normally give rise to

skeletal muscle to follow the myogenic pathway.
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The MyoD gene was also shown to convert differentiated cells into skeletal 

muscle when it is ectopically expressed in these cells, by inducing the 

expression of muscle specific genes. The cells converted include primary 

cultures of chondrocytes, smooth muscle, retinal pigment, fibroblasts, and 

brain cells ( Weintraub et al., 1991).

Thus, members of the MyoD family are able to convert mesodermal 

progenitor cells into myoblasts as well as inducing the expression of muscle 

specific genes in differentiated non-muscle cells. These findings are 

informative with respect to the capabilities of these genes in experimental 

situations which may be different from their in vivo role.

4.1.3.3 - Developmental  expression of the MyoD genes

Information about the role of members of the MyoD family during

myogenesis came from the investigation of their embryonic expression

patterns (Figure 4.3). The first myogenic factor gene transcript detectable by 

in situ hybridisation in mouse embryos is Myf-5 (Ott et al., 1991). It is first 

detected in the dorsomedial corners of newly formed somites at about 8.5 days 

post coitum (p.c.). As somites begin to become compartmentalised into 

dermomyotome and sclerotome, Myf-5 transcripts are expressed in the 

dorsomedial lip region of the dermomyotome which, according to Kaehn et al 

(1988), is the region which contains the myotomal progenitor cells. As 

myotomes begin to form and mature, levels of Myf-5 transcripts decrease in

the dorsomedial lip and become restricted to myotomal cells. Myogenin 

mRNAs are first detected in myotomal cells from the time that the myotome 

forms (Sassoon et al., 1989). Between 9 and 10.5 days p.c. a transient

expression of MRF4 transcripts is detected in the myotome (Boder et al., 1991; 

Hinterberger, 1991). It should be mentioned that although myogenin mRNAs 

are detected early in myotomes , the protein is detected by antibody staining
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Figure 4.3

Summary of in situ hybridisation analyses of MyoD family gene expression 

in the developing mouse embryo (reproduced from Sassoon, 1993).

Symbols: - , not detected; +/-, barely detectable; +, low levels; ++, moderate 

levels; +++, high levels.

Days p.c. 8.5 9.5 10.5 11.5 12.5 13.5 17.5

Expression in somites and axial muscle 

Myf-5 + ++  -H -+ +++  +-H - +

m y o g e n in  4-+ -H -+ +++ -H -+ 4-n- -H -+ +4-4-

MyoD - - -H- 4-++  -H-+

MRF4 - ++  -H- +  + / -

Expression in forelimb muscle 

Myf-5 - + + + / -

m y o g e n in  - +

MyoD - - +

MRF4 - - - - +
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at 10.5 days p.c. (Cusella-De Angelis et al., 1992). MyoD is the last myogenic 

factor to appear in mouse embryos. MyoD transcripts (Sassoon et al., 1989) 

and protein (Cusella-De Angelis et al., 1992) are first detected in the 

myotomes at 10.5 days p.c. As mentioned above this is the first stage at which 

m yogenin  p ro te in  becom es detectable . M yf-5 transcr ip ts  becom e 

downregulated by 13.5 days p.c. and are undetectable during later stages.

These observations suggest that the only gene that might be involved in the 

determination of early progenitor cells to differentiate into myotomal 

myoblasts is Myf-5 because it is the only one expressed in the dermomyotome 

(Lyons and Buckingham, 1993). It should be noted that myotomal 

differentiation as detected by the appearance of a-cardiac actin takes place 

before the appearance of myogenin and MyoD proteins suggesting that 

differentiation of early myotomal muscle is independent of these two 

myogenic factors . This seems to be the case because it was shown that 

primary cultures of early somite cells will differentiate in the absence of 

MyoD and myogenin (Cusella-De Angelis et al., 1992).

The temporal sequence of the expression of the myogenic factors in limb 

buds differs from that in myotomes suggesting that there are differences 

between the way axial and peripheral muscles develop. This is consistent 

with the observations that axial and peripheral muscles have different 

embryonic origins (Selleck and Stern, 1991; Ordahl and Le Douarin, 1992) 

and with the findings of Rong et al (1992) and Ordahl and Le Douarin (1992) 

which showed that the early embryonic limb muscle development does not 

require inductive signals from the neural tube/notochord complex, whereas 

myotomal muscle development does.
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The first myogenic factor gene transcript to be detected by in situ 

hybridisation in the mouse forelimb bud (Figure 4.3) is Myf-5 at 10.5 days

p.c. and becomes undetectable by 13.5 days p.c. (Ott et al., 1991). At 11.5 days

p.c. MyoD and myogenin transcripts (Sassoon et al., 1989) and proteins 

(Cusella-De Angelis et al., 1992) first appear in the forelimb buds. MRF4 is 

first expressed from 13.5 days p.c. onwards (Bober et al., 1991; Hinterberger 

et al., 1991). Differentiation of limb muscle as detected by the expression of 

a-cardiac actin, one of the earliest differentiation markers, occurs at about 

the same time as MyoD and myogenin transcripts first appear (Sassoon et al.,

1988). Thus Myf-5 is the only myogenic factor to appear in the mouse limb

bud before muscle differentiation suggesting that it may be involved in the

determination of early progenitors to differentiate into limb myoblasts. On 

the other hand, MyoD and myogenin could be involved in the determination

of limb myoblasts to differentiate into muscle because they are expressed at 

the time of terminal differentiation.

4.1.3.4 - Information about the function of the MyoD genes from

gene k n ock out  ex per im ents

Great progress in understanding the role of members of the MyoD family

during myogenesis came from experiments that resulted in the creation of

transgenic mice lacking functional myogenic factors.

Myogenin-mutant mice are born with muscle deficiency and die within 

minutes after birth (Hasty et al., 1993; Nabeshima et al., 1993). Analysis of the

mutant embryos showed that myotome development was normal and that the

early axial and back muscle fibers were present even though their

morphology as well as the patterns of MHC and desmin expression were 

abnormal (Nabeshima et al., 1993; Venuti et al., 1995). These findings indicate 

that myogenin may not be necessary for the differentiation of at least some
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myotome derived skeletal muscle during the initial wave of myogenesis

which occurs between 10.5 and 14.5 days p.c. (Kelly, 1983). These results are 

consistent with those of Cusella-De Angelis et al (1992), which showed that 

primary cultures of early somite cells undergo myogenic differentiation in

the absence of myogenin. However, myogenin is required  for the 

differentiation of limb myoblasts into myofibers during the primary wave of 

myogenesis. Mutant mouse limb buds between 12.5 to 14.5 days p.c. contained 

MHC-negative mononucleated cells instead of myofibers suggesting that 

myogenin is necessary for the differentiation of limb myoblasts in vivo 

(Nabeshima et al., 1993; Venuti et al., 1995). Confirmation that these 

mononucleated cells are myoblasts came from experiments showing that they 

have the potency to differentiate into muscle when they are cultured in vitro

in the absence of large amounts of growth factors( Nabeshima et al., 1993). In 

addition, Venuti et al (1995), showed that myogenin is necessary for the

appearance of muscle fibers during the second wave of myogenesis because 

during this time very little muscle formation took place in the mutants. 

Taken together, these experiments suggest that myogenin may be necessary 

for the differentiation of myoblasts that give rise to the primary fibers of 

limb musculature but not those of axial muscle and for the differentiation of 

myoblasts that generate the secondary fibers in both axial and limb muscle.

Rudnicki et al (1992), demonstrated that mice lacking a functional MyoD gene 

are viable and exhibit no morphological or physiological abnormalities in 

skeletal muscle. Similarly, new-born mice lacking a functional Myf-5 gene 

display no obvious defects in skeletal muscle, but die perinatally, due to 

severe rib abnormalities (Braun et al., 1992). However, mutant MyoD mice 

exhibit increased levels of Myf-5 mRNA and mice lacking Myf-5 show a delay 

in the onset of myotomal muscle-specific gene expression. These findings 

raised the possibility that Myf-5 and MyoD can functionally substitute for 

one another during myogenesis. Evidence supporting this possibility came
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from the work of Rudnicki at al (1993). These workers showed that mice 

lacking both MyoD and Myf-5 die soon after birth and are completely devoid 

of skeletal muscle. Immunohistochemical analysis indicated the absence of 

desm in-expressing myoblast-like cells. These observations suggest that 

MyoD and/or Myf-5 is required either for the determination of myogenic 

progenitors to differentiate into myoblasts, or for the maintenance of 

myoblasts once they have formed. These results are in agreement with the 

findings that forced expression of either MyoD or Myf-5 in multipotential 

mesodermal stem cells causes them to become myoblasts (see above).

The phenotype of MRF4 mutant transgenic mice is controversial since 

different workers had different results. For example, mice that lack a 

functional MRF4 (Braun and Arnold, 1995) have a phenotype very similar to 

that of Myf-5 mutants. However, this phenotype may not represent a true 

lack of functional MRF4 but also a lack of functional Myf-5. This is because 

Myf-5 and MRF4 are very closely linked. Consistent with this is the finding 

(Olson et. al., unpublished data) that mouse embryos carrying a null mutation 

for MRF4 appeared phenotypically normal and had decreased levels of the 

embryonic myosin heavy chain RNA.

4.1.3.5 - Regulat ion of  the expression of  the genes responsib le

for the skeletal  muscle phenotype

Members of the MyoD family are transcriptional regulators that are able to 

activate directly or indirectly all the genes responsible for the skeletal 

muscle phenotype (Olson, 1992). All members are characterised by a 70- 

amino-acid segment of homology that consists of a basic region and an 

adjacent helix-loop-helix (HLH) motif. This segment was shown to be 

sufficient for myogenic conversion of C3H lOTl/2 cells (Tapscott et al., 1988). 

The predicted structure of the basic-HLH (bHLH) motif which was deduced
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from sequence data was confirmed for the bHLH motif present in the MyoD 

protein (Ma et al., 1994). Similar bHLH motifs have been discovered in other 

transcription factors, including members of the m y c  family of oncogenes

(Murre et al., 1989a). Mutagenesis studies showed that the HLH region is

required for dimerization and that the basic region is required for DNA 

binding (Voronova and Baltimore, 1990; Davis et al., 1990). The target

sequence for DNA binding of bHLH proteins is CANNTG, known as an E-box.

The myogenic factors are necessary but not sufficient for the activation of

muscle specific gene transcription. Evidence in support of this came from 

experiments which showed that even though MyoD can bind DNA as a 

homodimer, it binds to its target sequence more than ten times better as a

heterodimer with one of the differentially spliced bHLH proteins encoded by 

the E2A gene (Murre et al., 1989b). The E2A gene is expressed in many 

different cell types including muscle. In addition, Lassar et al (1991), showed

that the E2A gene may be required for MyoD activity in muscle because: (a)

Factors extracted from muscle cells that bind to the enhancer of a muscle

specific gene include a MyoD-E2A or myogenin-E2A hetero-oligomeric

species, (b) C3H lOTl/2 cells expressing antisense E2A RNA fail to express E2A 

protein and do not convert into muscle cells after ectopic expression of MyoD.

Suggestions that some muscle-specific genes might be regulated by the MyoD 

family in an indirect fashion came from the fact that some of these genes do 

not contain E-boxes within their regulatory regions (Olson, 1992). For 

example, the myocyte-specific enhancer factor-2 (MEF2) which binds an AT- 

rich motif found in many muscle-specific promoters can activate muscle 

specific transcription in the absence of an E-box (Gossett et al., 1989). The

finding that MEF2 is induced by myogenin and MyoD (Cserjesi and Olson, 

1991; Lassar et al., 1991) are consistent with indirect activation of some genes 

by members of the MyoD family.
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4.1.3.6 - Cell proliferation and skeletal  muscle d if ferent iation

As mentioned above, skeletal muscle cell lines are used as models for the 

study of skeletal muscle differentiation. The observation that MyoD and/or 

M yf-5 are expressed  in cu ltu red  p ro l i fe ra t in g  m yoblasts  before  

differentiation (Lassar et al., 1994) suggests that the functional activity of 

these myogenic bHLH factors must be suppressed during the proliferative 

state.

The in vivo situation during mammalian development seems to be similar to 

the in vitro model in the sense that myoblast differentiation is preceded by 

myoblast proliferation. More specifically, both primary and secondary 

multinucleated fibers, present in axial and peripheral musculature, form 

from the fusion of proliferating myoblasts and that the earliest myotomal 

cells that express sarcomeric proteins may be derived from postmitotic 

myoblasts. Evidence in support for this is given below.

The primary wave of myogenesis for myotome-derived muscles of the mouse 

embryo takes place between about 10 and 14 days p.c.(Kelly, 1983; Furst et al.,

1989). The first myotomal cells that express sarcomeric proteins (proteins 

involved in muscle contraction) are postmitotic and mononucleated and 

appear between 9.5 and 12 days p.c. (Hill et al., 1986; Furst et al., 1989; Miller, 

1992). These findings are consistent with data from chick embryos 

(Stockdale, 1992). It is not known as to whether the mammalian myoblasts 

that give rise to these early myotomal muscle cells are mitotically active but 

there is evidence suggesting that they are not. This comes from experiments 

performed by Cossu et al (1988), who showed that muscle cells expressing
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sarcomeric proteins derived from the differentiation of cultured somitic cells 

(removed from a 10 p.c. mouse embryo) were mostly mononucleated and that 

their number was unaffected from the addition of the tumour promoter TP A. 

This suggests that the early somitic myoblasts in mouse embryos are not 

mitotically competent. Evidence in favour of this came from the observation 

that ( Kaehn et al., 1988) the early chick myotomal cells are postmitotic 

before they begin to express sarcomeric proteins. The second event that 

takes place during the primary myogenic wave of axial muscle development 

is the formation of multinucleated muscle fibers (known as primary fibers) 

resulting from the fusion of proliferating mononucleated myoblasts (Miller, 

1992). This event takes place between 13 and 14 days p.c. in the mouse (Furst 

et al., 1989 ). The primary fibers in mouse limb buds form between 13 and 14 

days p.c. and are derived from proliferating myoblasts (Harris et al., 1989; 

Miller, 1992). During the second wave of skeletal muscle formation 

secondary muscle fiber formation takes place between 15 and 17 days p.c. and 

involves the withdraw of myoblasts from the cell cycle followed by their 

fusion to form multinucleated fibers (Harris et al., 1989; Miller, 1992).

The fact that myogenic factors are unable to activate muscle specific genes 

in proliferating myoblasts, suggests that growth factors through growth 

factor-induced genes may be responsible for their functional inhibition. For 

example, fibroblast growth factor (FGF) and transforming growth factor-p 

(T G F p )  are potent inhibitors of myogenic differentiation in vitro (Olson et al., 

1986; Spizz et al., 1986). In addition, experiments that involved mouse limb 

bud cultures (Cusella-De Angelis et al., 1994) showed that administration of 

T G F p  inhibited the formation of secondary fibers. Whether these growth 

factors regulate myogenesis in vivo is not known, but both factors are 

expressed at the correct place and time to regulate myogenic differentiation 

in the embryo (see section 4.1.3.1 and Olson, 1993). The observation that 

myoblast differentiation occurs only when they are growth arrested in the
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GO/Gl phase of the cell cycle suggests that factors that inhibit differentiation 

must be present during this phase. The proto-oncogenes c-Myc, c-Fos, and 

c-Jun are candidates for the inhibition of differentiation because they are 

induced by serum, FGF and TGFp during this period and can inhibit 

myogenesis in vitro when expressed autonomously (Olson, 1992).

There is evidence from experiments employing skeletal muscle cell lines 

suggesting  that pro to-oncogenes inhibit m yogenic d iffe ren tia t ion  by 

functionally inactivating members of the MyoD family. Bengal et al. (1992), 

showed that c-Jun inhibits the ability of MyoD to activate target muscle 

enhancers. This inhibition is due to the formation of M yoD/c-Jun 

heterodimers mediated through the bHLH motif. These observations suggest 

that the binding of c-Jun to MyoD prevents MyoD from forming heterodimers 

with proteins necessary for its functional activation. A possibility would be 

that c-Jun binding prevents the interaction of MyoD with the HLH protein 

E12 (the splicing variant protein encoded by the E2A gene and the usual

heterodimeric partner of MyoD) thereby preventing muscle specific gene

transcription. Evidence supporting this comes from the finding that the 

inhibition of c-Jun on MyoD is removed upon over expression of the E2A 

gene (Weintraub et al., 1991). Thus c-Jun may compete with E12 for 

heterodimerisation with MyoD and that the nature of the resulting

heterodimer depends on the relative amounts of available c-Jun and E12 

p ro te in s .

Inhibition of the function of myogenic factors by proto-oncogenes can 

occur via mechanisms that do not involve direct protein interaction. For 

example, c-Fos which also inhibits myogenesis, does not associate with MyoD 

(Lassar et al., 1989). It should be mentioned that both c-Fos and c-Jun can also 

repress the transcription of the myogenic factors. This transcriptional 

repression however, is probably a secondary consequence of functional
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inactivation of the MyoD family because it is known that, in cell lines, the 

myogenic factors regulate their own as well as each others expression.

There are other ways through which functional inactivation of the 

myogenic bHLH proteins can be achieved. Examples include the Id protein 

which binds to and inhibits the myogenic bHLH factors (Benezra et al., 1990) 

and protein kinase-C which is thought to inactivate the MyoD proteins 

through phosphorylation (Olson, 1993).

The presence of growth factors during skeletal muscle development suggests 

that myogenic differentiation in the embryo unlike that of myogenic cell 

lines takes place in the presence of growth factor-induced inhibitors of 

myogenesis. This implies that the differentiation signal in the embryo may 

be such that it prevents the activity of these myogenic inhibitors. Candidate 

signalling molecules should be able to induce myoblast differentiation even 

when these are cultured in a medium supplemented with high serum 

concen tra t ions .  The nature of the signal requ ired  for m yogenic 

differentiation is currently unknown.

4.1.4 - EXPERIMENTAL OBJECTIVES

The aim of the experiments presented in this chapter was to investigate the 

role of the retinoid receptor RXRy and that of the retinoids 9cRA and tRA 

during the primary wave of skeletal muscle formation in rat embryos (see 

section 4.1.2.1).

