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SUMMARY

Endogenous glucocorticoids and serotonin have been implicated in the pathophysiology of
depression, anxiety and schizophrenia. This thesis investigates the potential of downregulating
expression of central Type II glucocorticoid receptors (GR) both in vitro and in vivo, with
empirically-designed antisense oligodeoxynucleotides (ODN), to characterise GR modulation
of 5-HT,a receptor expression using quantitative RT-PCR, Western blot analysis and
radioligand binding. The functional consequence of GR downregulation is also determined by
measuring 1-(2,5-dimethoxy 4-iodophenyl)-2-amino propane hydrochloride (DOI) mediated
5-HTas receptor specific headshakes. Using a library of random antisense ODN probes,
RNAse H accessibility mapping of T7-primed, in vitro transcribed GR mRNA revealed several
potential cleavage sites and identified an optimally effective GR antisense ODN sequence of
21-mer length (GRASS5). In vitro efficacy studies using rat C6 glioma cells showed a 56%
downregulation in GR mRNA levels and 80% downregulation in GR protein levels. In the
same cells a 29% upregulation in 5-HT,» mRNA levels and 32% upregulation in 5-HT:a
protein levels was revealed. This confirmed the optimal nature of the GRASS sequence to
produce marked inhibition of GR gene expression, and also revealed GR modulation of the
5-HT,a receptor subtype in C6 glioma cells to be a tonic repression of receptor expression.
The distribution of a fluorescently-labelled GRAS5 ODN was detected in diverse areas of the
rat brain after single ICV administration, although this fluorescence signal was not sustained
over a period of 5 days. However, fluorescently-labelled GRAS5 ODN, when formulated in
polymer microspheres, showed diverse distribution in the brain which was maintained for 5
days following a single ICV administration. This produced no apparent neurotoxic effects on
rat behaviour and hypothalamic-pituitary-adrenal (HPA) axis homeostasis. Furthermore, a
single polymer microsphere injection ICV proved to be an effective means of delivering
antisense ODNs and this was adopted for the in vivo efficacy studies. In vivo characterisation
of GRASS revealed marked downregulation of GR mRNA in rat brain regions such as the
frontal cortex (26%), hippocampus (35%), and hypothalamus (39%). Downregulation of GR
protein was also revealed in frontal cortex (67%), hippocampus (76%), and hypothalamus
(80%). In the same animals upregulation of 5-HT>a mRNA levels was shown in frontal cortex
(13%), hippocampus (7%), and hypothalamus (5%) while upregulation in 5-HT,a protein
levels was shown in frontal cortex (21%). This upregulation in 5-HTa receptor density as a
result of antisense-mediated inhibition of GR was further confirmed by a 55% increase in
DOI-mediated 5-HT,a receptor specific headshakes. These results demonstrate that GR is
involved in tonic inhibitory regulation of 5-HT,4 receptor expression and function in vivo, thus
providing the potential to control 5-HT;a-linked disorders through corticosteroid
manipulation. These experiments have therefore established an antisense approach which can
be used to investigate pharmacological characteristics of receptors.
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Chapter 1: Introduction

CHAPTER ONE
GENERAL INTRODUCTION

1.1 Introduction.

This thesis is a study of the use of exogenously delivered antisense oligonucleotides as a
means of investigating the relationship between two receptors (i.e. GR and 5-HT,4) in the
brain, in terms of their function and expression. This chapter will therefore cover aspects in the
rationale of using synthesised antisense oligonucleotides in order to mediate receptor function
elucidation and also the importance and significance of investigating the relationship between

the GR and 5-HT:a receptors in the CNS.

1.2 Application of Antisense Technology.

The possible applications of antisense oligonucleotides are very wide ranging because of the
universality of the principle on which they are based. They can be applied in fundamental,
investigative, and therapeutic forms of research. However research is most advanced in the
areas of virology to inhibit the replication of viruses such as HIV (Agrawal et al, 1988) and
oncology to inhibit malignant cell proliferation (Gill and Lazar, 1981). Antisense
oligonucleotides have only recently emerged as suitable candidates in the role of investigative
biological tools. They have been used to study a diverse range of receptor proteins throughout
the body including the fields of neuropsychiatry and neuropharmacology with great advances
being made as a reliable method for investigating receptor subtypes and orphan receptors

which have been identified using molecular biological techniques (Akhtar and Agrawal, 1997).
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1.3 Antisense Technology.

Novel drugs are usually not discovered by rational drug design, instead empirical methods are
employed to discover new active substances which are directed against specific proteins such
as enzymes, hormones, receptors, or ion channels. This can be both time consuming and
expensive producing few products of varying levels of specificity. One way to possibly

overcome this is to offer mechanistic intervention at the level of the nucleic acid.