To determine whether the initiation of RXRy expression occurs prior to, 

during or a fte r skeletal muscle d ifferen tia tion , the spatio -tem pora l 

expression of RXRy in the developing rat skeletal muscle was compared to 

that of Myf-5 and a-cardiac actin by carrying out in situ hybridisation to



152
ad jacen t em bryonic sections using rad ioac tive ly  labe lled  an tisense  

riboprobes. Myf-5 (Ott et al., 1991) is expressed before, during and after

myoblast differentiation, whereas a-cardiac actin (Sassoon et al., 1988) is one 

of the earliest genes to be expressed during myoblast differentiation. In some 

cases, in order to determine whether the rat data were consistent with those

in mouse embryos, in situ hybridisation was perform ed on adjacent 

embryonic mouse sections.

The in situ hybridisation data suggested that RXRy might be involved in the 

determination of proliferating myoblasts to differentiate into multinucleated

myofibers and that 9cRA, tRA or thyroid hormone might be a myogenic 

differentiation signal whose effect is mediated by transcription factors that 

include RXRy. To test this hypothesis, the effects of 9cRA, tRA and thyroid 

hormone on the rat H9C2 (2-1) cell line were examined. This cell line was 

derived from rat embryos, and is a skeletal muscle cell line because it 

d i s p la y s  m o rp h o lo g ic a l ,  b io c h e m ic a l ,  and  e l e c t ro  p h y s io lo g ic a l  

characteristics unique to skeletal muscle (Kimes and Brandt, 1976).
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4 . 2 -RESULTS

4.2.1 - D eve lopm enta l  express ion of  RXRy during the primary  

wave of myogenes is  in axial  and l imb skeletal  musc le  in rat  

e m b r y o s

4.2.1.1 - Myotomal expression of RXRy during rat development

Analysis of sections from day 11 and 11.5 p.c. rat embryos (equivalent to day

9.5 and 10 p.c. mouse embryos respectively) showed no RXRy expression in 

the somites (Figure 4.4), although Myf-5 transcripts were detected in the 

dorsomedial lip of the dermomyotome of posterior somites from 11 day p.c. rat 

embryos. Half a day later, at the level of the fore limbs, the myotome was well 

established and contained Myf-5 and a-card iac  actin transcripts but no 

detectab le  RXRy transcripts. These data demonstrate that the initiation of 

myogenic differentiation in the myotomes takes place in the absence of RXRy 

e x p re s s io n .

R X R y  transcrip ts  were first detected in the myotomes (Figure 4.5) of a 12 day 

p.c. rat embryo (equivalent to day 10.5 p.c. mouse embryo) at the fore limb 

level. Comparison of RXRy expression with that of Myf-5, revealed that RXRy 

transcripts were not present throughout the myotome but were restricted, 

possibly to the ventral part of the myotome. These findings are consistent 

with those from a 10.5 day p.c. mouse embryo (Figure 4.5). It should be 

emphasised that in order to demonstrate accurately the myotomal location of 

R X R y  transcripts, whole-mount in situ hybridisation experiments should be 

carried out. This would show the exact pattern of RXRy expression in three 

d im en s io n s .
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Figure 4.4

The distribution of RXRy transcripts in the somites and myotome of day 11

and day 11.5 p.c. rat embryos.

In situ hybridisation analysis of the distribution of RXRy, Myf-5 and a -  

cardiac actin transcripts in the somites of day 11 and 11.5 p.c. rat embryos.

Adjacent transverse sections (A, B, C, and D) trough the posterior region of a

day 11 p.c. rat embryo, were hybridised with probes specific for rat RXRy (A ), 

Myf-5 (B), a-cardiac actin (C) and antisense RXRy (D, negative control) 

transcripts. Adjacent transverse sections (E, F, G, and H) at the level of the 

forelimbs of a day 11.5 p.c. rat embryo, were hybridised with probes specific

for rat RXRy (E), Myf-5 (F), a -ca rd iac  actin (G), and antisense RXRy

transcripts (H). Neural tube, 1; dorsomedial lip of dermomyotome, 2; myotome, 

3. Sections are shown under dark-field illumination. Note that RXRy 

expression was not detected in any of the sections.
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Figure 4.5

The distribution of RXRy transcripts in the myotome of a day 12 p.c. rat

embryo and a day 10.5 p.c. mouse embryo.

In situ hybridisation analysis of adjacent transverse sections through the 

forelimbs of a day 12 p.c rat embryo (A and B), and through the forelimbs (C 

and D), and the posterior end (E and F) of a day 10.5 p.c. mouse embryo, 

hybridised with a probe specific for RXRy (A, C and E) and Myf-5 (B, D and F) 

transcripts. All sections are shown under dark-field illumination. At this 

stage, Myf-5 is expressed throughout the myotome (see section 4.1.3.3) Note 

that the expression of RXRy seems to be restricted to the ventral part of the 

myotome (1). Also note that RXRy transcripts are present in the ventral 

horns of the neural rube (2). Myotome, 3; neural tube, 4.
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Figure 4.6

The distribution of RXRy transcripts in the myotome of a day 13 p.c. rat

e m b ry o .

In situ hybridisation analysis of adjacent transverse sections at the level of 

the hind limbs of a 13 day p.c. rat embryo, hybridised with a probe specific 

for RXRy transcripts (A), and with a probe specific for Myf-5 transcripts (B). 

All sections are shown under dark-field illumination. Note that the myotomal 

expression of RXRy (1) is almost identical to that of Myf-5, and that RXRy 

transcripts are present in the ventral horns of the neural tube (2).



Figure 4.6
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A d j a c e n t  se c t io ns  at the h ind l imb level  o f  a 13 day p.c.  rat  e m b r y o  

(equ iv a le n t  to 11.5 p.c. mous e  em bryo) ,  sh ow ed  that  the m y o to m a l  exp re s s io n  

o f  R X R y  appeared  to be a lmos t  ident ical  to that  o f  Myf-5  (F igure  4.6) .  This  

s u g g e s t s  th a t  as d e v e l o p m e n t  p r o c e e d s ,  the in i t i a l  l o c a l i s a t i o n  o f  R X R y  

e xpress ion  wi thin a spec if ic  region of  the m yo to m e no longer  exists .

4 .2 .1 .2  - RX Ry express ion  dur ing  the format ion  of  l imb ske le ta l  mu sc le  in rat 

e m b r y o s

R X R y ,  a - c a r d i a c  ac t in,  and  M y f- 5  t r a n s c r ip t s  w e re  not  d e t e c t e d  in the

fore l imbs  of  11.5 day p.c. rat em bryos  (Figure 4.7).  H ow ever ,  ha l f  a day later

(12  day  p.c. rat  em bryo) ,  Myf-5  t ranscr ipt s ,  but  not  R X R y  t r an sc r ip t s ,  were  

p re se n t  in the  p r em us c l e  ma sse s  of  the fore l imbs  (F i gu re  4.8) .  T h e  same 

o b s e rv a t i o n  was made  in the mo us e  em b ry o  at an e q u iv a le n t  d e v e l o p m e n t a l  

s tage,  that is, in the fore l imbs of  a 10.5 day p.c. mouse  embryo  (Figure 4.8).  

The  h indl imbs of  a day 13 p.c. rat embryo  did not express  RX Ry or a - c a r d i a c  

ac t in  (F ig ur e  4 .9) .  On the o th e r  hand ,  t r an sc r ip t s  o f  both gen es  w e re  c o 

lo ca l i s ed  (F i gur e  4 .10)  in mu sc le  ma sses  of  the fo re l i m b s  (a b o u t  12 hours  

mor e  d e v e lo pm ent a l ly  ad va nc ed  than the hind l imbs)  o f  the same e m b r y o  (13 

day  p.c.) .  M o re  imp or tan l ty ,  RX R y transcr ip ts  were un ique ly  pr esen t  in som e 

m u sc le  a reas  (F ig ure  4.10) .  A s im i la r  ob se rv a t io n  was made  f rom sec t ion s  

th rough the hind l imbs and fore l imbs of  a 15 day p.c. rat em br yo  (equiva len t  

to day 13.5 p.c.  mouse  e m br yo )  in the sense that  R X R y  and a - c a r d i a c  ac t i n  

m R N A s  were co -e x p re ss e d  in som e m usc l e  ma sse s  wh e re as  in o the rs ,  R X R y  

t ransc r ip t s  were  un ique ly  presen t  (F igure  4.11) .  It shou ld  be e m p h a s i s e d  that  

these  da ta  do not  p rove tha t  R X R y is expressed  pr ior  to a - c a r d i a c  ac t in  in 

s o m e  m u s c le  r e g io n s  b e c a u s e  th e re  is a l w a y s  the p o s s i b i l i t y  th a t  th es e

r e g io n s  m igh t  h a v e  not  p r e s e n t  in the se c t io n s  in q u e s t i o n .  T h e s e  d a t a  

however,  clearly show that the initiation of  RXRy express ion in the
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Figure 4.7

The distribution of RXRy transcripts in the forelimb of a day 11.5 p.c. rat

e m b r y o .

In situ hybridisation analysis of adjacent transverse sections through the 

forelimbs of a day 11.5 p.c. rat embryo, hybridised with a probe specific for: 

R X R y  transcripts (A), Myf-5 transcripts (B), a-cardiac actin transcripts (C), 

and antisense RXRy transcripts (negative control; D). All sections are shown 

under dark-field illumination. Note the absence of expression in the 

forelimbs in all sections. Forelimb, 1; myotome, 2.



Figure 4.7
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Figure 4.8

The distribution of RXRy transcripts in the forelimb of a day 12 p.c. rat

embryo, and a day 10.5 p.c. mouse embryo.

In situ hybridisation analysis of adjacent transverse sections through the 

forelimbs of a day 12 p.c. rat embryo (A and B), and through the forelimbs of 

a day 10.5 p.c. mouse embryo (C, D and E), hybridised with probes specific for: 

R X R y  transcripts (A and C), Myf-5 transcripts (B and D), and antisense RXRy 

transcripts (E). All sections are shown under dark-field illumination. Note 

the absence of RXRy expression, and the presence of Myf-5 expression in the 

premuscle masses of the forelimb.

Premuscle masses of the forelimb: 1.



Figure 4.8
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Figure 4.9

The distribu tion  of RXRy transcripts in the hidlimb of a day 13 p.c. rat

e m b ry o .

In situ hybridisation analysis of adjacent transverse sections through the 

hindlimbs of a day 13 p.c. rat embryo hybridised with a probe specific for 

R X R y  transcripts (A), with a probe specific for cc-cardiac actin transcripts 

(B), and with a probe specific for antisense RXRy transcripts (negative 

control, C). All sections are shown under dark-field illumination. Note the 

absence of expression of any of the transcripts in all sections.



Figure 4.9
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Figure 4.10

The distribution of RXRy transcripts in the myotome and the skeletal muscle

of the forelimb of a day 13 p.c. rat embryo.

In situ hybridisation analysis of adjacent transverse sections through the 

forelimbs of a day 13 p.c. rat embryo hybridised with a probe specific for 

R X R y  transcripts (A), with a probe specific for a -ca rd iac  actin transcripts 

(B), and with a probe specific for antisense RXRy transcripts (negative 

control, C). All sections are shown under dark-field illumination. Note that 

R X R y  and a-cardiac actin transcripts are present in the same skeletal muscle 

areas (1). Also note that RXRy transcripts seem to be uniquely expressed in 

other muscle areas (2). In addition, RXRy is expressed in areas of the ventral 

horns of the neural tube that probably correspond to motor neurons (3), and 

oc-cardiac actin is expressed in the atrial wall of the heart (4).



Figure 4.10
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Figure 4.11

The distribution of RXRy transcripts in the skeletal muscle of the forelimb

and hindlimb of a day 15 p.c. rat embryo.

In situ hybridisation analysis of adjacent transverse sections through the 

hidlimbs (A and B) and forelimbs (C and D) of a day 15 p.c. rat embryo 

hybridised with a probe specific for RXRy transcripts (A and C), and with a 

probe specific for a-cardiac actin transcripts (B and D). All sections are 

shown under dark-field illumination. Note that RXRy and ot-cardiac actin 

transcripts are present in the same skeletal muscle areas (e.g. 1). Also note 

that RXRy transcripts seem to be uniquely expressed in other muscle areas 

(e.g 2). In addition, RXRy is expressed in areas of the ventral horns of the 

neural tube that probably correspond to motor neurons (3), and c t -c a rd ia c  

actin is expressed in the atrial wall of the heart (4).



Figure 4.11
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developing limb skeletal muscle takes place at least at the same time as that of 

a-cardiac actin. This demonstrates that the initiation of RXRy expression in

the developing limb skeletal muscle occurs at least at the time of the

initiation of its differentiation.

4.2.1.3 - Expression of RXRy in late stages of the primary myogenic wave in 

the mouse embryo

In order to establish the pattern of RXRy expression during the late stages of

the primary myogenic wave, which takes place at about 15 days p.c. in mouse

embryos (Miller, 1992), sections from a 15 day p.c. mouse embryo (equivalent

to 17.5 days p.c. rat embryo) were examined. RXRy expression was confined to 

the edges of the muscle masses present in axial, ventral body wall, and limb 

regions (Figure 4.12).

4.2.1.4 - Conclusion

Taken together, the data presented in this section provide detailed 

information with regard to the timing of RXRy expression in relation to 

skeletal muscle differentiation during the primary wave of myogenesis in

rat em bryos. RXRy is expressed after the in itia tion of myogenic

differentiation in the myotomes, whereas in the limbs, its expression is 

concomitant with the initiation of myogenic differentiation. Moreover, the 

initial appearance of RXRy expression in the myotomes seems to be restricted 

to the ventral part of the myotome and as development proceeds it spreads 

throughout the entire myotome. In addition, during the late stages of the

primary myogenic wave in the mouse embryo (a period during which most 

primary myofibers had formed), RXRy transcripts become confined to the 

edges of the muscle masses.
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Figure 4.12

The distribution of RXRy transcripts in the skeletal muscle of the trunk and

forelimb of a day 15 p.c. mouse embryo.

In situ hybridisation analysis of adjacent transverse sections through the 

trunk (A and B) and the forelimbs (C and D) of a day 15 p.c. mouse embryo 

hybridised with a probe specific for RXRy transcripts (A and C), and with a 

probe specific for a-cardiac actin transcripts (B and D). Sections A and B are 

shown under dark-field illumination and sections C and D are shown under 

light-field illumination. Note that RXRy expression is confined to the edges 

(e.g. 1) of the muscle masses present in axial, ventral body wall, and limb 

regions. Also note that RXRy transcripts are expressed throughout the neural 

tube (see chapter III). In addition, RXRy is expressed in the dorsal root 

ganglia (2).
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These data suggest that RXRy may be involved in the mediation of the

myogenic differentiation signal that causes limb myoblasts to differentiate 

because it is expressed at the time of their differentiation in vivo. To test this 

hypothesis, the effect of 9cRA, tRA, and thyroid hormone on the 

differentiation of myoblasts derived from the rat skeletal muscle cell line 

H9C2 (2-1) was investigated, since RXRs can mediate the effects of these 

signalling molecules (chapter I). In addition, RXRy expression in treated or

untreated H9C2 (2-1) cells was monitored by northern hybridisation.

4.2.2 - Treatment of proliferating H9 myoblasts with either 9cRA

or tRA reduces their capacity to incorporate tritiated  thym idine

The effects of 9cRA, tRA and thyroid hormone were tested by examining 

whether they could induce proliferating H9 myoblasts to exit from the cell 

cycle in the presence of growth factors. This was an attempt to mimic the in  

vivo  situation, since the exit of limb myoblasts from the cell cycle takes place 

in the presence of growth factors (see section 4.1.3.1). The exit of 

proliferating myoblasts from the cell cycle is a prerequisite for their 

subsequent differentiation (Olson, 1992).

The experiment was carried out as described in chapter II. The myoblasts 

were cultured in DMEM medium supplemented with high (10%) or low (0.5%) 

concentrations of foetal calf serum (PCS), as a source of growth factors. The 

former medium is referred to as proliferation medium and the latter as 

d i f f e re n t ia t io n  m edium , because  m yob las ts  are p re v en ted  from 

differentiating in the presence of growth factors (see section 4.1.3.6). 

Myoblasts cultured for 2 days in proliferation medium in the presence of 

9cRA ( I p M final concentration) showed a decrease in the rate of tritiated 

thymidine incorporation similar to that detected in cells cultured in
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Figure 4.13

The effects of cRA, tRA, and thyroid hormone on the incorporation of 

tritiated thymidine by proliferating H9 myoblasts after 2 days (A), or 4 days 

(B) of culture in; 1, DMEM/10% PCS; 2, DMEM/0.5% PCS; 3, DMEM/10% PCS/1 ̂ iM 

tRA; 4, DMEM/10% PCS/l|iM cRA; 5, DMEM/10% PCS/l|iM thyroid hormone. All 

values were expressed relative to the tritiated thymidine incorporation 

obtained when the cells were cultured in DMEM/10% PCS, which was 

arbitrarily set as 1. All values are the averages of 3 determinations and the 

standard error of the mean is represented by the bars.
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differentiation medium (Figure 4.13, A). On the other hand, cells cultured in 

the presence of tRA showed little change when compared to those cultured in 

proliferation medium alone, whereas cells cultured in the presence of 

thyroid hormone exhibited greatly increased incorporation of the labelled 

nucleotide, when compared to that detected in its absence (Figure 4.13, A).

After 4 days of culture in proliferation medium in the presence of either 

9cRA or tRA, there was a reduction of [^H] incorporation, with respect to the 

incorporation detected with proliferation medium alone. This reduction was 

similar to that detected in the presence of differentiation medium alone 

(Figure 4.13, B). Thyroid hormone on the other hand, still induced an 

increase in [^H] thymidine incorporation, albeit smaller than that detected 

after two days of culture (Figure 4.13, B).

These results suggest that both 9cRA and tRA may inhibit the proliferation of 

cultured H9 myoblasts in the presence of large quantities of growth factors 

in a way that is similar to the inhibition detected in the presence of small 

quantities of growth factors. On the other hand, thyroid hormone may have a 

mitogenic effect. Moreover, 9cRA seems to have a more potent effect than 

tRA in the sense that its inhibitory action becomes evident earlier. It should 

be stressed that the observed reduction in [^H] thymidine incorporation could 

be due to retinoic acid-induced cell death, rather than inhibition of 

proliferation. Thus the interpretation of these data should be treated with 

caution. There is indirect evidence for the notion that cRA and tRA inhibit 

proliferation of cultured H9 myoblasts (see below).
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4.2.3 - M yoblasts are induced to d ifferentiate into m ultinucleated  

m yofibers as a result of retinoid treatment

The experiments presented in this section were designed to test the ability of

9cRA, tRA and thyroid hormone to induce another differentiation-related 

change in m yoblast cell behaviour, namely the ir  fusion to form

multinucleated myofibers (Stockdale, 1992). After 4 days incubation in the 

appropriate medium, H9 cells were stained with Leishman's stain to 

distinguish between nucleus and cytoplasm. Cells that contained three or

more nuclei were classified as myofibers (Gabbert et al., 1988). The number 

of myofibers was estimated in four randomly selected fields of view.

Myofibers were first observed 4 days after culture in the presence or

absence of 9cRA or tRA. The number of myofibers in cultures grown in 

proliferation medium containing either 9cRA or tRA was much higher (14

+ /_ 1.2-fold, and 12 +/_ 0.7-fold increase in the presence of cRA and tRA

respectively) than in their absence (Figure 4.14). Moreover, the number of 

myofibers present in the retinoid-treated cultures in proliferation medium 

was comparable to that detected in differentiation medium alone (16 +/_ 0.6- 

fold increase when compared to the number of myofibers present in

proliferation medium) even though these myofibers were greater in size 

(Figure 4.14). On the other hand, thyroid hormone treatment did not result in 

myofiber formation, but rather to an increased number of myoblasts, 

consistent with its mitogenic effect (Figure 4.13).

These observations show that 9cRA and tRA but not thyroid hormone

stimulate the fusion of H9 myoblasts to form myofibers in the presence of 

growth factors. This effect becomes evident 4 days after treatment, 

concomitant with myofiber formation in the absence of growth factors. This 

suggests that 9cRA and tRA can repress the inhibitory efffect of growth
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Figure 4.14

H9 cells stained with Leishman's stain, after a 4-day culture in: A, DMEM/0.5% 

PCS; B, DMEM/10% PCS; C, DMEM/10% PCS/1 ̂ iM tRA; D, DMEM/10% PCS/1 ̂ iM 

cRA; E, DMEM/10% PCS/l^iM thyroid hormone. Examples of myofibers are 

indicated by arrows.



Figure 4.14
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factors on myoblast differentiation. These data also support the notion that 

the retinoic acid-induced inhibition of [^H] thymidine incorporation may due 

to its anti-mitogenic effect because exit of myoblasts from the cell cycle is a 

necessary condition for their subsequent fusion to form myofibers.

4.2 .4  - RXRy and m yogen in  ex p ress io n  d u r in g  tre a tm e n t  o f

m yoblasts  with retinoic  acid

The aim of the experiments presented here was to determine the timing of 

R X R y  expression during the retinoic acid-induced differentiation of cultured

H9 myoblasts in the presence of growth factors. The presence of RXRy mRNA 

would be evidence in favour of its proposed role based on its in vivo 

expression during myogenesis in the developing rat limbs (see section 4.2.1). 

The initial stage of cultured myoblast differentiation, which precedes 

myofiber formation, is defined as the time during which myoblasts exit the 

cell cycle and begin to express myogenin mRNA, which takes place upon 

removal of the growth factor-induced inhibition of differentiation, as is the 

case for example, in response to growth factor withdrawal (Wright et al., 

1989; Edmondson et al., 1991; Olson, 1992). The present experiments involved 

the monitoring of myogenin and RXRy expression in retinoic acid-treated or 

untreated confluent H9 myoblasts by means of northern hybridisation. The 

myoblast status of the H9 cells was detemined by northern hybridisation 

using a probe which hybridises to the p -actin gene. This probe also 

hybridises to all actin mRNAs. Since the sarcomeric a-ske le ta l  and a - c a rd ia c  

actins ('muscle actins') are present exclusively in striated muscle, whereas 

the P- and y-cytoskeletal actins ('non-muscle actins) are present in non

muscle cells and myoblasts (Bains et al., 1984), the hybridisation pattern of 

this probe was used to distinguish myoblasts from myofibers. This is because 

the non-muscle actin mRNA pool changes from exclusively 18S in cultured 

myoblasts, to predominantly 16S (muscle actin mRNA) in myofibers. Bains et 

al (1984), showed that: (a) cultured myoblasts contained the non-muscle
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actins only, (b) myofibers that resulted from the differentiation of cultured 

myoblasts contained both actin mRNA pools, (c) myofibers present in adult 

skeletal muscle contained the muscle actin mRNA pool only.

The results are shown in figure 4.15. H9 cells grown in proliferation medium 

for 1 day (proliferating myoblasts) contained no detectable myogenin (lane 

6, panel B) or RXRy mRNA (lane 6, panel A) and expressed the non-muscle 

actin mRNAs as expected (lane 6 panel C). Cells grown in differentiation 

medium for 7 days (differentiated myofibers) contained a considerable 

amount of myogenin mRNA (lane 7, panel B) and the presence of myofibers 

was confirmed by the detection of both actin pools (lane 7, panel C).

Interestingly, RXRy was not expressed in these cells (lane 7, panel A). Adult 

skeletal muscle expressed both isoforms of RXRy (lane 5, panel A; see chapter 

III) and the sarcomeric actin mRNA pool (lane 5, panel C) as expected. In 

addition, there was no detectable expression of myogenin in adult skeletal

muscle (lane 5, panel B). This observation is in agreement with the finding 

that myogenin mRNA is barely detectable in adult skeletal muscle, even 

when the sensitive procedure of in situ hybridisation was used (Sassoon, 

1993).

Cells cultured for 2 days in differentiation medium alone (lane 1, panel A), or 

in proliferation medium in the presence or absence of either tRA or 9cRA

(lanes 2, 3 , 4, panel A) expressed RXRy mRNA as well as the non-muscle 

actin mRNA pool (lanes 1-4, panel C), confirming their myoblast status. It 

should be noted that the presence of bearly detectable muscle actin mRNA in 

lanes 1, 3, and 4 suggests that a small number of myoblasts must have started 

to differentiate. Myogenin mRNA was detected in H9 myoblasts cultured for 

two days in differentiation medium alone (lane 1, panel B) or in proliferation 

medium in the presence of either tRA or cRA (lanes 3 and 4 respectively.
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Figure 4.15

Autoradiograms of northern blots of total RNA (20|ig) from H9 myoblasts, 

hybridised with a probe specific for: RXRy transcripts (A), myogenin

transcripts (B), and the non-muscle ' and 'muscle' actin mRNA pools (C). The 

same blot was hybridised with each of the probes sequentially, with each 

probe being stripped off the blot before the next probe was used. Prior to 

harvesting, the morphology of the H9 cells was observed (data not shown). 

Panel D shows the formaldehyde/agarose gel that contained the total RNA 

samples used, after staining with ethidium bromide and visualised under UV 

light. The blots were exposed to an X-ray film under an intensifying screen 

at -70  C as follows: blot A, 2.5 days; blot B, 16 hours; blot C, 3 hours. See text for 

more details.

lane 1, H9 confluent myoblasts cultured for 2 days in differentiation medium

lane 2, H9 confluent myoblasts cultured for 2 days in proliferation medium

lane 3, H9 confluent myoblasts cultured for 2 days in proliferation medium +lpM tRA

lane 4, H9 confluent myoblasts cultured for 2 days in proliferation medium -t-lpM cRA

lane 5, adult skeletal muscle

lane 6, H9 non-confluent myoblasts cultured for 1 day in proliferation medium

lane 7, H9 myofibers that formed after 7 days of culture in differentiation medium
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panel B). However, no myogenin transcripts were detected in cells cultured 

for two days in proliferation medium alone (lane 2, panel B).

Taken together, the results show that: (a) cRA or tRA can relieve the serum- 

induced inhibition of myogenin expression within myoblasts showing that 

these myoblasts exited the cell cycle and initiated myogenic gene expression, 

(b) RXRy transcripts are present in confluent myoblasts during the retinoic 

acid-induced elevation of myogenin expression, (c) RXRy expression is not 

induced by retinoic acid because RXRy transcripts are present in confluent 

myoblasts cultured in the absence of retinoic acid (d) RXRy transcripts are 

not present in proliferating non-confluent myoblasts or myofibers.

4.3 - DISCUSSION

The in situ hybridisation experiments show that the initiation of RXRy 

express ion  is concom itan t with the in i tia tion  of skele ta l muscle 

differentiation as shown by the expression of a-card iac  actin, during the 

initial wave of myogenesis in the developing limbs of rat embryos. On the 

other hand, RXRy is not expressed during the initiation of myotomal muscle 

differentiation during the initial myogenic wave in rat embryos. Taken 

together, these data suggest that RXRy may be involved in the differentiation 

of limb myoblasts, but not in the differentiation of early myotomal myoblasts.

I put forward a thypothesis to explain this difference in the timing of RXRy 

expression between limb and myotomal muscle, and is based on the present 

data and the work of others. The hypothesis is that RXRy may be involved in 

the differentiation of proliferating/growth factor-responsive myoblasts, but 

not in the d iffe ren tia t ion  of postm ito tic /g row th  fac to r-un responsive  

myoblasts. This is because there is evidence supporting the notion that the
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early myotomal myoblasts are postmitotic, whereas the myoblasts that give 

rise to the early muscles of the limbs are actively dividing. Cusella-De 

Angelis et al (1994), showed that cultured myoblasts derived from limbs of

10.5 day p.c. mouse embryos (equivalent to 12 d.p.c. rat embryos) were

mitogenically responsive to high concentrations of serum growth factors. 

In addition, Harris et al (1989), demonstrated that the myofibers present in at

least some limb muscles during the primary myogenic wave in both mice and 

rats, are derived from dividing myoblasts. On the other hand, in the chick

embryo, the myoblasts present in the early myotome are postmitotic (Kaehn 

et al., 1988) and in the mouse embryo they are unresponsive to the mitogenic 

and anti-differentiation effects of phorbol esters (Cossu et al., 1988).

The proposed role of RXRy was tested using the rat skeletal muscle cell line 

H9C2 (2-1) (Kimes and Brandt, 1976). Before discussing the results of these

experiments, a prediction made by the hypothesis, which was also tested, will 

be briefly described. That is, putative myogenic differentiation signalling 

molecules should be able to relieve the inhibitory effect of growth factors on 

the differentiation of cultured myoblasts, because growth factors are thought 

to have this effect during myogenesis in the embryo as well. In support of 

this, high concentrations of serum (proliferation medium) or the presence 

of the growth factors TGF-p (transforming growth factor-p) or FGF (fibroblast 

growth factor) alone, inhibit the differentiation of cultured myoblasts (Olson 

et al., 1986; Spizz et al., 1986). Moreover, growth factors and their receptors 

are present during myogenic differentiation in the embryo (see sections

4.1.3.1 and 4.1.3.6).

The experiments presented here showed that the signalling molecules 9cRA 

and tRA, which can influence cell behaviour through RXRs, are capable of 

relieving the serum-induced inhibition of H9 myoblast differentiation by 

promoting cessation of myoblast proliferation, upregulation of myogenin
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mRNA levels in myoblasts, and myofiber formation. The detection of RXRy 

transcrip ts  during the retinoic  acid-induced  elevation  of myogenin  

expression in myoblasts suggests that RXRy may be involved in the initial 

stages of differentiation by counteracting the inhibitory effect of serum. 

Evidence in support of this comes from the observation that the presence of 

R X R y  in confluent myoblasts is not a consequence of retinoid treatment 

because it is expressed in the absence of tRA and 9cRA in confluent 

myoblasts cultured in proliferation medium. The finding that RXRy is not 

expressed in proliferating, non-confluent myoblasts, but only in confluent 

myoblasts in the absence of retinoic acid, suggests that its expression may be 

regulated by cell to cell contacts. The absence of RXRy transcripts in 

proliferating myoblasts confirms the data of Downes et al (1994), which 

demonstrated that RXRy mRNA is not present in proliferating murine C2C12 

myoblasts. The differentiation effect of tRA on the murine myoblasts C2.7 was 

shown by Albagli-Curiel et al (1993). These workers also showed that thyroid 

hormone did not induce myogenic d ifferen tiation  under pro lifera tive  

conditions, consistent with the data presented here.

The absence of RXRy expression in proliferating H9 myoblasts also suggests 

that it is not involved in the retinoid-induced inhibition of proliferation. 

This is not inconsistent with its possible role in myoblast differentiation 

because, even though exit of proliferating myoblasts from the cell cycle is 

necessary for their subsequent differentiation, it is not sufficient. This is 

because growth factors can still prevent myoblast differentiation even 

though they have exited the cell cycle (Olson, 1992). Evidence for this comes 

from the observation that FGF and TGF-p inhibit muscle-specific gene 

expression during the Gq/ G i phase without stimulating proliferation (Olson 

et al., 1986; Spizz et al., 1986). Thus, other retinoid receptors may be involved 

in the mediation of the retinoid signal that leads to the inhibition of myoblast
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proliferation. Candidate receptors are RARa and RARp which are expressed 

in proliferating myoblasts (Downes et al., 1994).

R X R y  transcripts were not detected in H9 myofibers, three days after their 

formation. This is consistent with the proposed role of RXRy in inhibiting the 

anti-differentiation effect of serum, because myofibers are not responsive to 

the serum-induced inhibition of myogenic differentiation. Once cultured 

myoblasts fuse, their nuclei lose the ability to reinitiate DNA synthesis, and 

muscle-specific genes become refractory to repression by exogenous growth 

factors (Nadal-Ginard, 1978). This loss in growth factor responsiveness in 

terminally differentiated myofibers is thought to be due to the loss of surface 

growth factor receptors (Olwin and Hauschka, 1988; Hu and Olson, 1990). It 

should be noted that the observed absence of RXRy expression in myofibers 3 

days after their formation in tissue culture, is in agreement with the work of 

Downes et al (1994), who showed exactly the same using the murine C2C12 

skeletal muscle cell line. The observed down regulation of RXRy transcripts 

in the middle but not the ends of primary myofibers during late 

p rim ary /early  secondary myogenesis in a 15 d.p.c. mouse embryo 

(equivalent to 16.5 d.p.c. rat embryo) may be consistent with the in vitro data. 

This is because the growth of primary myofibers during this stage occurs by 

the sequential addition of myoblasts at their ends. Thus, myoblasts present in 

the middle of myofibers are already differentiated, whereas myoblasts at the 

ends of the growing fibers are undergoing differentiation (Zhang and 

McLennan, 1995).

An important observation from the present study is the initial restricted 

expression of RXRy to possibly the ventral part of the myotome when 

compared to that of Myf-5. This provides evidence for the existence of a 

distinct population of myotomal cells because these cells are the only 

myotomal cells at this stage which seem to express both Myf-5 and RXRy. The
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proposed role of RXRy suggests that it may be a marker for later-formed 

myotomal myoblasts which in order to differentiate may require the removal

of growth factor-induced inhibition of differentiation.

Evidence that suggests a possible mechanism for the action of retinoic acid 

and RXRy during myogenesis, as deduced from the present data, comes from 

the work of Salbert et al (1993). These workers showed that RXRa can inhibit 

A P I  (transcription factor whose major components are c-Jun and c-Fos; 

Chiu et al., 1988) controlled transcription in transfection experiments using 

a hepatocellular carcinoma cell line. Moreover, they demonstrated that RXRa

inhibits DNA binding by Jun and Fos proteins and that 9cRA enhances this 

inhibition, via a mechanism that involves protein-protein interaction. The 

observation that both c-Jun and c-Fos inhibit myogenic differentiation by 

functionally inactivating members of the MyoD family (see section 4.1.3.6) 

and the finding that RXRa can functionally inactivate them suggest that 

RXRs may be able to block the growth factor-induced inhibition of myogenic

differentiation by functionally inactivating c-Jun and c-Fos. It is possible

that RXRy can mimic these effects of RXRa, although, it was not included in 

the studies of Salbert et al (1993). Another possible way in which RXRy may 

mediate its proposed effect on myogenic differentiation is by being involved 

in the transcriptional activation of myogenin which has been shown to bind 

to and repress the c-Fos promoter (Trouche et al., 1995). Evidence for the

transcriptional activation of myogenin by RXRy came from the work of 

Downes et al (1993) who showed that RXRy and RXRa can directly interact 

with the promoter of myogenin and modulate its transcription. This is

consistent with the present data which show that the timing of the 

expression of RXRy in the developing rat limbs is concomitant with that of a -  

cardiac actin which is first expressed at the same time as myogenin (Sassoon,

1993). This may also explain the observation that limb myoblasts in mice

lacking functional myogenin fail to differentiate in vivo but do differentiate
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in vitro upon serum withdrawal (Nabeshima et al., 1993). If the role of 

myogenin is to promote the differentiation of limb myoblasts by relieving 

the growth factor-induced inhibition of differentiation, then one would 

expect myoblasts to differentiate in its absence only upon removal of growth 

fac to rs .

The interpretation of the results presented above regarding the role of RXRy 

should be treated with caution because they are based on mRNA and not 

protein detection because the presence of the latter but not the former is 

necessary for RXRy mediated changes in cell behaviour.