All proteins are synthesised from unique mRNA sequences, which carry a specific ‘blueprint’
for the protein from the chromosomal DNA to the sites of protein synthesis (Alberts ef al,
1989). If a cell produces too much or too little of a specific protein, the activity of the cell will
be different from that of cells with the normal amount of protein. Variations in the expression
of particular proteins between cells are often the basis of disease (Bradley et al, 1992).
Another possible cause of disease is damage (or mutation) to the genetic ‘blueprint’ (the
chromosomal DNA) which encodes a particular protein. This can result in the production of

defective proteins which, in turn, can disrupt normal cell function.

Recent advances in molecular biology and chemistry have culminated in a potentially powerful
group of techniques which may be used for determining gene function and provide the basis
for a new generation of therapeutic and investigative agents. The ‘antisense” concept is based
on the idea of restricting or blocking the flow of information from the DNA of a specific gene
to its protein product, thereby ablating phenotypic expression of the target gene (see Figure
1.1). Antisense originally referred to effects resulting from the binding via Watson-Crick base
pairing of DNA to the mRNA or pre-mRNA of a target gene. Recently the term has been
broadened to include any regulatory action obtained with nucleic acids and analogue

structures (Crooke, 1992).
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gene expression. Antisense ODNs anneal to their complementary (antisense) mRNA
sequences via Watson-Crick base pairing to form (anti-parallel) antisense/mRNA duplexes
bringing about translational arrest (Gibson, 1994). Since the specificity of antisense ODNSs is
governed primarily by the sequence of the target mRNA, the principles learned from working
with one genetic target can theoretically be applied to an indefinite number of genetic targets
(Agrawal, 1996). Therefore the antisense strategy allows a more rational approach to drug
development than the traditional ‘blanket screening’ of drug candidates against protein targets

and also provides a unique opportunity to investigate protein function itself.

NH.
i I
HN \C/N\ N/ \CH
| | /CHo ——<|: clza
HzN/C\N /C\ - \‘q ~
Guanine Cytosine
| T i
C
N/C\c/\ HN/ “~c~-CH3
L el
HC C I g
~n— - N E
Adenine Thymine

|, Phosphodiester B -DNA
w=0,p=Base,a=H, z=H

a Phosphorothiodiester  -DNA
w=s,p=Base,a=H,z=H

Methylphosphonodiester 3 -DNA
w=CH3, B=Base, a=H,z=H

Phosphodiester a-DNA
w=0,B=H, o=Base,z=H

2' -0-Methyl RNA
w=0, B=Base, a=H,z=OCH3

Figure 1.2 The structures of the common nucleic acid analogues. The natural DNA is modified at the
positions indicated by, w, a, B, and z. The groups present at these positions are indicated for
phosphodiester, phosphorothioate, methylphosphonate and a-anomeric DNA structures, and for the
2’-0-methyl RNA analogue. The four natural DNA bases are illustrated in the inset.

The precise mechanism of ‘antisense action’ remains a matter of debate although it is known
to be dependant upon the type of oligonucleotide analogue used. Antisense oligonucleotide
analogues (see Figure 1.2) can be placed into two broad groups with regard to their

mechanism of action: One group, which includes unmodified phosphodiester (PO) ODNs and
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those containing phosphorothioate (PS) inter-nucleotide bonds, are thought to inhibit mRNA
translation by facilitating the destruction of the antisense/mRNA duplexes by ribonuclease H
(Tidd, 1996; Akhtar and Agrawal, 1997). Ribonuclease H (RNAse H) is an ubiquitous
intracellular enzyme which cleaves the RNA portion of RNA/DNA duplex hybrids (Helene
and Toulme, 1990). The second group of analogues, which includes ODNs containing
methylphosphonate inter-nucleotide linkages (MP-ODNs) and oligoribonucleotides (ORNSs),
form antisense/mRNA duplexes which are more RNAse H resistant (Kole et al, 1991).
However they are still able to down-regulate protein translation (Krystal, 1992). Hence,
physical blocking of mRNA translation at the ribosomes offers a likely explanation for the
mechanism by which this second group of oligonucleotides exert their effects (Krystal, 1992;
Rossi, 1995).