In conclusion, the data presented in this chapter show that the initiation of 

R X R y  expression during myogenesis in embryonic rat limbs takes place at 

the same time as myogenic differentiation suggesting that it may be involved 

in the differentiation of proliferating/growth factor responsive myoblasts, 

since there is evidence supporting the notion that these limb myoblasts may 

behave in such way. This hypothesis was supported by the observation that 

R X R y  is expressed in H9 myoblasts undergoing differentiation as a result of 

retinoic acid-induced inhibition of the anti-differentiation effect of serum 

(source of growth factors) but not after myofiber formation, since myofibers 

are not responsive to serum. Thus the present data implicate 9cRA and tRA as 

putative myogenic differentiation agents during embryogenesis. In addition, 

the proposed role of RXRy is consistent with the timing of its expression, 

which takes place after the initiation of myotomal muscle differentiation in 

the rat embryo, since there is evidence suggesting that the early myotomal 

myoblasts are postmitotic and unresponsive to growth factor-induced 

inhibition of differentiation.
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Future  experim en ts

Future experiments concerned with the confirmation of the proposed role of 

R X R y  could involve its functional inactivation in transgenic animals as well 

as in cultured myoblasts. In the event that there is no functional redundancy 

one would expect the failure of limb muscle differentiation, whereas early 

myotome differentiation should take place normally. Another experiment 

could be to test whether retinoic acid is unable to induce the differentiation 

of myoblasts lacking functional RXRy, cultured in proliferation medium. If 

that is the case, the proposed role of RXRy could be correct.
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CHAPTER V

THE ROLE OF RXRy AND 9cis RETINOIC ACID IN THE 

TRANSCRIPTIONAL REGULATION OF A NEURONAL  

NICOTINIC ACETYLCHOLINE RECEPTOR SUBUNIT GENE

5.1 - INTRODUCTION

5.1.1 - AIM

The in situ hybridisation experiments presented in chapter III, showed that 

R X R y  is expressed in the developing PNS and CNS of rodent embryos. This 

suggested that it may be involved in the transcriptional regulation of 

neuron-specific genes. Such genes are those which code for neuronal 

nicotinic acetylcholine receptor (neuronal nAChR) subunits whose rodent 

embryonic expression is not yet known (McGehee and Role, 1995). The 

suggestion that RXRy may be involved in the transcriptional regulation of 

the subunit genes came from the finding that they are expressed in some 

regions of the adult rodent PNS and CNS, whose embryonic origins express 

RX Ry. These include adult rat DRGs (McGehee and Role, 1995), adult rat otic 

and cervical superior sympathetic ganglia (Rust et al., 1994) and the adult rat 

neural retina and spinal chord (Wada et al., 1989). The objective of the 

experiments presented in this chapter was to determine whether the murine 

R X R y  and 9cRA can influence transcription from a heterologous promoter 

under the influence of upstream regulatory sequences derived from the 

chick neuronal nAChR a2-subunit gene (Nef et al., 1988; Daubas et al., 1990; 

Bessis et al., 1993). This particular gene was chosen because a lot is known 

about its upsteam regulatory sequences (Bessis et al., 1993; Milton et al., 1995) 

and because some of the regions (e.g. spinal chord) that express this chick 

subunit gene in adult transgenic mice, express RXRy in rodent embryos
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(Daubas et al., 1993) suggesting that murine RXRy may be involved in its 

transcriptional regulation in vivo.

Neuronal nAChR subunit genes constitute a family of related genes whose

products are involved in the mediation of some of the effects of the

neurotransmitter acetylcholine on nerve cells (Deneris et al. , 1991; McGehee

and Role, 1995). The genes that control the expression of neuronal nAChR 

subunit genes in vivo have yet to be discovered.

The introduction section of this chapter deals first with a general overview 

about the role acetylcholine and neuronal nAChRs. This is followed by 

inform ation  regarding the transcrip tional regula tion of the neuronal

nAChR a  2 -subunit gene. The last section discusses the experimental 

objectives of this chapter.

5.1.2- NEURONAL NICOTINIC ACETYLCHOLINE RECEPTORS

5.1.2.1 - Neuronal nAChRs and the nervous system

Transfer of information from one part of the nervous system to another is of 

crucial importance for the survival of organisms (Kandel, Schwartz and 

Jessel, 1991; Nicholls, 1994). This information transfer takes place through 

and between individual neurons and the behavioural response generated 

depends to a large extent on the neural pathway involved. The latter

constitutes a complex arrangement of individual neurons that are capable of 

com m unicating with each other through specia lised  structures called

synapses. Information transfer through neurons takes place via electrical 

s ignals , whereas inform ation transfer between neurons takes place, 

predominately through chemical synapses by means of chemical signalling 

molecules known as neurotransmitters. Acetylcholine is such a molecule and
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some of its effects are mimicked by nicotine. Neurones that respond to these 

two molecules, do so because they posses neuronal nAChRs and the way they 

respond depends on the type of receptor present. There is a family of genes 

whose products are neuronal nAChR subunits. These subunits are members 

of functional neuronal nAChRs. Transcripts for these genes have been 

detected in many areas of the nervous system. The mechanisms responsible 

for the regulation of their mRNA expression are not yet known.

5.1.2.2  - The molecular function of neuronal nAChRs

The molecular function of naturally occuring neuronal nAChRs is not fully 

understood. However, insights into their function come from information 

regarding the molecular function of the nicotinic acetylcholine receptor 

found in skeletal muscle. It is a membrane glycoprotein and consists of four 

different polypeptide subunits ( a l ,  pl,yl,51). The a l  subunit is the one that 

contains the acetylcholine-binding site involved in receptor activation. Each 

polypeptide is encoded by distinct but related genes. Binding of acetylcholine 

to the receptor leads to the opening of an ion channel that is an integral part 

of the receptor. This leads to a net influx of Na+ ions producing a small 

membrane depolarisation which results in the opening of voltage dependent 

sodium channels, and as a consequence, more Na-k ions enter leading to 

further depolarisation. In this way when the depolarisation is above the 

threshold an action potential is generated.

5 .1 .2 .3  - N euronal n icotin ic  acety lch o lin e  recep tor  su bu n its  are

m em bers of functional neuronal nAChRs

The molecular characterisation of naturally occurring neuronal nicotinic 

acetylcholine receptors (neuronal nAChRs) has yet to be achieved (Nicholls, 

1994; McGehee and Role, 1995). However, several genes have been cloned
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which code for polypeptides that constitute neuronal nAChR subunits. 

Evidence supporting the notion that these subunits are members of neuronal

nAChRs comes from the following findings:

(1) The predicted amino acid sequences deduced from the cDNAs encoding 

these polypeptides, are homologous with those found in the skeletal muscle 

subunits. In addition, some of them have a pair of adjacent cysteine residues 

which is similarly located as the cysteine pair found in the muscle a  1 

subunit. These residues are involved in binding the transmitter. For this

reason they are referred to as 'a-like' subunits and are designated as a2, a3 

and so forth. In the rat and chick, several neuronal nAChR a-su b u n it  genes

(a2, «3, a4 , a5, a6, a l,  aS, a9) have been identified (Boulter et al. , 1986 ;

Goldman et al. , 1987 ; Nef et al. , 1988 ; Wada et al. , 1988 ; Boulter et al. , 1990a 

and 1990b ; Couturier et al. , 1990 ; Dominguez-del-Toro et al. , 1994 ; McGehee 

and Role, 1995). Several neuronal 'non-a' subunits (that is, with homology to 

the a-subunits but lacking the cysteine pair) have been identified in rat and 

chick. These are known as p-subunits and are referred to as p2 through p4- 

subunits (Nef et al. , 1988 ; Deneris et al. , 1988, 1989 ; Duvoisin et al. , 1989 ; 

Isenberg and Meyer, 1989 ; Hernandez et al. , 1995). Unlike a-subunits , the 

neuronal p-subunits do not have strong homology with the muscle P -su b u n it .  

In fact, neuronal homologues of the other subunits present in the muscle 

nAChR have not yet been identified (McGehee and Role, 1995).

(2) Functional neuronal nAChRs can be produced by coinjecting in 

Xenopus oocytes (see below) either mRNAs or cDNAs encoding a structural P- 

subunit together with an a-subunit (Ballivet et al. , 1988 ; Wada et al. , 1988; 

Duvoisin et al. , 1989; Papke et al. , 1989; Luetje et al. , 1993; Cachelin and Rust,

1994). Xenopus oocytes are widely used for translating foreign mRNA , and 

not only are they capable of synthesising, assembling and inserting 

functional receptors, but they are readily accessible to electrophysiological 

studies (Nicholls, 1994).
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(3) The mRNAs encoding receptor subunits exhibit a restricted, cell- 

specific pattern of expression in the central nervous system and peripheral 

nervous system (Deneris et al. , 1991).

5 .1 .2 .4  -D ifferen t  su bu n it  com b in ation s  are im p o rta n t  for the

fu n ction a l d iversity  of neuronal nAChRs.

This section provides evidence in support of the im portance of

transcriptional regulation of the subunits genes for correct nervous system 

func tion .  Nicotinic AChRs present in some types of neurons are functionally 

d ifferen t from those present in other types. Evidence comes from 

experiments that involved the use of acetylcholine agonists and antagonists.

The former facilitate and the latter inhibit the effect of acetylcholine by 

interacting with neuronal nAChRs in different ways. For example, in the rat

suprachiasmatic ganglia (SCG) the agonist cy^sine is less potent than 

nicotine (McGehee and Role, 1995) whereas in the rat interpeduncular

nucleus (IPN) the reverse is true (Mulle et al. , 1991). In addition, the

antagonist known as neuronal bungarotoxin blocks the acetylcholine-

mediated response in SCG but not in IPN neurons (Mulle et al., 1991; McGehee

and Role, 1995). Neurones in the SCG express different combinations of 

neuronal nAChR subunit transcripts from those in the IPN (Dinely-Miller 

and Patrick, 1992; Vernino et al., 1992; McGehee and Role, 1995). These 

findings suggest that the functional differences observed may be due to the

presence  of d iffe ren t com binations  of recep to r  subunits .  S im ilar  

observations have been made for other types of neurons in both rats and 

chickens (Deneris et al. , 1991; McGehee and Role, 1995).

Direct evidence for the presence of different subunit combinations in 

d ifferent types of neurons came from immunoprécipitation experiments. 

More specifically, experiments using specific antibodies against different
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receptor subunits showed that the chick ciliary ganglia express a3 ,  a 5  and 

p5-subunits (Vernallis et al. , 1993). Similar studies of chick brain nAChRs 

indicated various combinations of a  3, a 4, a 5, and p2 with one another 

(Conroy et al. , 1992; Whiting et al. , 1991). As mentioned above, additional 

evidence in favour of the existence of different combinations of receptor

subunits in different regions of the nervous system comes from in situ

hybridisation experiments which showed the pattern of nAChR subunit 

mRNAs (Deneris et al. , 1991; McGehee and Role, 1995).

The Xenopus oocyte expression system provides further evidence for the 

notion that different combinations subunits result in pharmacologically and 

physiologically  distinct receptors suggesting the existence of multiple 

neuronal nAChR subtypes in vivo (Deneris et al. , 1991). For example, the a -  

subunits a2, a 3  and a 4 form distinct acetylcholine-activated receptors when

expressed in combination with either p2 or p4 (Ballivet et al. , 1988; Bertrand

et al. , 1990; Charnet et al. , 1992; Luetje et al. , 1990; Papke and Heinemann, 

1991; McGehee and Role, 1995). It should be stressed that the significance of 

the diversity in the structure and functional properties of neuronal nAChRs 

is not yet clear, but the fact that it exists suggests that it must be important 

(Role, 1992). Understanding of the implications of this diversity may explain

the complex behavioural, cognitive, and addictive effects of nicotine

(McGehee and Role, 1995).

5.1 .2 .5  - Expression of the neuronal nAChR a  2-sub u n it  gene in  

rats and chicks.

The experiments presented in this chapter are concerned with the 

transcriptional regulation of the chick neuronal nAChR a  2-subunit gene in 

mammalian cells. For this reason, the findings regarding the expression of

this gene in both mammals and chicks are discussed below.
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Cloning and identification of the expression pattern of the neuronal nAChR 

a  2-subunit gene have been achieved in both chickens and rats. More 

specifically, in the newborn chick, the expression of the a 2 mRNA is highly 

restricted to a specific brain region known as the lateral spiriform nucleus 

(SpL). During chick embryonic development the cc2 transcripts are first 

detected in embryonic SpL neurons during the time of their innervation by 

cholinergic  neurons (neurons that synthesise acetylcholine) and their 

levels increase until the newborn stage (Nef et al., 1988; Daubas et al. , 1990).

The expression pattern of the rat a 2 gene in the nervous system of rats is 

different from that found in chickens. The work of Wada et al (1989) showed 

that a 2 transcripts are found in several areas of the nervous system of adult 

rats. In particular, expression is more prominent in the interpeduncular 

nucleus (IPN). Weaker signal was detected in several other areas which 

include the lateral zone of the hypothalamus, layers V and VI of the 

isocortex, superior olive nucleus, medial vestibular nucleus, central gray 

area of the reticular core, the central gray area and ventral horns of the 

spinal chord (Wada et al. , 1988; Wada et al. , 1989).

The significance of the difference in the expression patterns between the rat 

and chick a  2-subunit genes is not known. It should be mentioned that inter

species difference in the expression pattern of homologous neuronal nAChR 

subunit genes is not confined to the a 2 -subunit but is true for other subunits 

too (Role, 1992; McGehee and Role, 1995). There is, up to date, no explanation 

regarding the difference in the expression pattern of the a  2 gene between 

rat and chick. A clue may be due to the finding that there are no structures 

in mammals known to be analogous to the chick SpL (Reiner et al. , 1982; 

Daubas et al. , 1993). However, the mammalian and avian IPN structures are 

homologous (Sonerson et al., 1989; Daubas et al., 1990). So, the argument used
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to explain the a  2-subunit gene expression in the chick SpL can not be used

to explain the absence of expression in the chick IPN.

5 .1 .2 .6  - Transcriptional regulation  of the chick neuronal nAChR

a 2 - s u b u n i t  gene

5.1.2.6.1 - There is a silencer region within the 5' genomic sequences of the 

chick a  2 gene

Regulatory sequences within the genomic region situated upstream of the 

transcription start site of the chick a  2 -subunit gene have been identified 

(Bessis et al., 1993). The rationale used for the identification of these 

regulatory regions was based on the finding that the a 2 gene displays a 

highly restricted expression pattern (see above). More specifically, these 

workers assumed that such stringent transcriptional regulation could not 

depend only on positive regulatory mechanisms. Thus, they searched for 

negative cis-acting elements within the DNA region upstream of the coding 

sequences of the a l  gene. For this reason, transfection experiments were 

employed to test various 5' flanking regions for their inability to initiate the 

transcription of a reporter gene within cells that do not express the a 2 gene. 

They showed that neither the DNA fragment consisting of 6.8Kb upsteam of 

the second exon nor the 891bp region between nucleotides -810 and +81 

(where +1 is the most 5' transcription start site) was able to drive the

expression of a reporter gene. Thus, they concluded that the 891bp fragment 

is sufficient for the silencing of transcription and must contain silencer 

e lem en ts .

In order to identify the location of these silencer elements these workers 

carried out transfection experiments with plasmids containing the 891bp 

fragment linked to a heterologous promoter (SV40) situated upstream of the
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luciferase reporter gene. This fragment was able to repress transcription of 

the reporter gene when the transfection took place within cells that do not 

express a  2 transcripts, confirming the existence of silencer elements. To 

locate the region that contains these elements a truncated version of the 

891bp region was used. More specifically, when the region between 

nucleotides -144 and +76 was deleted, no silencing activity was observed 

demonstrating that the silencer elements must reside within the deleted 

r e g i o n .

Sequence analysis of the entire 891bp region (nucleotides -810 to +81) 

revealed the presence of several consensus motifs for DNA binding proteins, 

providing further evidence for the notion that it contains at least part of the 

regulatory region of the a 2 gene. In addition, the lack of TATA and CAAT

boxes within this region is not surprising since an increasing number of

genes have promoters with such features (Maue et al., 1990; Sauerwald et al., 

1990; Latchman, 1995). Moreover, these promoters typically have several 

transcription start sites, as shown for the a l  gene.

5.1.2.6.2 - Six 11-base pair motifs are involved in the silencing activity

Sequence analysis of this region showed the presence of six copies of an 11- 

base pair motif situated between nucleotides -130 and +30. Binding proteins 

that bind this motif have yet to be found. It was suggested that these motifs 

may be responsible for the silencing activity by binding to putative

repressor proteins. In order to test this, excess oligonucleotides containing 

the 11-base pair motif were included in the transfection experiments in an 

attempt to titrate out the putative repressor protein. The outcome of this 

experiment showed that the silencing ability of the 891bp fragment was

abolished demonstrating that these motifs are involved in this silencing.
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5.1.2.6.3 - The 11-base pair motifs are necessary for both activation and 

silencing of transcription

These workers also showed that when two, four or five of the six 11-base pair

motifs are deleted, the silencer activity unexpectedly becomes an enhancer

activity. Thus, it seems that these motifs may be capable of binding to 

repressors as well as activators of transcription because their presence is

necessary for both activation (less than six motifs are required) and 

repression (all six motifs are required) of transcription. These deletion 

experiments also showed that the behaviour (silencer versus enhancer 

activity) of the 11-base pair motif depends on flanking sequences because 

when they are removed the silencer activity becomes an enhancer activity. 

Two hypotheses can explain the role of the sequences that flank these motifs: 

(a) A given transcription factor which binds to these motifs may be capable 

of influencing transcription in a negative or positive fashion depending on 

its interaction with other trans-acting factors which bind to flanking

sequences, (b) The binding of an activator or repressor proteins to the motifs

depends on other trans-acting factors which bind to flanking sequences.

Evidence supporting the first hypothesis comes from the observation that 

the transcription factor Brn-3b that may bind to these motifs (see below),

activates  transcription when all flanking sequences are present and 

represses transcription when some flanking sequences are deleted (Milton et 

al., 1995). These findings predict that putative trans-acting factors that bind 

to flanking sequences may influence transcription. It is highly likely, 

although it has not yet been proven, that Brn-3 may exert its effect by

binding to the 11-base pair motifs because the consensus sequence that it 

binds to shows strong homology to the 11-base pair motif (Wegner et al., 1993; 

Morris et al., 1994).
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5.1.2.6.4 - Regulatory sequences of the chick « 2  gene are able to confer 

neuron-specific expression in transgenic mice

An important advancement towards the understanding of the transcriptional 

regulation of the chick neuronal nAChR a  2 -subunit gene came from the 

work of Daubas et al (1993). These workers aimed to investigate the 

expression pattern of the chick a 2 gene within mammals. The experiments 

involved the generation of transgenic mice carrying the complete structural

gene of the a 2 -subunit of the chick neuronal nAChR flanked by 7Kb of

upstream and 3Kb downstream sequences. This was followed by the 

examination of the pattern of avian transgene expression in the nervous

system of one month old transgenic mice using in situ hybridisation.

The expression pattern of the chick transgene was not the same as that of its 

mammalian homologue even though there were some similarities. It must be 

stressed that even though the expression pattern of the a 2 gene in mice is 

not yet known, it is assumed that it must be very similar to that found in rats 

since they are both mammals and very closely related species. In rats, the a  2

gene is expressed in the IPN whereas the chick transgene is not. This finding

suggests that the factors involved in the transcriptional regulation of these

genes in the IPN may be different. However, both the chick transgene and its

mammalian homologue are expressed in the superior olive nucleus as well as 

in the central grey area and ventral horns of the spinal chord. This suggests, 

that common trans-acting factors may regulate their expression in these cell

types. In addition, the expression pattern of the transgene resembles the 

topological distribution of most a-type neuronal nAChR transcripts in the rat 

suggesting that factors involved in the transcrip tional regula tion of 

mammalian neuronal nAChR subunit genes other than the a 2 gene may be 

involved in the regulation of the chick transgene.
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Taken together, these findings show that the chick a 2 transgene transcripts 

are expressed in specific regions of the nervous system demonstrating that 

murine trans-acting factors function on chick regulatory sequences. In 

addition, this study reveals that regulatory mechanisms giving rise to 

neuron-specific gene expression have been conserved, at least in part, 

between chicks and mammals (Daubas et al., 1993).

5.1.3 - EXPERIMENTAL OBJECTIVES

The experiments described in this chapter are concerned with whether 

murine RXRy and the signalling molecule 9cRA can influence transcription 

from a heterologous promoter under the control of 5' upstream regulatory 

sequences of the chick neuronal nAChR a2 -su b u n it  gene in mammalian 

cells. The transcriptional regulation of the chick a 2  gene by murine trans

acting factors was demonstrated by the work of Daubas et al (1993).

To determine whether any possible transcriptional effects of RXRy and 9cRA 

are influenced by sequences within the upstream region in qestion, a 

truncated version was used.

To test whether different cellular environments can influence the possible 

transcriptional effects of RXRy and 9cRA, two different cell lines were used: 

BHK-21 cells (Bradford, 1976), and ND7/23 cells (Wood et al., 1990). The BHK-21 

cell line was derived from 1-day-old hamster kidneys (Bradford, 1976). This 

cell line was employed in the present experiments partly because to allow 

comparison of the results with those of Milton et al (1995), who also used it, 

and partly because it can be taken as a representative of a non-neuronal cell 

type that should not express any endogenous neuronal nAChR subunit genes. 

It should be noted that it is not known whether that is the case even though 

no subunit genes are expressed in the kidneys (Deneris et al., 1991; McGehee
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and Role, 1995), and so caution should be taken in the interpretation of the

results. The ND7-23 cell line is a model of sensory neurons because it was 

derived from the fusion of rat neonatal dorsal root ganglia with mouse 

neuroblastoma cells and because it displays many of the characteristics of

sensory neurons (Wood et al., 1990). It is used in this study as a representative 

of a neuronal cell type that should express endogenous neuronal nAChR 

subunits but not the a2 gene because that is the case in adult DRGs (McGehee 

and Role, 1995). Caution should be taken in the interpretation of the results

because it is not known whether the ND7-23 cells express any of the subunit

genes .

Inspection of the upstream sequence of the chick a l  gene for the presence of 

putative retinoid response elements (see chapter I) was also carried out. This 

would imply the possible direct interaction of retinoid receptors with this 

DNA region.
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5 . 2 -RESULTS

5.2 .1  - Id en tif ica t io n  of a putative  retino id  resp on se  e lem en t  

within the 5' regulatory region of the chick neuronal nAChR a 2 

s u b u n it  gene

Inspection of the genomic sequence (Bessis et al., 1993) situated upstream of 

the most 5' transcriptional start site of the chick neuronal nAChR a 2 - s u b u n i t  

gene revealed the presence of a previously undetected putative retinoid 

response element (Figure 5.1). This response element consists of two half

sites (underlined) arranged as direct repeats separated by three nucleotides. 

Each half-site deviates from the consensus sequence (Chapter I) by just one 

nucleotide (the second from the 5' end). This deviation from the consensus 

sequence is found in several naturally occurring retinoid response elements 

such as those present in the regulatory regions of the mouse RARy2 

(Lehmann et al., 1992) and the chick ovoalbumin gene (Kliewer et al., 1992).

The location of this putative retinoid response element is between 

nucleotides -219 and -203 (+1 is the most 5' transcription start site).

5.2.2 - Construction of a sense RXRy ex p ress io n  vector

To investigate the effect of RXRy on upstream regulatory sequences of the 

chick a  2 gene, the full-length coding sequence of the mouse RXRy 

(Mangelsdorf et al., 1992) was transferred from pBluescript to the pJ7Q

mammalian expression vector (Morgenstern and Land, 1990) so that the 5' 

end of the RXRy cDNA was situated immediately downstream of the pJTH

promoter. Achievement of this required the digestion of both plasmids with 

two restriction enzymes (Sail and Sstl). The identity of this RXRy expression 

vector was confirmed by restriction enzyme digest (Figure 5.3).



Figure 5.1

Nucleotide sequence comparison of the putative retinoid response element 

present in the regulatory region of the chicken neuronal nAChR a l  subunit 

gene, with known naturally occurring retinoid response elements. The 

consensus half-site sequence is: 5'-AG^/tTCA-3'. Each half-site is

underlined by an arrow. Boxed nucleotides deviate from the consensus 

sequence.

Gene Sequence

chick neuronal nAChR a l  subunit 5'-A5rTCATGCAlÂlTTCA-3'

mouse RARy2

chick ovoalbumin 5'^TlGTCAAAGGTC^-3’



Figure 5.2

Steps involved in the construction of a murine RXRy expression vector.

FJ7Q expression vector (4.2 Kb)

SiCMVlE94
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;
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I
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I

\
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Sal \ /Sst  I digest of RXRy cDNA clone 
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Figure 5.3

Confirmation of the identity of the sense RXRy expression vector by 
restriction enzyme digests.

1 2 3 4  5

Lanes 1 and 5: IKh DNA ladder marker 
Lane 2; undigested RXRy expression vector 
Lane 3: H i n d U l  digest of RXRy expression vector 
Lane 4: Bgl II digest of RXRy expression vector



Figure 5.4

Diagrammatic representation of the luciferase reporter gene constructs, 

containing upstream regulator}' regions of the a2 subunit gene. The most 5' 

transcription start site is designated as +1 (Bessis et al., 1992). The a2.6 

construct contains all six copies of the 11-base pair motif (see section 5.1.2.6), 

whereas the a2.4 construct contains four copies of the motif.

a2.6 SiL construct

-810 +81

a2 regulatory region SV40 promoter Luciferase gene

a2.4 Sil construct

-810 -41

a2 regulatory region SV40 promoter Luciferase gene
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A diagrammatic representation of the steps involved in the construction of 

the mouse sense RXRy expression vector is shown in Figure 5.3.

5.2.3 - Effect  of  RXRy and 9cRA on tran scr ip t ion  from a

h e t e r o l o g o u s  p r o m o t e r  c o n t r o l l e d  by u p s t r e a m  r e g u l a t o r y  

regions of the « 2  gene in BHK-21 cells

The aim of the experiments presented here was to examine the effect of RXRy

and 9cRA on transcription from the SV40 promoter under the control of 

regulatory regions derived from the the chick oc2 gene (Bessis et al., 1993) in

BHK-21 cells. Two luciferase reporter gene constructs were used that differed 

in the «2  sequences present. These were: a2.6Sil and a2.4S il (Figure 5.4).

BHK-21 cells were cotransfected with the the a 2 .6 S il construct in the 

presence of RXRy expression vector or expression vector lacking any insert

as described in chapter II. As shown in Figure 5.5 panel A, RXRy strongly

transac tiva ted  (approxim ately 10-fold) reporter gene activ ity . In the 

presence of Ip  M 9cRA (Figure 5.5, panel A), the R X R y - in d u c e d  

transac tiva tion  was increased even further (approxim ately 18-fold total 

ac tivation ). M oreover, 9cRA, in the absence of RXRy, induced an

approximately 5-fold increase in luciferase activity (Figure 5.5, panel A).

When BHK cells were cotransfected with the a2 .4  construct (Figure 5.5, panel

B), RXRy alone or together with 9cRA did not produce any appreciable

reporter gene transactivation. In contrast, the activity of the a  2 .4  S i 1 

construct was decreased (approxim ately 5-fold) in the presence of 9cRA

a lo n e .

Comparison of the effects of RXRy and 9cRA on the activity of the two 

reporter gene constructs (Figure 5.5, panel E, columns A and B) revealed that 

there were great differences, and that the deletion of nucleotides -41 to +81
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Figure 5.5

Comparison of the transcriptional effects of RXRy and 9cRA on the activity of 

the «2.6 and «2.4 constructs in BHK-21 AND ND7-23 cells. Luciferase activity 

values (vertical axis) are expressed relative to the activity of the «2.6 or « 2 .4  

constructs in the presence of the expression vector without any insert (basal 

activity). This was arbitrarily set as 1. The values were the averages of four 

determinations and the standard error of the mean is indicated by the bars .  

The absolute values of luciferase activity were equalised for protein content. 

The absolute equalised values for the basal promoter activities were very 

similar in both BHK cells (1107 +/- 34) and ND7 cells (1023 +/- 18).

Panel A: «2.6 construct in BHK cells

Panel B: «2.4 construct in BHK cells

Panel C: «2.6 construct in ND7 cells

Panel D: «2.4 construct in ND7 cells

Panel E: Simultaneous comparison of all the data presented in panels A, B, C 

and D. Columns A, B, C and D correspond to the data derived from panels A, B, C 

and D respectively.

Column 1: expression vector without insert + reporter construct 

Column 2: expression vector without insert + reporter construct + IpM 9cRA 

Column 3: expression vector with RXRy insert + reporter construct 

Column 4: expression vector with RXRy insert + reporter construct + IpM 

9cRA.
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from the regulatory region of the a  2 gene was responsible for these 

d iffe re n c e s . D ele tio n  o f these  nu c leo tid es  a lm ost ab o lish es  the

transactivation observed by either RXRy alone or together with 9cRA. In 

addition, the 5-fold transactivation effect of 9cRA alone became reversed 

upon deletion of these nucleotides resulting in a 5-fold decrease of SV40 

activity, when compared to that in the absence of 9cRA.

5.2.4 - The transcriptional effect  of RXRy and 9c RA on the a 2

regulatory region in ND7-23 cells

The experiments showed that (Figure 5.5, panel C), in ND7-23 cells, RXRy

alone upregulates the activity of the a2.6S il construct (about 4-fold) whereas, 

9cRA alone or together with RXRy had almost no effect. In the experiments

that employed the truncated construct (a2 .4Sil), RXRy alone produced a small 

increase in reporter gene activity (about 2-fold) whereas, 9cRA alone or 

together with RXRy produced an approximately 5-fold decrease (Figure 5.5, 

panel D).

5 . 3 -DISCUSSION

Taken together, the resu lts show that there are d ifferences in the

transcriptional effects of 9cRA and RXRy in the two cell lines (Figure 5.5, 

panel E). 9cRA upregulates the SV40 promoter of the «2.6 construct in BHK-21 

cells but has no effect on this construct in ND7-23 cells. RXRy transactivates 

the «2.6  construct in both cell types but this transactivation is at least 2-fold 

greater in the BHK-21 cells. RXRy together with 9cRA transactivate the « 2 .6  

construct (about 18-fold) in BHK-21 cells but have no effect on this construct 

in ND7-23 cells. On the other hand, the effects of either 9cRA alone or RXRy 

alone on the activity of the «2 .4  construct do not vary greatly between the
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two cell types. However, the combination of RXRy and 9cRA results in a small 

activation of the a2 .4  construct in BHK-21 cells whereas, a 5-fold decrease in 

construct activity is observed in ND7-23 cells.

The work presented in this chapter shows that murine RXRy activates 

transcription from a heterologous promoter which is under the influence of 

upsream  regulatory sequences derived from the chick a  2 subunit gene 

(nucleotides -810 to +81) in BHK cells. M oreover, 9cRA enhances this 

transcriptional activation. This is consistent with the work of Daubas et al

(1993) and suggests that RXRy and 9cRA may have a similar effect in vivo. 

These workers showed that DNA regions flanking the coding region of the 

chick a2  gene, which included the upstream regulatory sequences used in 

the present experim ents, are able to in teract with murine trans-acting 

factors resulting in neural specific expression of the chick gene in adult

transgenic mice. The fact that the chick «2  transgene is expressed in the 

spinal chord, an area which during development expresses RXRy (chapter 

III), suggests that RXRy may be involved in its in vivo tran sc rip tio n a l 

regulation. However, a step towards confirmation of this would require the 

comparison of the spatio-temporal expression of RXRy with that of the chick 

transgene during the development of the spinal chord in mouse embryos.

Sequence analysis of the regulatory region (nucleotides -810 to +81 relative 

to the transcriptional start site) of the chick a  2 gene revealed the presence 

of a putative retinoid response element (neucleotides -219 to -203). This 

suggests that the transcriptional effect of RXRy may be due to a direct 

interaction. However, further experiments need to be carried out in order to 

prove this. The position of this element is interesting because it lies close to 

but outside the region shown to be necessary for either activation or

repression of transcription of the chick a2  gene (section 5.1.2.6.3; Bessis et 

al., 1993). This region contains six tandemly repeated 11-base pair motifs
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which may be capable of binding to trans-acting factors resulting in either 

upregulation or repression of transcrip tion and that the transcrip tional 

effect of these factors may depend on sequences flanking these motifs. So, 

the suggestion that RXRy may exert its transcriptional effect by binding to 

this putative retinoid response element, is consistent with the proposed role 

of sequences flanking these motifs.

The observation that RXRy alone or together with 9cRA in BHK cells causes 

transcriptional activation of the heterologous promoter under the control of

the -810 to +81 region («2 .6  construct) and that this activation is almost 

completely abolished when nucleotides -41 to +81 are deleted demonstrates 

that this deleted region is important for this RXRy-mediated activation. A 

possible explanation for this could be that RXRy mediates its effect by 

binding to a retinoid response element which is present within the deleted 

region. This seems unlikely since sequence analysis showed no such element 

(data not shown). An alternative explanation could be that transactivation 

requires the cooperation of RXRy with other transcription factors which 

themselves bind to the region that was missing in the present experiments. 

Thus, RXRy and 9cRA may not be sufficient for transactivation to occur and

need the coperation of other trans-acting factors. Consistent with this notion 

is the finding from the present work which demonstrates that the ability of

R X R y  to influence transcription depends on the cellular environm ent and 

hence on the nature of trans-acting factors present. For example, RXRy i n 

the presence of 9cRA greatly transactivates the «2.6  construct in BHK cells 

but fails to do so in ND7 cells. In addition, RXRy alone transactivates the « 2 .6  

construct in BHK cells to a much greater extent than in ND7 cells.

The observation that RXRy in combination with 9cRA does not transactivate 

the «  2.6 construct in ND7 cells, suggests that the presence of RXRy

transcripts in a particular tissue does not necessarily imply that it may be
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involved in the transcriptional regulation of neuronal nAChR subunit genes.

This is consistent with the finding that RXRy transcripts are also found in

non-neuronal tissues such as liver, heart and skeletal muscle (chapter III) 

that do not express any neuronal nAChR subunit genes. In addition, this 

finding is consistent with the absence of RXRy transcripts in the lateral

spiriform nucleus in the developing chick brain (Rowe et al., 1991), an area

which contains a2-subunit mRNA (Daubas et al., 1990).

The present data also show that 9cRA alone in the absence of RXRy can 

transactivate the «2.6 construct in BHK cells. This suggests that endogenous

retinoid  receptors may be responsible for this effect. It is not known

w hether any endogenous RXRy transcripts are present in this cell line even 

though it is unlikely since RXRy is not expressed in the kidneys (chapter III), 

the tissue from which BHK cells were derived (Bradford, 1976). The absence 

of transactivation of the «2.6 construct by 9cRA in ND7 cells, which do not 

express any endogenous RXRy transcripts (chapter III) suggests that these 

cells do not express any endogenous retinoid receptors capable of bringing 

about 9cRA-mediated transactivation of the construct.

An in teresting  result was the observation that the RXRy- m e d i a t e d  

transactivation of the «2.6 construct was enhanced by the addition of 9cRA in 

BHK cells and repressed in ND7 cells. A possible reason for this could be that 

R X R y  may be able to heterodimerise with different nuclear receptors (see

also chapter I) in these two cell types, resulting in different 9cRA-mediated

tran scrip tio n a l effects.

The transcription factor Brn-3b (section 5.1.2.6.3; Milton et al., 1995) had a 

similar effect to the one observed for RXRy on the activity of the «2 .6  and 

« 2 .4  constructs in BHK. That is, Brn-3b strongly transactivates the « 2 .6  

construct and this transactivation is abolished when the « 2 .4  construct is
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used. This suggests that the RXRy-mediated transcriptional effects presented 

in this chapter may be due to the transcripitonal activation of Brn-3b by 

R X R y  and not through direct interaction of RXRy with upstream regulatory 

regions of the a  2 gene. Consistent with this hypothesis is the finding that the 

mRNA levels of Brn-3b, in murine embryocarcinoma and neuroblastoma cell

lines, are influenced by retinoic acid treatment (Turner et al., 1994). This 

suggests that RXRy may be involved in the mediation of this effect of retinoic 

acid. Further evidence consistent with the notion that RXRy may regulate the 

transcription of Brn-3b is the observation that both Brn-3b and RXRy are 

expressed in the developing rodent spinal chord, dorsal root ganglia and 

trigeminal ganglion (chapter III, ; Turner et al., 1994). However, this is just a

hypothesis which remains to be confirmed.

Taken together, the data presented in this chapter im plicate for the first 

time, RXRs and retinoic acid in the transcriptional regulation of neuronal

nAChR subunit genes. In addition, thyroid hormone or Vitamin-D may also be

involved, since RXRs can be involved in the mediation of their effects on 

transcription (chapter I). The observation that RXRy is expressed in the 

developing PNS and CNS of rodent embryos (chapter III) in regions whose 

adult derivatives express neuronal nAChR subunit genes (Wada et al., 1989;

Rust et al., 1994;McGehee and Role, 1995) suggests that RXRy may be involved

in their transcriptional regulation. Evidence for this should require the 

identification of the embryonic expression pattern of the subunit genes in 

rodent embryos and its subequent comparison with that of RXRy. This is 

p resen tly  unknow n.