1.4 Antisense ODN Stability and Analogue Selection.

Modifications shown in Figure 1.2 have been necessary to impart biological stability to
antisense ODNSs that in their natural PO form are subjected to degradation to ubiquitous
endo- and exonucleases (Eckstein, 1985; Woolf et al, 1990). Modifications to the base, sugar
moieties and the conjugation terminal groups have also been performed for the same reasons
(Uhlmann et al, 1997; Milligan et al, 1993). It is apparent that use of unmodified antisense
ODN’s in many experiments would be limited as PO ODNs have a half-life of about 30 minutes
in serum (Wickstrom, 1986). However, in cerebral spinal fluid (CSF) the half life is
considerably longer and recovery of undegraded oligonucleotide 24 hours after infusion has
been shown (Ogawa ef al, 1995). It is therefore accepted that modifications made to antisense
ODNss increases the resistance of the ODN to nuclease activity by dia-sterioisomeric stability
(Uhlmann et al 1997) and therefore increases its half life in serum and biological tissues. The
majority of experiments today are carried out using PS ODNs which are effective at low,
micromolar concentrations and are very stable having a half life of about 24-48 hours in serum
(Agrawal et al, 1991). The PS ODN synthesis is automated and they are soluble in aqueous
solutions making them more suitable for in vivo experiments. PS ODNs have been reported to
show higher levels of toxicity (Le Corre et al, 1997), but various steps have been taken to
reduce the non-specific effects of the sulphur moiety in the phosphate backbone (Toulme,
1992; Brysch and Schiingensiepen, 1994; Agrawal and Zhao, 1998). The length of ODN used
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in experiments, is dictated by the minimum number of bases required for specific binding and
the maximum number of bases that can efficiently cross cell membranes. ODNs of around 15
bases have a high probability of binding to a single cellular mRNA (Crooke, 1992) and the
specific mechanisms that govern the uptake into cells limits ODN length to 20-25 bases.
Consideration of such factors along with the use of rational design of antisense ODNs (see
section 1.6.2) should successfully lead to the development of highly selective antisense

sequences with little or no toxicity.

1.5 Antisense Strategies in Studying Receptor Function.

Traditionally the investigation of the function of a receptor has relied on the costly
development and use of selective antagonists in preventing the biochemical and functional role
of the receptor in question. This enables the researcher to elucidate the particular roles
associated with that receptor. Another approach is the use of ‘knockout’ animals where a
selected receptor gene is purposely disrupted. But these animals develop in the absence of the
receptor and compensatory mechanisms are likely to occur. In contrast to these methods
specificity of antisense inhibition has been demonstrated as a technique for deducing the
function of specific receptor gene products (Weiss et al, 1997). Antisense oligonucleotides
can be designed and tested once a receptor protein has been cloned and the gene sequence
identified . Table 1.1 lists some of the advantages and disadvantages of receptor knockdown

using antisense oligonucleotide inhibition (Wahlestedt, 1994).

Table 1.1 Advantages and disadvantages of antisense oligonucleotides for the investigation of specific
receptor function.

ADVANTAGES DISADVANTAGES
The effect is reversible Potential toxic effects when using PS ODNs
Offers therapeutic potential Poor cell membrane transfer
Low developmental costs Continuous or repeated administration
necessary
Available to use in any species Limited stability
Produces selective and specific effects Compensatory mechanisms and secondary

effects may complicate results
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Despite the complexities associated with the antisense approach, it does however provide a
unique means of determining the functional role of different receptor proteins and their
individual physiological and pathophysiological significance especially in the absence of

selective ligands.

1.6 Antisense Selection and Delivery.

Despite the rapid entry of antisense technology into the clinical reasearch arena (see section
1.10), its use as a biological tool in vitro and in vivo has somewhat been hampered by certain
problems. These have included the poor biological stability of nucleic acids (which has been
addressed in section 1.4), non-antisense mediated toxic effects, and poor cellular delivery and
targeting (Akhtar, 1995). However, key developments in two areas of antisense technology,
namely cellular delivery and target selection (finding optimally acting antisense ODNs), look

set to revolutionise this technology.

1.6.1 Cellular Delivery of ODNs.

Exogenously administered ODNs enter cells crossing the cell membrane barrier, albeit rather
poorly due to their polar nature and relatively large molecular size, by a combination of
different endocytic mechanisms including fluid-phase (pinocytosis), adsorptive and ‘binding-
protein’ or ‘receptor-mediated” endocytosis (Akhtar and Juliano, 1992). The precise
mechanisms involved are dependent on ODN chemistry, conformation and concentration, cell
type, cell cycle, degree of cell differentiation, passage number as well as cell culture conditions
used (e.g. pH and cation concentration) (Akhtar and Juliano, 1992). Fluorescently labelled
ODNs have indicated that entry by endocytosis invariably leads to endosomal/lysosomal
accumulation within the cells (Akhtar, 1998). Their escape from these compartments, a
prerequisite for antisense activity, may require active assistance in the form of endosomal
disruption agents such as cationic lipids (Bennett, 1995; Wyman ef al, 1997) or molecules
which can alter the sub-cellular sorting and trafficking of oligonucleotides (Pichon et al,
1997). The precise mechanisms by which such ODN conjugates or complexes can gain entry

to the cytosol or nucleus for efficacy, however, remains poorly understood.
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Various techniques have been employed to improve cellular delivery of ODNs mainly in an in
vitro setting. Table 1.2 sets out these cellular delivery strategies. The strategies highlighted
should not be taken in isolation as there is a degree of overlap in the mechanism(s) by which

cellular ODN delivery is improved (Akhtar, 1998).