In conclusion, the present work provides insights into the transcriptional 

regulation of neuronal nAChR subunit genes and suggests that retinoids and 

retino id  receptors may be im portant. T ranscrip tional regulation  of the

subunits is very im portant for the generation of the observed functional
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diversity  between neuronal nAChRs present in d ifferent regions of the

nervous system (Role, 1992; McGehee and Role, 1995), since there is strong 

evidence indicating that different combinations of subunits contribute to

this diversity (section 5.1.2.4). The significance of this diversity is unclear, 

but it may contribute to the explanation of the complex effects of nicotine on 

the nervous system. U nderstanding of the transcrip tional regulation of 

subun it expression  w ill g reatly  increase our understand ing  of the 

em ergence of d ifferen t neuronal types during developm ent, and also 

enhance knowledge of nervous system function since these receptors are

involved in the communication between neurons.
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CHAPTER VI

R X R y  EXPRESSION IN POSTNATAL RAT HEART AND 

CULTURED NEONATE CARDIOMYOCYTES

6 .1 -INTRODUCTION

6.1.1 - AIM

The presence of RXRy transcripts in adult but not embryonic rat heart, at 

least up to 15 d.p.c. (chapter III), suggested that RXRy may be involved in the 

regulation of age-related changes in cell behaviour and gene expression in 

postnatal rat heart. Thus the aim of the experiments presented in this 

chapter was to investigate whether RXRy expression changes in postnatal 

heart with increasing age, thereby implicating it in the regulation of 

cardiac age-dependent changes. To further implicate RXRy in these changes, 

its expression in cultured neonatal heart cardiomyocytes in response to 

exogenous addition of tRA and thyroid hormone was investigated. This is 

because there is evidence that these signalling molecules are involved in the 

regulation of genes whose expression is age-dependent.

The rest of the introduction section deals with a brief description of some of 

the changes that take place during postnatal heart development with special 

reference to the effects of thyroid hormone and retinoic acid. This is 

followed by a description of the experimental objectives.
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6.1.2 - POSTNATAL HEART DEVELOPMENT

6.1 .2 .1  - A g e -d e p e n d e n t  changes  in the ce l l  b e h a v io u r  of

p o s t n a t a l  c a r d i o m y o c y t e s

Most of the information presented here was taken from Dowell (1980), and 

Chien et al (1993), and is concerned with the different response of neonatal 

and adult cardiom yocytes in response to increased functional demand. 

During postnatal life, the heart responds to environm ental changes by 

either increasing  or decreasing the rate and strength of contraction. 

Sustained increase in the rate and strength of contraction leads to an 

increase in the size of the heart. This cardiac enlargement can be caused by 

any stimuli that force the heart to increase its function, such as constriction 

of arteries that make blood flow more difficult. The result of this cardiac 

enlargem ent is an increase in the number of contractile proteins, which 

enables the heart to meet the increased functional demand. This increase in 

contractile protein can take place in either one of two ways: (a) increase in 

the num ber of cardiom yocytes by cell div ision which is known as 

cardiom yocyte hyperp lasia, or (b) increased production of con tractile  

proteins, with the cardiomyocyte number being unchanged, which is known 

as cardiom yocyte hypertrophy. The im portant thing to note is that both 

hypertrophy and hyperplasia occur, but which one of the two takes place 

depends on the age of the organism. Cardiac response to increased functional 

demand is met in early life predominantly by hyperplasia and in later life by 

hypertrophy. Thus, rat neonate cardiomyocytes have the ability to divide 

and synthesise DNA in response to increased cardiac demand, whereas adult 

cardiomyocytes do not.
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The conclusion from the above is that the ability of rat cardiomyocytes to

divide in response to increased cardiac demand is diminished with increasing

postnatal age and is lost during adulthood.

6 . 1 .2 . 2  - A g e - r e l a t e d  ch a n g es  in c a r d ia c  c o n t r a c t i l e  gene

expression during postnatal life and the role of  thyroid hormone

and retinoic acid In these changes

The myosin heavy chain (MHC) is the major contractile protein in the heart

and it exists in two heart-specific isoforms encoded by different genes, called 

a-M H C  and p-MHC. The expression of these genes changes with time during 

em bryonic and postnatal life. In developing rodents, a-M H C  mRNA is 

expressed during cardiac tube formation but dim inishes as the ventricles 

form and remains at low levels until shortly after birth (Lompre et al., 1984;

Lyons et al., 1990). On the other hand, p-MHC is the predominant isoform in 

the ventricles during foetal developm ent. Both isoform s are expressed 

equally shortly after birth and during early postnatal life the levels of the a -  

MHC isoform increase dramatically making it the predom inant isoform  in 

adult heart (Chizzonite and Zak, 1984; Lompre et al., 1981; Lompre et al., 1984).

These changes in MHC mRNA expression are concom itant with increased

amounts of circulating thyroid hormone. For exam ple, neonate rats are

physiologically hypothyroid (Dubois and Dussault, 1977). This suggests that 

this hormone could be responsible for the in vivo regulation of MHC mRNA 

levels. There is strong evidence that this is the case because experimental 

elevation of the circulating levels of thyroid hormone in adult hypothyroid 

rats, increases a-M H C  and decreases p-MHC mRNA levels in the heart 

(G ustafson et al., 1985). The same was observed in cultured foetal rat 

cardiom yocytes (Gustafson et al., 1987) and neonatal rat cardiom yocytes 

(Rohrer et al., 1991). There is evidence that this effect of thyroid hormone is
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direct because a thyroid hormone response element (TRE) is present within 

the regulatory region of the a-M H C gene and that the rat thyroid hormone 

receptor a -1  (T H R a l)  can transcriptionally activate this gene by direct 

interaction with its promoter in the presence of thyroid hormone (Izumo and 

M ahdavi, 1988; Rohrer et al., 1991). However, there is also evidence 

suggesting that thyroid hormone may also regulate the expression of the a- 

MHC gene in an indirect fashion because thyroid hormone receptors are also 

present in postnatal skeletal muscle, a tissue that does not express a- M H C 

(Gustafson et al., 1986; Glass and Holloway, 1990). Evidence in support of this 

comes from the work of M olkentin et al (1994), who showed that the 

transcription factor GATA-4 which is mainly expressed in the heart but not 

in skeletal muscle, can activate the expression of the a-MHC gene in cultured 

cardiom yocytes by binding to upstream  regulatory sequences and that 

thyroid hormone enhances this binding.

There is evidence suggesting that retinoic acid may also be involved in the 

tran scrip tio n a l regu la tion  of cardiac specific genes w hose postnata l 

expression is age-dependent. For example, tRA induces a -M H C  mRNA 

expression in cultured neonate rat cardiomyocytes. M oreover this action of 

tRA is mediated through a mechanism distinct from that for thyroid hormone 

because the thyroid hormone-responsive TRE present in the promoter of the 

a-M HC gene is not tRA responsive (Rohrer et al., 1991). The work of Arceri et 

al (1993) suggested how retinoic acid may mediate its effect. They showed that 

the transcription factor GATA-4 (see above) that regulates the expression of 

the a-MHC gene can itself be regulated by tRA in embryonal carcinoma cells. 

M oreover, the binding of this transcription factor to upstream  sequences 

from the a-M H C  gene is enhanced upon the addition of tRA.
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6.1.3 - EXPERIMENTAL OBJECTIVES

The experim ental aim of the present work was to test whether RXRy 

expression in postnatal rat heart changes with age, so as to implicate it in the 

regulation of age-dependent gene expression and age-dependent changes in 

cell behaviour. This was achieved by northern hybridisation of total RNA

derived  from  neonate and adult hearts using rad io labelled  an tisense

riboprobes specific for rat RXRy. In order to further implicate RXRy in the 

regulation of age-dependent changes in the behaviour of heart muscle cells, 

the ability of thyroid hormone and tRA to influence its expression in 

prim ary cultures of rat cardiom yocytes was investigated  by northern  

h y b r id is a tio n .

Primary cultures of cardiomyocytes are widely used for the investigation of 

heart function at the m olecular level. It is now possible to isolate

cardiom yocytes from embryos or postnatal animals including chicks and

rats. These cells are capable of synchronous beating once they make contact 

with each other and m aintain their specificity  towards the drugs and 

hormones regulating beating rate. Thus, cultured heart cells can be used as a 

model system for the in vivo situation (Pinson, 1990)

Northern blotting hybridisation was also used to examine whether RXRy, tRA 

and thyroid horm one are involved in the regulation of genes whose 

postnatal expression is not dependent on age. The gene studied in the present 

work was a-card iac actin. The mRNA levels of this gene remain constant 

during postnatal development (Mayer et al., 1984).
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6.2-RESULTS

6.2.1 - RXRy and a-cardiac actin RNA levels in intact neonate and

adult  rat hearts

Total RNA extracted from the hearts of less than 1 day old and adult rats was 

subjected to northern blot hybridisation using a radiolabelled  antisense 

riboprobe specific for rat RXRy RNA (see chapter III). Subsequently, the 

R X R y  probe was stripped off and the blot was rehybridised with a 

radiolabelled antisense riboprobe specific for rat a -ca rd iac  actin mRNA. 

Finally, the blot was stripped again and rehybridised with a radiolabelled 

antisense riboprobe derived from the (1-actin gene which was specific for 

both non-muscle and sarcoplasmic actin mRNA pools (Bains et al., 1984). This 

was used as a control, with the intensity of the band corresponding to the 

non-muscle mRNA pool being proportional to the amount of total RNA 

present since the levels of these mRNAs remain the same in different tissues.

It should be stressed that this hybridisation signal is derived from the non

muscle cells present in the heart. The results are shown in Figure 6.1. In

both adult and neonate rat heart there were two different RXRy RNA species 

of approxim ately 3.7Kb and 1.8Kb in length (chapter III). However the 

relative amounts of the two RNA species differed. In adult heart the 1.8Kb

RNA was more abundant than the 3.7Kb RNA, whilst the converse was true in 

neonate heart. There was no appreciable difference in the levels of a - c a rd ia c  

actin RNA between adult and neonate heart.
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Figure 6.1

Northern blot analysis of RXRy (Panel A), ot-cariac actin (Panel B) and the 

non-muscle actin (Panel C) mRNAs in neonate (lane 2) and adult (lane 3) rat 

hearts. Adult rat skin (lane 1) was used as a negative control because this 

tissue does not express any RXRy (Chapter III). Twenty micrograms of total 

RNA was analysed in each lane. Exposure times for each of the blots at -70 C 

were as follows: RXRy, 2 days; a-card iac actin, 12 hours; non-muscle actin 

mRNA pool, 5 hours. A photograph of the formaldehyde gel showing the 

ethidium  brom ide-stained total RNA, is shown in Panel D. The arrows 

represent the sizes of different RXRy-specific transcripts.
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6.2.1.2 - RXRy and a -cardiac actin expression in cultured rat

neonate cardiomyocytes in response to thyroid hormone and tRA 

t r e a t m e n t .

Synchronously beating cardiomyocytes derived from the ventricles of less 

than 1 day old rats were cultured in gelatine coated petri dishes in serum- 

free medium for 48 hours in the presence or absence of IpM  tRA or thyroid 

hormone (Figure 6.2), followed by total RNA extraction, northern blotting 

and hybridisation using the same probes and under the same conditions as

the experiments described in the pervious section. It should be noted that a

small percentage of the cultured cells, approxim ately 10%, consisted of

fib rob lastic  cells, since routine m ethods for the generation of pure 

cardiomyocyte cultures are not yet available (Pinson, 1990). The presence of 

non-muscle cells made possible the determination of equal total RNA loading 

using the actin specific probe for the reasons stated in the previous section.

The results are shown in Figure 6.3. The relative levels of both RXRy RNA 

species in the untreated cells (Figure 6.3, lane 1) are very similar to those in 

intact neonate heart (Figure 6.1), suggesting that the in vitro conditions 

resemble those in vivo, as far as RXRy expression is concerned. Treatment of

the cells with thyroid hormone resulted in the downregulation of the RNA of 

both species (Figure 6.3, lane 2), whereas tRA treatm ent resulted in the 

dow nregulation of the RNA levels of the 3.7Kb species and in the 

upregulation of the 1.8Kb RNA levels (Figure 6.3, lane 3).

The presence of either thyroid hormone or tRA did not result in appreciable 

changes in the a-cardiac actin mRNA levels (Figure 6.3).
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Figure  6.2

Photographs of primary cultures of neonatal rat ventricular cardiomyocytes 

after 48 hours of culture in serum free medium (Panel A), serum free 

medium in the presence of IpM  tRA (Panel B) or IpM  thyroid hormone (Panel

C). The cells are stained with Leishman's stain.



Figure 6.2
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Fi gure  6.3

Northern blot analysis of RXRy (Panel A), a-cardiac actin (Panel B), and the 

non-muscle actin (Panel C) mRNAs in neonate rat cardiomyocytes cultured in 

serum free medium only (lane 1), in serum free medium in the presence of 

l |iM  thyroid hormone (lane 2) or IpM  tRA (lane 3), and in adult rat skin (lane 

4). Twenty micrograms of total RNA were analysed in each lane. Exposure 

times for each of the blots at -70 C were as follows: RXRy, 2 days; a - c a rd ia c  

actin, 12 hours; non-muscle actin mRNA pool, 5 hours. A photograph of the 

formaldehyde gel showing the ethidium bromide-stained total RNA is shown 

in Panel D. The arrows represent the sizes of different R X R y -sp e c if ic  

t r a n s c r ip ts .
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6 .3 -DISCUSSION

This study shows for the first time that the levels of RXRy transcripts during 

postnata l rat heart developm ent are age-dependent, because they are 

different in neonate and adult rat hearts. Thus, these data implicate RXRy in 

the regulation of genes whose expression is age-dependent and in the 

regulation of cell behaviour changes that take place during postnatal heart 

developm ent. M oreover, treatm ent of cultured neonate rat cardiom yocytes 

with either tRA or thyroid horm one influences the levels of RXRy 

transcripts. This further implicates RXRy in the regulation of age-dependent 

changes during postnatal heart development, since there is evidence for the 

involvem ent of these two signalling molecules in such changes (section 

6.1.2.2). In addition, the work presented here shows that age-dependent 

changes in RXRy expression or in response to tRA and thyroid hormone 

treatment have no appreciable effect on the RNA levels of a -ca rd iac  actin. 

This is consistent with the proposed role of RXRy in the regulation of genes 

whose expression is age-dependent rather than age-independent, since a -  

card iac  actin  expression  rem ains constan t du ring  p o s tn a ta l heart 

development (Mayer et al., 1984).

It should be noted that it is assumed that the RXRy signal detected in the 

present experim ents, is derived from cardiomyocytes since they constitute 

the most abundant cell type, more than 90%, in the primary cell cultures 

em ployed. D efin ite proof for this assum ption would require in situ 

hybridisation with probes that can distinguish between cardiom yocytes and 

other cell types.
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The finding that the relative amounts of both RXRy RNA species in intact 

neonate heart appear to be very similar to those present in cultured neonate 

cardiomyocytes, suggests that this system is a good model for the in vivo 

situation as far as RXRy expression is concerned. Moreover, the observation 

that the RXRy expression pattern in tRA -treated cultured cardiom yocytes 

resembles that in adult heart, in the sense that the levels of the RXRy 1 .8  Kb 

RNA are greater than those of the 3.7Kb transcript, suggests that tRA may be

involved in establishing the in vivo neonate-to-adult transition  of the

pattern of RXRy expression in the heart.

The dem onstration that treatm ent of cultured cardiom yocytes with thyroid 

hormone leads to a decrease in the levels of the 1.8Kb transcript, whereas 

tRA treatment has the opposite effect, suggests that cell signalling by these 

two molecules may have opposite effects on the genes whose expression is 

controlled by the product of the RXRy 1.8Kb transcript.

The downregulation of both RXRy transcripts in cultured cardiomyocytes by

thyroid hormone is consistent with the work of Mano et al (1993). These 

workers showed that intraperitoneal injection of 3-week old hypothyroid 

rats with thyroid hormone resulted in downregulation of RXRy expression in 

the heart. However, they could not determine whether this effect was direct 

or as a result of a thyroid hormone-induced effect on metabolism. The 

present work provides evidence that this effect may be direct, since thyroid 

hormone was added directly to the culture medium of primary heart cells.

The dem onstration that RXRy expression in cultured cardiomyocytes can be

influenced directly by tRA and thyroid hormone strongly suggests that its

transcriptional regulation may be mediated by retinoid receptors, including 

R X R y  itself, and thyroid hormone receptors. This is consistent with the
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finding that the retinoid receptors RARs can be transcriptionally regulated 

by retinoids (chapter I).

The observation that the RXRy 1.8Kb RNA in rat heart becomes upregulated 

with increasing postnatal age suggests that it may be involved in the 

transcriptional regulation of genes whose products become elevated during 

postnatal heart development. A candidate gene is the a -M H C  w hose 

transcription is upregulated by binding of the thyroid hormone receptor a l  

( T H R a l )  to response elements situated upstream of the transcription start site 

(Izumo and Mahdavani, 1988; Rohner et al., 1991). This thyroid hormone- 

induced upregulation of a-M H C was also observed in cultured neonate 

cardiomyocytes (Rohrer et al., 1991). This suggests that RXRy may be involved 

in this thyroid hormone effect since RXRs and THRs can form heterodimers 

that can be activated by thyroid hormone (Marks et al., 1992; Zhang et al.,

1992; Kliewer et al., 1992). In addition, the observation that the retinoic acid- 

induced upregulation  of the a  -MHC gene in cu ltu red  neonatal rat

cardiom yocytes occurs via a mechanism independent of thyroid hormone 

(Rohrer et al., 1991), suggests that RXRy may mediate this effect indirectly by 

m ed ia ting  the re tin o ic  ac id -induced  u p reg u la tio n  of the G ATA-4 

transcription factor. Evidence in support of this hypothesis comes form the

finding that GATA-4, which is expressed in rat heart, can activate the 

transcription of the a-M HC gene in cultured cardiomyocytes by binding to its 

regulatory DNA regions (Molkentin et al., 1994). Moreover, the expression of 

GATA-4 is regulated by tRA in F9 embryonal carcinoma cells (Arceri et al.,

1993), suggesting that RXRy may mediate this effect.
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The change in RXRy expression during postnatal rat heart development could 

also imply that RXRy may be involved in the mediation of the age-dependent 

change in the ability of rat cardiomyocytes to undergo cell division in 

response to increased cardiac demand (section 6.1.2.1).

It should be noted that RXRa was shown to be important for the correct 

development of the heart during rodent embryonic development (Kastner et 

al., 1994). The major cardiac abnormality in transgenic mice carrying a null 

mutation for the RXRa gene who died during late gestation, was a reduction 

in the thickness of the myocardium and thus a reduction in the number of 

cardiom yocytes which are normally present within the m yocardium. This 

effect may not be due to increased cell death or reduced rate of proliferation, 

since these cell behaviours were examined at the time that the defect was 

detected (in 13.5-14.5 d.p.c. embryos). Thus, these workers suggested that it 

might be due to a reduction in the number of progenitor cardiomyocytes 

early in development. The observation that RXRy is not expressed in the 

developing rodent heart, (chapter III) suggests that it may not have a role 

during heart development. However, it should be noted that RXRy expression 

was not examined in rodent embryos older than 15 d.p.c. So, until RXRy 

expression is examined throughout development one is never sure whether it 

has no function in embryonic heart. Taken together the present data are 

consistent with the work of Kastner et al (1994), in the sense that RXRs are 

im plicated in regulating the behaviour of cardiomyocytes.

In conclusion, the results of this study im plicate RXRy and tRA in the 

regulation of a-M H C gene expression and the ability of cardiomyocytes to 

divide during postnatal rat heart development. In addition, they provide 

evidence for the differential and direct regulation of RXRy expression by
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thyroid hormone and tRA in cardiomyocytes suggesting that retinoid and/or 

thy ro id  horm one recep tors may be involved  in the tran scrip tio n a l

regulation of RXRy. The data also demonstrate that these two signalling 

m olecules may have opposite effects on the control of cardiom yocyte 

behav iour because they d ifferen tially  regulate the expression  of the

transcription factor RXRy.

F u t u r e  e x p e r i m e n t s

A future experiment could be to eliminate RXRy-mediated gene expression 

using the dom inant negative approach in cultured cardiom yocytes and 

testing for the effects on the expression of a-M HC. If the proposed function 

of RXRy is correct, then one would expect a-M H C  expression to become 

downregulated. In addition it should be interesting to find out whether tRA 

can upregulate the expression of the GATA-4 gene in cardiomyocytes and 

w hether RXRy is involved in the mediation of this effect. This could be 

achieved by overexpression of RXRy in the presence or absence of tRA,

followed by examination of the levels of GATA-4 mRNA.
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CHAPTER VII 

GENERAL DISCUSSION

6 .1  -  A im

The aim of this chapter is to summarise the main experimental findings of the present 

work and the conclusions that can be derived from them, and to discuss future 

experiments that could be undertaken to test hypotheses arising from the experiments 

presented. The first part of this chapter will summarise ways in which 9cRA, tRA and 

RXRs can influence gene expression. Throughout this chapter, emphasis will be given to 

issues not discussed thoroughly in the previous chapters.

6 .2  - RXRs, r e t in o id s  a n d  g e n e  e x p r e s s io n

Retinoid receptors have the potential to influence transcription of target genes in 

several ways. This potential is a property of their functional domains. Which genes are 

influenced and the way they are influenced depends on the type and intracellular 

concentration of available retinoid ligands, the type of other nuclear receptors present, 

and the presence of other proteins capable of binding retinoid receptors.

6 .2 .1  - B inding a ff in itie s  o f re tin o id  re c e p to rs  fo r  re tin o id s  

Using competitive binding assays, Allenby et al (1993) showed that RXRs are highly 

selective because they bind 9cRA but not tRA, t-ddRA, 7cRA, llcRA, or IScRA, whereas 

RARs bind both 9cRA and tRA. The binding affinities of 9cRA and tRA for retinoid 

receptors were estimated and expressed in terms of equilibrium dissociation constants 

(Xd values). A X j value gives information about the tendency of a ligand to dissociate 

from binding to a receptor. Thus, the higher the ATd, the higher the tendency for 

dissociation, and the weaker the binding affinity of that ligand for the receptor. At 

equilibrium conditions, the Xd value is equal to the concentration of free ligand 

required to half-saturate the available receptor binding sites. Thus, if the available
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intracellular concentration of a ligand is well below its value, it follows that very few 

receptors will be ligand-bound. RXRs (a, p, and y) bind 9cRA with Xd values of 15.7, 

18.3, and 14.1nM, respectively. In contrast, RARs bind 9cRA with higher affinity with 

Xd values of 0.24, 0.40, and O.TOnM, respectively. This suggests a possible way in which 

different intracellular concentrations of 9cRA available for binding to retinoid 

receptors may lead to different transcriptional responses. For example, cells with 

intracellular concentrations of 9cRA in the low nanomolar range which contain both 

RARs and RXRs, will have ligand-bound RARs but not RXRs. The binding affinities of 

RARs (a, p, and y) for tRA were also calculated with ATd values of 0.20, 0.36, and 

0.20nM, respectively. This suggests that both 9cRA and tRA have similar binding 

affinities for RARa and p since they have similar values, whereas tRA has a greater 

affinity for RARy than 9cRA. Evidence for this came from the work of Allenby et al

(1994) who showed that nuclear fractions from cells previously transfected with RARy 

expression vector and treated simultaneously with both 9cRA and tRA, contained RARy 

bound to tRA only, even when the relative levels of administered 9cRA were slightly 

higher than those of tRA. On the other hand, the relative amounts of 9cRA and tRA bound 

to RARp were similar to those of the administered ligands present in the culture medium. 

Since the levels of 9cRA measured in several tissues are lower than those of tRA 

(Heyman et al., 1992; Tate et al., 1994), these data suggest that RARy would selectively 

bind tRA, whereas RARp would be capable of binding available RA whether it was in the 

form of 9cRA or tRA. Thus, cells containing available 9cRA but not tRA could exhibit an 

RAR-dependent response if they expressed RARp but not RARy.

It is clear from the above that the type and intracellular concentration of available 

retinoids could be im portant for the way cells respond to retinoids in vivo. Several lines 

of evidence support this hypothesis. For example, mouse and chick limb buds were 

shown to contain a gradient of tRA along the anterior/posterior (A/P) axis with maximal 

concentration in the posterior region (Thaller and Eichele, 1987; Satre and Kochhar, 

1989). This was claimed to be im portant in retinoid signalling in the limb bud, although 

it is no longer clear that it is (reviewed in Tickle and Eichele, 1994). Horton and Maden

(1995) showed that different regions of mouse embryos contain different levels of tRA,
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and when these levels are changed as a result of a teratogenic dose of tRA, cells behave 

differently. The activation of Hox gene expression was also shown to depend on the 

concentration of administered RA, because different Hox genes become activated by 

different concentrations of tRA in a human embryonal carcinoma cell line (Boncinelli et 

al., 1991). Similarly, in ra t hepatoma cells, the a-fetoprotein gene is is upregulated by 

treatm ent with 0.1|iM 9cRA but not tRA, whereas both retinoids are effective at higher 

concentrations (Wan et al., 1995).

Another way in which changes in the available ligand concentration can lead to different 

transcriptional responses is provided by the observation that 9cRA induces RXR 

homodimer formation and binding to DNA. Since RXRs also heterodimerize with other 

receptors, competition between RXR homodimer and heterodimer formation may take 

place and the presence of high concentrations of RXR-specific ligands may favour RXR 

homodimer formation at the expense of heterodimer formation (Pfahl et al., 1994). For 

example, thyroid hormone-dependent gene expression by RXR-THR heterodimers was 

repressed in the presence of 9cRA (Lehmann et al., 1993).

6 .2 .2  - 9cRA and  tRA are en d o g en o u s r e tin o id s

If retinoids are involved in normal development they must be present within embryonic 

cells. tRA is present in vertebrate embryos (Chapter I), and 9cRA was detected in mouse 

liver and kidney (Heyman et al., 1992), ra t epididymal tissue (Pappas et al., 1993), 

neonatal ra t eye, and embryonic brain (CreechKraft and Juchau, 1993). In these tissues, 

9cRA levels were estimated to be two to six times lower than those of tRA (Tate et al.,

1994). These data together with the retinoid binding studies, and the effects of 

retinoids on gene expression strongly suggest that retinoids are present within 

embryonic cells in vivo. Another approach taken to dem onstrate that retinoids are 

present within cells was the generation of transgenic mice carrying a reporter gene 

driven by a retinoid response element (Hofmann and Eichele, 1994). The detection of 

reporter gene activity was interpreted to be due to the presence of intracellular 

retinoids and retinoid receptors.
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6 .2 .3  - A v a ilab ility  o f in tra c e l lu la r  re tin o id s  to  r e t in o id  re c e p to rs  

The rate of cellular uptake of retinoids, their intracellular metabolism, and the levels of 

intracellular retinoid binding proteins may be im portant for determining the am ount of 

retinoids available to bind retinoid receptors. There is evidence that these processes 

may be controlled by retinoid binding proteins, since the metabolism of 'free' retinoids 

is non-specific and proteins that bind specific retinoids with high affinity have been 

identified. For example, several ubiquitous enzymes can convert 'free' retinol into tRA 

in  vitro , suggesting that the highly regulated metabolism of retinol in vivo does not 

involve 'free' retinol (Napoli, 1993). The retinol binding protein (RBP) is thought to be 

involved in the transport of retinol from retinoid storage tissues to target cells (Soprano 

and Blaner, 1994). For example, this protein binds retinol with high affinity, and is 

synthesised and secreted from the visceral yolk sac of ra t conceptuses. This suggests 

that it may be involved in the transport of retinol from the mother to the embryo. In 

addition, circulating plasma retinol in postnatal animals is exclusively bound to RBP 

(Soprano and Blaner, 1994). It is thought that when the plasma RBP-retinol complex is 

in close proximity to cell membranes, retinol spontaneously dissociates from RBP and 

enters the cell, and that this process is an equilibrium reaction. Thus, the lower the 

in tracellu lar levels of 'free' retinol, the higher the influx of retinol into the cell. This 

suggests that the levels of intracellular proteins that bind 'free' retinol may determine 

the degree of retinol influx. This model was based on several observations. Firstly, 

experiments with ra t liver cells suggested that retinol influx from administered 

radiolabelled RBP-retinol was not cell surface-receptor-mediated because uptake of 

radiolabelled retinol was not saturable and was not inhibited by excess unlabelled RBP- 

retinol (van Bennekum et al., 1993). Secondly, retinol transfer from RBP-retinol across 

membranes was shown to be rapid, and with time an equilibrium was reached (Fex and 

Johanneson, 1987; Noy and Xu, 1990). It should be emphasised that the in vivo 

mechanism of cellular uptake of retinol is not yet known since there is also evidence to 

supporting the notion that this transfer depends on membrane receptors that bind RBP. 

For example, Blomhoff et al (1988) showed that antibodies directed against RBP block 

retinol uptake by cells.
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There is evidence supporting the notion that intracellular retinol can be enzymatically 

metabolised to tRA via t-Retinal, and that CRBP (Chapter I) is involved throughout this 

process (Ong et al., 1994). For example, the oxidation of administered retinol to retinal 

in ra t liver microsomes, was found to be dependent on the NADP cofactor only when the 

adm inistered retinol was bound to CRBP, suggesting that an enzyme that recognises the 

CRBP-retinol complex is involved. Since retinal also binds CRBP, it was suggested that 

retinal-CRBP may serve as a substrate for another enzyme for its conversion to tRA. Such 

an enzyme was purified from ra t liver. Thus, the intracellular concentration of CRBP may 

regulate the am ount of intracellular tRA produced. Once produced, tRA may bind the 

cytoplasmic proteins CRABP I and CRABP II (Chapter I), since they were shown to bind 

tRA but not 9cRA with high affinity (Allenby et al., 1993; Fiorella et al., 1993; Redfern 

and Wilson, 1993). Clues about the function of CRABP I came fi'om the observation that 

its overexpression in the F9 teratocarcinoma cell line caused administered tRA to be 

less effective in inducing expression of retinoid responsive genes, suggesting that 

CRABP I may prevent tRA from being available to bind to retinoid receptors (Boylan and 

Gudas, 1991).

The mechanism of the production of 9cRA in vivo is not yet known (Tate et al., 1994). A 

direct isomerization from tRA is a possibility. Levin et al (1992) showed that nucleosol 

fractions derived from COS-1 cells that had been transfected with an RXR expression 

vector and treated with tRA, contained 9cRA bound to RXR. This dem onstrated that 

intracellular RXR can bind 9cRA, and that tRA may be isomerized to 9cRA in these cells. 

In addition, m aternal administration of teratogenic doses of tRA, resulted in a transient 

increase of the endogenous levels of 9cRA in ra t embryos, suggesting that tRA might 

have been metabolised to 9cRA directly (Ward and Morriss-Kay, 1995).

6 .2 .4  - In teraction  o f  RXR w ith  o th er  n u clear  recep to rs

In chapter 1, I described that RXRs can form homodimers as well as heterodimers with 

other nuclear receptors, on DNA response elements in vitro, as shown by gel mobility 

shift assays using in vitro translated receptors and mixing them in solution with 

radiolabelled DNA. This sections deals with evidence supporting the notion that these 

interactions can also occur within cells.
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Mak et al (1994) showed that the heterologous expression of RXRa in yeast cells 

transactivated a reporter construct driven by a DR2 element in response to 9cRA but not 

tRA, or thyroid hormone. They concluded that this was due to binding of RXR 

homodimers to this element, since this was demonstrated in vitro, and because yeast 

cells do not contain endogenous RARs and because tRA does not bind to RXRs.

Since the LED of nuclear receptors contains a strong dimerization interface (Pfahl e t al., 

1994), the LBDs of either RXR or RAR were tested for in vivo heterodimerisation with 

full length RAR or RXR, respectively (Nagpal et al., 1993). These experiments made use 

of the yeast transcription factor GAL-4 and a GAL-4 response element which is not 

responsive to nuclear receptors. When the DBD of GAL-4 was linked to the LED of either 

RXR or RAR, the GAL-4 DED of these chimeric receptors was able to bind a transfected 

reporter gene driven by the GAL-4 response element but could not activate transcription 

because the constitutive transactivation domain of GAL-4, namely VP16, was missing. 

Transactivation was observed only when transfected RAR-VP16 or RXR-VP16 chimeric 

receptors were also p resen t These workers concluded that RAR/RXR heterodimers can 

form within cells since heterodimerization brought the VP 16 domain in close proximity 

to the GAL-4 DED, thereby reconstituting an active GAL-4 transcription factor. These 

experiments also suggested that in vivo heterodimerization can occur in the absence of 

retinoid ligands since they observed reporter gene activation in the absence of ligand. 

Similar experiments showed that RXR can heterodimerize in vivo with thyroid hormone 

(THR), Vitamin D (VDR), and peroxisome proliferator-activated (PPAR) receptors (Qi et 

al., 1995). These workers cotransfected GH4C1 pituitaiy cells which contained 

endogenous THR, VDR, and PPAR receptors, with RXR-GAL-4 chimera containing the 

GAL-4 DED and the RXR LED, in the presence of their ligands. The observed GAL-4- 

driven reporter gene transactivation was taken to be indicative of in vivo heterodimer 

formation, because the ligands used do not bind the LED of RXR, GAL-4 reporter does not 

bind nuclear receptors, and because the transactivation function of the LED of the 

endogenous receptors brought about by ligand binding was in close proximity to the 

GAL-4 DED.
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6.2.5 - Retinoid ligands and transcriptional responses

Forman et al (1995) provided evidence that RXR can be either a silent or an active 

partner of a heterodimer. Using a GAL-4-RXR LED chimera they showed that the RXR- 

specific ligand LG69, was able to activate a GAL-4 responsive reporter gene, but failed to 

do so when the LBDs of either RAR or THR were included. They concluded that when RXR 

heterodimerizes with these receptors it becomes unable to bind ligand. This could be the 

reason why RAR-RXR or RXR-THR heterodimers activate transcription in response to RAR 

or THR-specific ligands only. On the other hand, when RXR heterodimerizes with the 

orphan receptor N urrl, it can act as the active partner. N urrl binds as a high affinity 

monomer to an AAAGGTCA core site and activates transcription constitutively. RXR, 

which does not bind to this element was able to repress N urrl-m ediated transcription 

and the presence of 9cRA or LG69 caused transactivation. RXR was also shown to be the 

active dimeric partner when it heterodimerizes with the orphan receptor LXR to 

transactivate a novel response element termed LXRE in response to 9cRA or an RXR- 

specific ligand (VNTillyet al., 1995), using gel shift assays, transfection assays, and the 

yeast GAL-4 system. Taken together, these data suggest that RXR homodimers are not the 

only dimers that can respond to RXR-specific ligands.

Evidence as to how ligand binding by nuclear receptors can lead to transcriptional 

activation came form the work of Chen and Evans (1995). Using the yeast GAL-4 system 

and in vitro binding assays, they showed that a protein named SMRT preferentially binds 

to unliganded RAR or THR and unliganded RAR-RXR or THR-RXR whilst they are bound to 

their respective response elements. In the presence of ligand however, SMRT dissociates 

from them. The dissociation of SMART was concomitant with transcriptional activation. 

In addition the presence of tRA is unable to cause the release of SMRT from an RAR 

m utant which is a potent supressor of RAR target genes. These data suggest that nuclear 

receptors bound to their response elements may have the potential to activate 

transcription but are prevented because of the binding of repressor, and that the role of 

ligand binding is to release this repressor giving rise to transcriptional activation. 