It seems that cationic liposomes (microscopic lipid vesicles) are probably the most successful
in obtaining biological effects with antisense ODNs in cultured cells and commercial
preparations such as lipofectin and lipofectamine have been extensively used. These
preparations have the dual advantage that they can improve adsorptive endocytosis, and also
facilitate endosomal exit via a proposed lipid-exchange mechanism (Zelphati and Szoka,
1996). The effectiveness of cationic lipids is dependent on several variables including cell type,
ODN chemistry and charge ratio (Coulson and Akhtar, 1997) which means that conditions
have to be optimised for a given cell nucleic acid system. In addition, cationic lipids are toxic
and generally ineffective in the presence of serum proteins which consequently has limited

their application, mainly, to cells in culture.

Figure 1.3 shows the mechanism required for successful cellular delivery of ODNs using
cationic lipids while Table 1.3 lists the advantages and disadvantages of using cationic

liposomes as a delivery system for antisense ODNs in the CNS (Felgner ez al, 1995).
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Table 1.2 Selected examples of delivery strategies for antisense oligonucleotides.

STRATEGY

REFERENCES

(A) Strategies for improving cell uptake
1) Receptor targeted delivery

Mannose

Transferrin

Immunoliposomes

2) Non-specific lipophiles
Lipids
Cholesterol

3) Poly-lysine and other cations

4) Particulates, cells and supramolecular
structures

Liposomes

Polymer microspheres

Human erythrocytes

Dendrimers

(B) Strategies for improving endosomal
exit

1) pH sensitive peptides

2) Cationic lipids

(C) Strategies for improving targeting to
sub-cellular sites
1) Endoplasmic
conjugates

reticulum via ODN

(D) Strategies by-passing endocytosis by
membrane disruption/pore formation

1) Electroporation

2) Microinjections

(E) Strategies for providing sustained-
delivery
1) Liposomes

(F) Biodegradable polymer matrices
1) Thin films
2) Microspheres

Akhtar ef al, 1995; Rojanasakul et al, 1997
Citro ef al, 1994; Walker et al, 1995
Yamada ef al, 1996; Aoki et al, 1997

Shea et al, 1990
Alahari et al, 1996; Kreig et al, 1993

Chiou et al, 1994; Wu-Pong et al, 1994

Thiery and Tackle, 1995

Akhtar and Lewis, 1997; Lewis et al, 1998
Grimaldi et al, 1997

Bielinksa et al, 1996

Wyman et al, 1997
Bennett et al, 1992; Williams et al, 1996

Pichon et al, 1997

Bergan et al, 1993
Chin et al, 1990; Leonetti et al, 1991

Akhtar and Juliano, 1992; Thiery and Tackle,
1995

Lewis et al, 1995; Hudson et al, 1996
Akhtar and Lewis, 1997; Lewis et al, 1998
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Polymer microspheres have the potential to provide ODNs with protection from nuclease
degradation (Lewis ef al, 1995) and can be designed to provide a required release profile. The
rate of drug release from microspheres depends on many factors including polymer matrix,
co-polymer ratio, drug load and particle size (Akhtar and Lewis, 1997). As microspheres have
been developed to act as sustained release systems which can be implanted at a desired site for
ODN release, followed by biodegradation into biocompatible products, it is clear that such
characteristics can be of great advantage to researchers in the realms of neuropharmacology
and other CNS related disciplines. Table 1.4 compares the microsphere delivery system with

the traditional direct CNS administration methods discussed previously.

Table 1.4 A summary of the main characteristics associated with microsphere delivery systems and
other traditional delivery methods relevant to CNS administration.

MICROSPHERES

TRADITIONAL METHODS

Utilises less traumatic forms of stereotaxic
surgery

Reduces the concentration of ODN

necessary

Allows single administration regimens

Inherently allows tailored continuous
delivery of ODN following single
administration

Advantageous in analysis of stress-related
molecular and behavioural functions due to
the less stressful nature of administration

Imparts stability to ODN molecules

Normally requires more complicated forms
of stereotaxic surgery

Site specific delivery gives rise to potential
of reducing ODN concentration

Requires repeated administration regimens
unless using osmotic minipump system

Continuous delivery of ODN achieved using
osmotic minipump infusions or repeated
site-specific injections

Allows ODN dosing to be terminated at any

point in the experiment

Distribution of ODN in the
documented

CNS well
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1.6.2 Selecting Optimal Antisense Sequences.

To achieve antisense-mediated efficacy with ODNs requires the rational design of effective
ODN sequences complementary to the mRNA of the targeted gene. It would appear to be a
simple task whereby accessible sites (single-stranded regions) for ODN hybridisation on the
target mRNA are selected from computer predicted folding of RNA. However this has proven
to be an inappropriate form of target selection as such sequences have failed to bring about
antisense effects, thus leading to scepticism in this technology. This is due to RNA molecules
exhibiting a high degree of secondary and tertiary structure which cannot be readily predicted
from current computer algorithms for assessing RNA folding and the presence of RNA-
binding proteins inside cells which may further prevent ODN hybridisation to single-stranded
RNA sites. Poor target selection also favours the non-specific and non-antisense mediated
effects seen with PS ODN analogues (Akhtar, 1998). Though this has to be balanced with the
knowledge that certain ODN sequence motifs, depending on the sequence context, can have
defined, but non-antisense mediated physiological actions such as immune stimulation (Krieg
et al, 1993; Yamamoto et al, 1994) or inhibition of receptor tyrosine kinase activity (Bergan
et al, 1995; Coulson et al, 1996).