Kurokawa e t al (1994) showed that polarity of RAR-RXR heterodimers on DRl and DR5 

elements was responsible for their differential response to RAR-specific ligands. In the



12. 0,8
presence of ligand, RXR-RAR heterodimers activated transcription from DR5 but not DRl 

elements. Mutations in the RAR and RXR that reverse these polarities also reverse the 

transcriptional response to RAR-specific ligands. On DR5 elements the RAR partner of 

the heterodimer binds to the 3' half site, whereas on DRl elements RAR binds the 5' half 

site. An explanation of this differential response to ligand came from the work of 

Kurokawa et al (1995). They identified a co-repressor present in whole-cell extracts 

that binds to in vitro  -translated RARa and RXRa when they are complexed as 

heterodimers to either DRl or DR2 response elements. When ligand was added this 

protein dissociated from the heterodimer-DRS complex but not from the heterodimer 

DRl complex. In addition they showed that in the absence of DNA, this protein binds 

RAR and not RXR through an interaction with the hinge region because point mutations 

within this region abolish binding. This mutated RAR that does not bind the putative 

repressor was able to transactivate the DRl element in the presence of RXR and ligand. 

Taken together, these results demonstrate the presence of a putative repressor that 

binds to RXR-RAR heterodimers and that ligand binding may or may not lead to its 

release. W hether it is released or not depends on the polarity of the heterodimeric 

binding in relation to the transcriptional start site, and this polarity is ultimately 

determined by the nature of the response element.

6 .3  - G e n e r a l  d i s c u s s io n  o f  t h e  e x p e r im e n t a l  f in d in g s

6.3 .1  - Chapter 3

In Chapter 3, I reported the isolation of a partial cDNA clone for ra t RXRy, and showed 

by northern hybridisation that RXRy transcripts were present in various adult ra t 

tissues including skeletal muscle, heart, brain, liver and sciatic nerve. Adult ra t 

tissues in which no RXRy transcripts were detected included the bladder, skin and 

uterus. These tissues however could contain very low levels of RXRy transcripts that 

could not be detected by northern hybridisation. More sensitive methods of detection 

such as RNase protection or RT-PCR, could be employed in future experiments to test 

this. The estimated size of the short RXRy RNA species detected in adult ra t gut was
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approximately 0.9 Kb. This value was unusually small when compared to those of the 

other transcripts and to those estimated by Mangelsdorf et al (1992) for RXRa,p, and y 

which ranged between 1.9 and 5.6 Kb. Moreover the total size of regions C,D and E for 

both RARs and RXRs was shown to be approximately 1Kb (Zelent et al., 1989; Mangelsdorf 

et al., 1992). Taken together these observations suggest that the detection of this 

unusually short RNA species might have been due to partial degradation of the total RNA 

used. Confirmation of this could involve reprobing the blot in question with a riboprobe 

specific for transcripts that are present in the gut and whose size is known, such as 

those of the p-actin gene.

To gain clues about the function of RXRy during rodent embryonic development, I carried 

out in situ  hybridisation experiments on wax sections using a radiolabelled probe 

specific for RXRy transcripts. Hybridisation signal was restricted to the developing 

central nervous system (CNS), ganglia of the PNS and skeletal muscle suggesting that 

RXRy may be involved in the regulation of cell behaviour in those regions.

6 .3 .2  - C hapter 4

To gain more insight into the possible function of RXRy during rodent myogenesis, I used 

in  situ  hybridisation to examine RXRy expression during skeletal muscle 

differentiation. These experiments involved in  s itu  hybridisation of adjacent embryonic 

wax sections with radiolabelled riboprobes specific for RXRy, Myf-5 and a-cardiac actin 

transcripts. The expression of a-cardiac actin was indicative of myogenic differentiation 

since it is one of the earliest genes to be expressed during myoblast differentiation in  

vivo (Sassoon e t al., 1988). Cells expressing Myf-5 but not a-cardiac actin were 

undifferentiated myogenic cells (Sassoon, 1993). The results showed that RXRy 

transcripts were detected after myoblast differentiation in the myotomes, whereas in 

the limb buds the appearance of RXRy transcripts was concomitant with myoblast 

differentiation. This suggests that RXRy may not be involved in the differentiation of 

early embryonic cells to become myoblasts since it is not expressed in the 

dermomyotome or the dorsomedial lip of the dermomyotome which contain the 

precursors of myotomal and limb myoblasts. The observation that RXRy expression in the 

limbs is concomitant with myoblast differentiation suggests several possible roles for
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RXRy. For example, it could mediate a myogenic differentiation signal, or it could be 

involved in the regulation of genes that are expressed after the initiation of myoblast 

differentiation. Another possibility is that RXRy is involved in downregulation of genes 

that are expressed in myoblasts but become downregulated in differentiated skeletal 

muscle.

To test whether RXRy is necessary for the differentiation of limb myoblasts, primary 

cultures of rodent myoblasts derived from embryonic limbs (Cossu et al., 1988), or 

skeletal muscle cell lines such as the C2 cells (Albagli-Curiel et al., 1993) could be 

used. A better approach would be to generate transgenic mice lacking functional RXRy 

and to test for abnormal gene expression, such as the absence of transcripts for 

contractile proteins. The observation that cultured C2 myoblasts express RXRy (Downes 

et al., 1994), and differentiate upon removal of serum and that tRA can relieve this 

serum-induced inhibition of myogenesis (Albagli-Curiel et al., 1993), may be a starting 

point for investigating the role of RXRy in myoblast differentiation. If RXRy is involved 

in mediating this RA-dependent differentiation, then its functional inactivation in C2 

cells could lead to the inability of RA to induce differentiation. Functional inactivation 

could be achieved by transfecting C2 cells with an expression vector carrying RXRy 

cDNA sequences unique to RXRy cloned in the reverse orientation so that antisense 

transcripts are produced that can block the translation of endogenous RXRy mRNA. These 

experiments however, are not informative about the in vivo  role of RXRy or about the 

nature of the differentiation signal during myogenesis. In chapter 4, 1 showed that in 

cultured H9 skeletal myoblasts, removal of high serum concentrations results in a 

decrease in tritiated thymidine incorporation, and that tRA and 9cRA mimic this in the 

presence of high serum concentrations. This could be explained in at least three ways. 

Firstly, reduction in the rate of DNA synthesis by myoblasts. Secondly, myoblast cell 

death with no change in the rate of DNA synthesis. Thirdly, low serum concentrations or 

adm inistration of RA may cause myoblasts to accumulate tritiated thymidine without 

using it for DNA synthesis. In addition, the degree of morphological differentiation of 

H9 myoblasts, as estimated by the number of myofibers detected, may not be accurate 

since the num ber of myoblasts was not estimated and hence the relative amounts of
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myoblasts to myofibers could not be calculated. Thus, these data are not informative 

about the effect of RA or serum on H9 cells. To resolve this issue, future experiments 

should involve staining of H9 cells with MHC antibody to monitor myogenic 

differentiation more accurately, counting the total num ber of both myoblasts and 

myotubes to get an accurate estimation of their relative amounts and using staining 

techniques that can identify dead cells. In addition, lower concentrations of retinoids 

should also be tested because the response of H9 cells to RA may be non-physiological 

since the IfiM concentration used is much higher than the 50nM concentration of 

endogenous tRA in somites and limb buds of mouse embryos (Horton, and Maden, 1995). 

As discussed previously, the concentration of retinoids available for binding to 

retinoid receptors is im portant in determining the cellular response.

A different way to assess the role of RXRy during myogenic differentiation is to test 

whether it can transcriptionally activate genes that are necessary for myogenesis. 

Myogenin and MyoD are interesting candidates because their expression in the 

developing mouse limb bud is concomitant with that of a-cardiac actin (Sassoon, 1993), 

and because 1 showed that a-cardiac actin and RXRy transcripts seem to appear 

simultaneously in the limb buds. In the myotomes, RXRy may be involved in maintaining 

bu t not initiating myogenin expression since I showed that RXRy expression in the 

myotomes appears after a-cardiac actin expression, and because myotomal transcription 

of a-cardiac actin occurs after that of myogenin (Sassoon, 1993). Evidence against the 

suggestion that myogenin can autoregulate its expression in  vivo (Wright et al., 1989), 

came from the work of Cheng et al., (1995), who showed that the pattern of expression of 

a myogenin-LacZ transgene in myogenin-null mice was expressed normally in myogenic 

cells throughout embryogenesis. The possible involvement of RXRs in the transcription 

of the MyoD gene came from the observation that the prom oter of the mouse MyoD 

contains a thyroid hormone response element (TRE) which is a DR4. This TRE is 

responsive to and binds RXRa-THRa and RXRy-THRa heterodimers in vitro  and THRa was 

found to be expressed during the differentiation of C2CI2 myoblasts (Muscat et al., 

1994). A DR4 element was also found within the prom oter of the mouse myogenin gene 

which was thyroid hormone-responsive, and capable of specific binding with THR-RXR
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heterodimers (Downes et al., 1993). These findings suggest that RXRy may regulate the 

transcription of these genes in vivo. To test this, primary cultures of cells derived from 

rodent embryonic limb buds before the appearance of myogenin and MyoD transcripts, 

could be used. These cells, should then be treated with thyroid hormone, 9cRA, or tRA to 

test their effect on the induction of MyoD and myogenin expression. If there is an effect, 

the next experiment should examine whether RXRy is required for the initiation or 

maintenance of MyoD and myogenin expression. Cells should be transfected with 

antisense RXRy constructs before or after myogenin and MyoD expression. Any RXRy- 

mediated inactivation in their transcription would suggest that RXRy regulates the 

expression of these genes in the developing limb buds. If that was the case, the next step 

would be to quantitate the intracellular levels of nuclear receptors present in these 

cells using quantitative RT-PCR. This could give an indication about which receptors are 

likely to form dimers with each other in vivo since RXRs can heterodimerize with many 

nuclear receptors including orphan receptors. Then, functional inactivation of other 

nuclear receptors could be carried out to test if they are also required.

RXRy may control the transcription of genes whose expression becomes downregulated 

soon after myoblast differentiation. Myf-5 is such a gene (Sassoon, 1993) and its level of 

expression becomes drastically reduced at about 13 d.p.c. in mouse embryos. I showed 

that during this time RXRy transcripts are present in developing muscle. The finding 

that lOnM of administered 9cRA, bu t not tRA, thyroid hormone, or the RAR-specific 

ligand TTNPB, downregulates Myf-5 transcription in rodent cell lines through a 

mechanism that does not require new protein synthesis (Camac et al., 1993), suggests 

that this is a direct effect mediated by ligand bound RXRs. To test whether RXRy is 

involved, Myf-5 expression should be monitored in prim ary myogenic cultures or cell 

lines treated with thyroid hormone, tRA, 9cRA, or the RXR-specific ligand LG69 and the 

RAR-specific ligand TTNPB, in the absence or presence of transfected RXRy antisense 

expression vector. If RXRy downregulates Myf-5 in vivo, and provided that there is no 

functional redundancy, then its absence in these experiments should lead to the 

persistence of Myf-5 expression.
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Examination of the effect of RXRy on the transcription of fibroblast growth factor (FGF) 

1, and 2 could also be undertaken. FGFl and FGF2 are expressed in proliferating 

myoblasts of the mouse MM14 skeletal muscle cell line but not in differentiated 

myofibers, and transfection of expression constructs encoding FGFl, or FGF2 inhibits 

myoblast differentiation, suggesting that factors which inhibit their transcription may 

mediate muscle differentiation (Hannon et al., 1996). During embryogenesis, FGF2 is 

expressed in myotomal and limb muscle cells but is not yet clear whether it is 

expressed in proliferating or differentiated muscle cells (Olwin et al., 1994). Thus 

comparison of RXRy expression with that of FGF2 in embiyos and skeletal muscle cell 

lines should determine whether RXRy could be involved in FGF2 transcription if RXRy is 

expressed during the down regulation of FGF2. Further experiments in skeletal muscle 

cell lines could determine whether 9cRA, tRA, and other ligands have any effect on FGF2 

transcription, and whether these effects can be blocked by RXRy antisense transcrip ts. 

These findings would suggest a role for RXRy in FGF2 transcription.

6 .3 .3  - C hapter 5

The detection of RXRy transcripts in the developing nervous system suggested that RXRy 

may be involved in regulating the transcription of neuron-specific genes. The upstream 

regulatory region of such a gene, the neuronal nicotinic acetylcholine receptor (nAChR) 

a2-subunit gene, was placed upstream of a luciferase reporter gene under the control of 

SV40 promoter, and was tested for its response to 9cRA in the presence of an expression 

vector carrying full-length RXRy cDNA sequences. It must be emphasised that these 

experiments were not informative with regard to whether RXRy regulates expression of 

this gene in vivo. The results of these transient cotransfection experiments showed that 

in BHK-21 cells the presence of RXRy expression vector alone upregulated reporter gene 

expression approximately 10-fold, compared to the level of reporter gene expression in 

the presence of expression vector lacking any in sert In the presence of RXRy expression 

vector and IpM 9cRA there was an approximately 18-fold activation of the reporter gene. 

In contrast, when the same experiment was repeated in ND7-23 cells, the presence of 

RXRy expression vector alone resulted in only a 3-fold increase in reporter gene activity 

and the presence of both RXRy expression vector and l|iM 9cRA did not increase reporter
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gene activity above that seen in the presence of the expression vector without any insert. 

Taken together, these data show that 9cRA and RXRy can influence transcription of a 

heterologous prom oter under the control of the regulatory region from the a2-subunit 

gene under experimental conditions, and that this influence depends on the type of cell 

line used. The data provide no information about the way RXRy and 9cRA exert these 

effects and are not informative about the role of RXRy and 9cRA on the in vivo 

transcriptional regulation of the a2-subunit gene.

To test whether the putative retinoid response element found in the promoter of the a2 

gene is sufficient to reproduce this 9cRA mediated effect, a new luciferase construct 

should be made containing only this element, upstream of the SV40 promoter. This 

construct, as well as the other constructs should be tested for their response to Vitamin 

D, because this RE is a DR3 element, and since DR3 elements were shown to be 

transactivated by Vitamin D and can bind VDR-RXR heterodimers with high affinity 

(Phfal et al., 1994). Furthermore, this DRE could be tested for its in vitro binding with 

VDR-RXRy heterodimers using gel shift assays and in vitro translated receptors.

To examine the effect of endogenous RXRy on the a2 luciferase construct, cell lines that 

express RXRy transcripts should be used. If such cells allow RA or Vitamin D-induced 

elevation of the a2 construct, and the presence of antisense RXRy transcripts blocks this, 

then RXRy in this system is necessary for the transcriptional regulation of reporter gene 

expression.

Further experiments should examine the expression of all the subunit genes in rodent 

embryos using in situ  hybridisation experiments, since it is not yet known. Comparison 

of their expression with that of RXRy and other retinoid receptors could give clues about 

which subunit genes may be regulated by RXRy. The identification of primary neuronal 

cultures or cell lines that express RXRy and neuronal subunit genes could be used as 

experimental systems to test w hether retinoids, thyroid hormone or Vitamin D influence 

endogenous subunit gene expression. If any of these ligands have an effect on subunit 

expression, the role of RXRy in this ligand-induced response could be tested by 

transfecting cells with an antisense RXRy expression vector.



220.15
6.3.4 - Chapter 6

The detection of RXRy transcripts in adult but not embiyonic ra t heart (Chapters 3 and 

4), and the requirem ent of RXRa for correct embiyonic myocardial development (Sucov et 

al., 1994; Kastner et al., 1994) suggested that RXRs, and in particular RXRy, could be 

involved in regulating the behaviour of postnatal cardiomyocytes. The aim of the first 

set of experiments presented in Chapter 6 was to determine w hether there were any 

differences in RXRy transcripts between intact neonate and adult ra t hearts using 

northern blot hybridisation. The detection of any differences would suggest, but in no 

way demonstrate, that RXRy could be involved in retinoid-dependent changes that occur 

in adult but not neonate cardiomyocytes. For example, previous experiments showed that 

the heart-specific a-MHC gene whose expression is higher in rodent adult heart than in 

neonate heart, becomes upregulated in response to treatm ent of cultured neonate 

cardiomyocytes with tRA (Chapter 6). In addition, tRA was shown to block 

experimentally-induced myocardial cell hypertrophy in cultured ra t cardiomyocytes by 

activating endogenous RAR/RXR heterodimers (Zhou et al., 1995), and cardiac 

hypertrophy in vivo, is a response to increased cardiac demand by adult but not neonatal 

cardiomyocytes. The results presented in this chapter showed that intact adult heart 

contained two RXRy RNA species and that the shorter species was more abundant than the 

other. The same observation was made by Liu and Linney (1993) for the adult murine 

heart. On the other hand, in intact neonate ra t heart the relative amounts of the two RNA 

species were different. The shorter RNA species was slightly less abundant than the 

other species. These data suggest that during the neonate-to-adult transition there is an 

increase in the am ount of the shorter RXRy RNA species so that it becomes much more 

abundant than the longer RXRy RNA species. The aim of the second set of experiments 

was to investigate whether treatm ent of primary cultures of neonatal ra t cardiomyocytes 

with tRA or thyroid hormone can induce the adult pattern of cardiac RXRy transcription. 

Thyroid hormone was used because the circulating amounts of this hormone increase 

during the neonate-to-adult transition in vivo, and tRA was used because it can 

upregulate expression of the heart-specific a-MHC gene in  vitra  The results of these 

experiments showed firstly, that RXRy expression in untreated cells was very similar to
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that observed in intact neonate heart, suggesting that these cells are a good model of the 

in  vivo situation. Secondly, treatm ent with tRA but not thyroid hormone resulted in an 

adult-like pattern of RXRy expression in the sense that the shorter RNA species was 

much more abundant than the other.

Future experiments could test whether RXRy is involved in the RA-induced elevation of 

a-MHC expression by treating neonate cardiomyocytes with tRA in the absence or 

presence of antisense RXRy transcripts, whilst monitoring the levels of a-MHC 

transcripts. In addition, the possible involvement of RXRy in the RA-mediated block of 

experimentally induced myocardial cell hypertrophy could be investigated by the use of 

transfected antisense RXRy expression vector. These experiments could be repeated by 

using antisense mRNA transcripts specific for each RXRy RNA species. This would 

require knowledge of the cDNA sequences specific for each of the two transcripts, which 

could be accomplished by screening a cDNA library from ra t heart with an RXRy^specific 

probe to isolate the cDNAs of these transcripts. DNA sequencing would then determine 

which regions to use for the generation of antisense RXRy mRNAs specific for each RNA 

species.
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