It has therefore been the focus of recent research to develop methods for finding optimally
acting antisense sequences by identifying the ‘open’ and ‘accessible’ structure of RNA and
these techniques are listed in Table 1.5. Mechanisms of these techniques vary, but essentially

work on the principles relating to the mechanism of action of antisense ODNs.

Table 1.5 Mechanisms used to identify single-stranded mRNA accessible sites for ODN hybridisation.

MECHANISM mRNA TARGET REFERENCES
1) Empirical ‘walk-the-gene’ C-raf kinase Monia et al, 1996
strategy Murine o tumour necrosis Stull ez al, 1996

factor

2) Scanning antisense ODN  Rabbit -globulin Milner et al, 1997
arrays (DNA chip Bacterial genes Saizieu ef al, 1998
technology)
3) RNAse H-mapping of Hepatitis C virus Lima et al, 1997
target mRNA Angiotensin type-1 receptor ~ Ho et al, 1998
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1.7 The Hypothalamic-Pituitary-Adrenal (HPA) Axis.

1.7.1 Organisation of the HPA Axis.

The HPA axis is physiologically composed of neuroendocrinological components which
comprise of the hypothalamic regions of the brain, the anterior portion of the pituitary gland
and the adrenal cortex (Jacobson and Sapolsky, 1991). This forms a cascade type mechanism
which is involved in the regulation of various functions ranging from stress, inflammation and
complex behaviour (Reichardt and Schutz, 1998). The HPA axis is depicted schematically in
Figure 1.6. The system is mainly regulated via circulating levels of glucocorticoids (cortisol in
humans and corticosterone in rats) and variations in its level and therefore its complex
interactions as dictated by periods of stress and circadian rhythm forms the basis for HPA axis
function. The HPA axis generally follows a distinct chain of events which occurs with signals
originating from higher brain areas such as the hippocampus or amygdala which modulate
synthesis and release of corticotropin-releasing factor (CRF) and arginine vasopressin (AVP)
from the hypothalamus (paraventricular (PVN) and supraoptic (SON) nuclei), which then
results in the generation of an adrenocorticotropic hormone (ACTH) signal in the anterior
lobe of the pituitary gland. This leads to increased synthesis and secretion of glucocorticoids
from the adrenal cortex, thereby influencing a variety of different biological functions (Fink,
1997). These glucocorticoids and their specific receptor interactions regulate the HPA axis
through a negative feedback mechanism in which they repress CRF and ACTH, therefore
blocking their own synthesis (for review see Fink, 1997).

1.7.2 Regulation of the Circadian Rhythm in HPA Axis Activity.

The circadian rhythm roughly parallels the activity cycle of the HPA axis and plasma
glucocorticoids are typically highest before waking (circadian peak) and lowest before sleep
(circadian trough), corresponding in humans to early morning and late evening, respectively,
and to the reverse in rats which are nocturnally active (Krieger, 1977). The HPA axis is
thought to control this biological variation in corticosteroid level by inputs from the

hippocampus which is thought to exert an inhibitory influence on the HPA axis and ultimately
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1.7.3 Regulation of Stress-Induced HPA Axis Activity.

Stress constitutes any perturbation of homeostasis and may be physiological and psychological
in nature. Measures of autonomic nervous system arousal, changes in endocrine function, and
disruption in coping behaviour have all been used as indices of stress. However many authors
have agreed that an increase in plasma glucocorticoid concentration as the definitive
characteristic of stress (Selye, 1952; Green and Curzon, 1968). The HPA axis is the classic
neuroendocrine system that responds to stress in its manifestation as increased synthesis and

secretion of glucocorticoids from the adrenal cortex (Lopez et al, 1991).

Inhibition of stress responsiveness is achieved in part by the binding of circulating
glucocorticoids to specific cytoplasmic receptors in the hypothalamus, where they inhibit CRF
and consequently pituitary derived ACTH secretion. Additional modulation of the system is
apparently achieved in limbic structures, specially the hippocampus, a structure that is linked
to the hypothalamus through neuronal connections that converge on the PVN of the
hypothalamus, where the stress responsive CRF and AVP neurons reside (Lopez et al, 1991).
There are several reports suggesting the importance of the hippocampus for HPA feedback
mechanisms and this is predominantly in the form of hippocampal inhibition of HPA responses
to stress leading to a cessation of glucocorticoid secretion (for review see Jacobson and

Sapolsky, 1991).

In acute stress it is thought that the increased circulating glucocorticoids due to stimulation of
the HPA axis by the stress stimuli causes a negative feedback control of the HPA response to
stress at all levels of the HPA axis, but with a different time course at different levels
(Checkley, 1996). Fast feedback is operated by the corticosteroid receptors in the
hippocampus which in response to rising levels of glucocorticoids bring about inhibition of the
HPA axis by inhibiting CRF synthesis and secretion (Jacobson and Sapolsky, 1991; Young et
al, 1991). Fast feedback operates over a time scale of minutes and is proportional to the rate
of change in plasma glucocorticoids (Keller-Wood and Dallman, 1984). In comparison,
delayed feedback takes place over a time scale of hours and is proportional to the mean
plasma glucocorticoid concentration over that time and not to the rate of its change. This is

thought to occur at the level of the pituitary gland (Miller et al, 1992). In the presence of
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chronic stress however, specific changes and alterations in the activity at all three levels of the
HPA axis seems to occur leading to an impairment of the feedback (fast and delayed)
mechanisms (Lopez et al, 1991; Chalmers et al, 1993). This impaired feedback following
chronic stress is associated with a reduction of both the mineralocorticoid (MR) and
glucocorticoid (GR) receptors within the HPA axis, particularly in the hippocampus which is
the main site responsible for fast feedback inhibition (Brooke et al, 1994; Herman et al, 1995).
These receptors form an integral part in the regulation and functioning of the HPA axis

mediated by the circulating glucocorticoid concentration.

1.7.4 Central Corticosteroid Receptor Types.

In man the glucocorticoid cortisol is a lipophilic molecule that readily enters neuronal cells and
exerts many of its functions by binding to intracellular MR and GR. MR and GR belong to the
superfamily of steroid receptors and show striking similarities in structure and mechanism of
action (Evans, 1988; Beato, 1989). However as a consequence of differences in distribution
and pharmacology, and because of some crucial molecular characteristics, activation of MR
and/or GR may result in quite different effects on neuronal function (Meijer and de Kloet,
1998). Table 1.6 summarises these characteristics of both MR and GR (Meijer and de Kloet,
1998). MR has a much higher affinity to glucocorticoids resulting in almost complete
occupancy under basal conditions. In contrast, the affinity constant of GR is within the range
of physiological glucocorticoid concentrations, however the strength of signalling varies in
response to altered hormone levels (Beato et al, 1995). MR are located almost exclusively in
the limbic brain areas (hippocampus, septum, amygdala) and are functionally involved in the
regulation of HPA axis activity under basal and stress conditions (Reul and de Kloet, 1985)
while the GR is widely distributed within the brain (hypothalamus, hippocampus, brainstem)
and is thought to play a central role in the mediation of the negative feedback signal of
elevated glucocorticoid levels in response to stress (Reul and de Kloet, 1985; Dallman et al,

1987).
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Table 1.6 Common characteristic features exhibited by central corticosteroid receptors MR and GR.

MR GR
Affinity for glucocorticoids  High (Kd = 0.5 nM) Low (Kd = 2-5 nM)
CNS distribution Hippocampus, amygdala, Hypothalamus, hippocampus,
septum, brainstem, amygdala, septum,

cerebral cortex, noradrenergic
and serotonergic cell bodies

Receptor occupancy High at circadian troughs High at circadian peaks and
(basal conditions) under stress conditions

Chronic treatment of Upregulation Downregulation

exogenous dexamethasone (Reul et al, 1989) (Reul et al, 1989)

Highest density of receptors  Hippocampus Hippocampus, hypothalamus

1.7.5 MR and GR Regulation of the HPA axis.

It seems that both MR and more importantly GR are essentially involved in the feedback
mechanisms controlling the HPA axis during homeostatic imbalance (Jacobson and Sapolsky,
1991). At basal levels of circulating glucocorticoids, the MR is approximately 80% occupied
compared to 10% of GR occupation (Reul and de Kloet, 1985) therefore suggesting that MR
mediates the effects of, and possibly controls, low basal circadian levels of glucocorticoids by
a tonic inhibitory effect on HPA axis activity at the level of the hippocampus (Mason, 1958;
Bouille and Bayle, 1973; Fischette et al, 1980). As a consequence it would seem that the
amount of MR protein is an important determinant of MR-mediated glucocorticoid signal at
both basal (de Kloet and Reul, 1987) and elevated (Oitzl et al, 1994) levels of glucocorticoids.
At peak levels of circulating glucocorticoids, as seen during circadian peaks and stress
conditions, the GR also becomes extensively occupied and is thought to be mainly responsible
for the negative feedback effects of glucocorticoids on the HPA axis with possible assistance
from MR (Bradbury and Daliman, 1989). GR mediated inhibitory action on HPA activity
oceurs at the level of the hippocampus, hypothalamus and pituitary gland (Reul and de Kloet,
1985: Jacobson et al, 1989; de Kloet, 1991) by their respective onset (delayed or fast) of the
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feedback mechanisms. Unlike the MR, the concentration of glucocorticoids seems to be the

main determinant for the GR-mediated signal (Meijer and de Kloet, 1998).

Under chronic stress conditions (as seen in depression and anxiety) it would seem that the
cascade of effects which control feedback inhibition of the HPA axis constituting the adaptive
response to stress (increased levels of circulating corticosteroids) becomes somewhat
dysfunctional (Plotsky et al, 1998). This is thought to take place through diminished levels of
the corticosteroid receptors in the brain and pituitary gland, caused possibly by a
malfunctioning of the systems involved in the regulation of the receptor gene expression
(Barden, 1999). Studies have shown that GR levels have been downregulated under chronic
exposure to elevated levels of exogenous glucocorticoids (dexamethasone) at the level of the
hippocampus and hypothalamus (Reul et al, 1987; Reul et al, 1989). This reduction in GR if
replicated in stressed animal models would lead to a reduction of limbic-hippocampal
GR-mediated inhibitory tone on the hypothalamic limb of the HPA axis (Sapolsky and Plotsky,
1990; Sapolsky et al, 1990) causing a prolongation in the elevated corticosteroid levels and
inturn the stress condition. Work involving the study of MR under these conditions is
somewhat limited although a decrease in MR expression levels has been reported after chronic
stress (Herman et al, 1995). This reduction might additionally contribute to prolongation of
stress conditions by further diminishing GR-mediated feedback (Wilson et al, 1980; Bradbury
and Dallman, 1989). Under acute stress it is thought that both hippocampal MR and GR
concentrations increase as a direct consequence of the single stressor to normalise
corticosteroid levels (van Dijken et al, 1993). It is however, clear that further studies using
well designed experimental models are needed to look at the expression of these two

important receptors under acute and chronic stress conditions.

1.7.6 Molecular Mechanisms of MR and GR Action.

Glucocorticoids exert numerous effects on metabolism, reproduction, inflammation, immunity,
and structure (Munck and Holbrook, 1984; McEwen et al, 1986). Additional influence is
found upon neurogenesis, apoptosis in the developing and adult hippocampus, and regulation
of the HPA axis via the MR and GR (McEwen and Magarinos, 1997). Modes of action of MR

and GR are similar in that both upon binding to corticosteroids, are ‘activated’ and
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Activated MR and GR in the nucleus bind to specific DNA elements (nucleotide sequences),
known as glucocorticoid receptor-responsive elements (GREs) and bring about differential
effects on the function of the cells, depending on whether its effects are mediated by MR, GR,
or both receptor types (de Kloet, 1991). MR and GR must therefore differ in the way gene
transcription is influenced. The mechanisms of transcriptional modulation falls mainly into the
categories of DNA binding-dependent interactions, protein-protein interactions, and non-

ligand receptor phosphorylation (Weigel, 1996) and their modes of action is summarised in

Table 1.7.

Table 1.7 Main mechanism by which the glucocorticoid receptor (GR) controls transcription.

MECHANISM EFFECT ON TRANSCRIPTION

1) DNA binding-dependent interactions
(Meijer and de Kloet, 1998)

GR homodimers Activation (+++)
GR-MR heterodimers Activation (++)
MR homodimers Activation? (+)
GR or MR binding to negative GRE Repression

2) Protein-protein interactions
(Reichardt and Schutz, 1998)

GR interactions with  transcription factors: Repression
AP-1, NF-xB, GATA-1, CREB

GR interactions with transcription factor Stat5 Activation

3) Non-ligand receptor phosphorylation
(Bodwell et al, 1991)

GR phosphorylation Repression
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1.8 Regulation of 5-HT Receptors and the HPA Axis.

The HPA axis is the classical neuroendocrine system that responds to stress and whose final
product, corticosteroids, targets components of the limbic system, particularly the
hippocampus (Lopez et al, 1997). There are however reports of 5-HT receptor changes
observed in brains following chronic stress conditions (i.e. depression, anxiety, and
schizophrenia) suggesting a possible role for 5-HT receptors in controlling affective states by
corticosteroid modulation. This would provide a potential mechanism by which these steroid

hormones may regulate mood (Lopez ef al, 1997).

1.8.1 CNS Serotonergic System.

Serotonin (5-HT) seems to be the most closely involved monoamine neurotransmitter with
neuropsychopharmacology. Only about 1-2% of the 5-HT in the whole body is found in the
brain (Cooper et al, 1996). As 5-HT cannot cross the blood brain barrier (BBB) the brain cells
have to synthesise it from dietary tryptophan (for review see Udenfriend et al, 1955).
Serotonergic cell bodies that project rostrally throughout the brain are located in the median
and dorsal raphe nuclei (clusters of cells ) in the brain stem (for review see Jacobs and
Azmitia, 1992). These serotonin containing neurones are specifically restricted to nuclei lying
in or near the midline raphe region of the midbrain and pons. Nine such clusters have been
described and have been termed nuclei B1-B9 (Dahlstrom and Fuxe, 1965; see Figure 1.9)
which show extensive projections into various parts of the brain. Due to these widespread
projections gross manipulation of the central 5-HT function may modulate a range of

behavioural and physiological events associated with different areas of the brain.

The hippocampus, in particular, is an anatomical region in which there is a rich representation
of the 5-HT system since as many as 2-3 X 10° serotonergic varicosities per mm’ are present
throughout the hippocampus (Jacobs and Azmitia, 1992). This leads to an estimated number
of 20-130 serotonergic terminals per hippocampal granule or pyramidal cell, indicating a
strong modulatory influence of 5-HT on hippocampal functioning (Oleskevich and Descarries,
1990). As the hippocampus is also a prime region for HPA axis representation and activity, it

would therefore not only provide an ideal anatomical region to study HPA axis and 5-HT
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system relationships, but also support the possible neurobiological link between these two

systems.

Aston University

Content has been removed for copyright reasons

Figure 1.9 Adaptation illustrating the distribution of the main 5-HT containing pathways and the S-HT
containing midline raphe nuclei in the rat brain (Breese, 1975).

1.8.2 Central 5-HT;, and 5-HT,, Receptors.

Altered serotonergic function is associated with a number of CNS related pathological
conditions (see Table 1.8), the most studied of the 5-HT receptors in terms of
neuropsychiatric disorders is the 5-HT,a receptor. These receptors are mainly found in the
hippocampus, the septum, the hypothalamus, the frontal cortex, the spinal cord and the raphe
nuclei. Many of these regions are components of the pathways involved in the modulation of
emotion and behaviour, and thus 5-HT;a receptors are thought to mediate emotional and
behavioural mechanisms (Iversen, 1984; Tricklebank, 1985). In the raphe nuclei 5-HTia
receptors are located presynaptically on serotonergic cell bodies and function as somato-
dendritic autoreceptors negatively controlling serotonergic nerve firing, 5-HT synthesis, and
5-HT release (for review see de Montigny and Blier, 1992). The main characteristics of

5-HT,a receptors are summarised in Table 1.9.
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Table 1.8 Neuropsychiatric disorders associated with the 5-HT neurotransmitter.

NEUROPSYCHIATRIC DISORDERS REFERENCE
Affective disorders Meltzer and Lowry, 1987
Aggressive behaviour Wetzler et al, 1991
Anxiety disorders Nut and George, 1990
Autism Cook, 1990
Schizophrenia Csernansky et al, 1992
Sleep disorders Koella, 1988
Suicidal behaviour Mann et al, 1990
Tourette syndrome Schweitzer and Friedhoff, 1988

The other main serotonin receptor proposed to be closely associated with neuropsychiatric
functions is the 5-HT,4 receptor. These receptors are widely distributed in the brain and the
spinal cord. They are enriched in the cortex, the tuberculum olfacturium, the substantia nigra
and the hypothalamus. It is suggested that 5-HT4 receptors play a key role in the regulation
of the sleep-waking cycle, in anxiety and schizophrenia, in drug-induced hallucinations, and in
numerous neuroendocrine and autonomic functions (Chaouloff, 1995). The main
characteristics of 5-HT,a receptors are summarised in Table 1.9. It is only fairly recently that a
lot of interest has been focused on the 5-HT24 receptor subtype in its role as mediator of HPA
axis regulation and function. This is in light of the availability of suitable ligands, biological
tools and experimental techniques allowing analysis of direct corticosteroid effects upon 5-HT
receptors. But it is clear that a lot more work is still required before it is known what effects
corticosteroids exert on 5-HT receptor-mediated functions, including those related to

neuropsychiatric disorders such as stress, depression, anxiety and schizophrenia.
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Table 1.9 Operational characteristics of 5-HT,4 and 5-HT;4 receptors. The rank of agonists/antagonists
potencies for each receptor is found in the adjacent brackets and is determined from their relative
equieffective molar concentration ratios (Hoyer et al, 1994).

Aston University

Content has been removed for copyright reasons

1.8.3 Serotonin and HPA Axis Functiir(r)rn.

It is thought that certain mechanisms are involved in corticosteroid modulatory control of
5-HT biosynthesis/metabolism under ‘normal’ and ‘stressed’ conditions (Chaouloff, 1993).
This is primarily controlled peripherally through liver tryptophan pyrolase activity (the rate
limiting enzyme in 5-HT biosynthesis) and BBB permeability which ultimately regulates
central 5-HT synthesis (Azmitia et al, 1970; Long and Holaday, 1985). Adrenalectomy in rats
has been shown to decrease the activity of tryptophan pyrolase (Kizer et al, 1976) and
decrease S-HT turnover (Van Loon ef al, 1981) which is reversible by substitution of
glucocorticoids (Meijer and de Kloet, 1998). Corticosteroid administration to intact rats has
been shown to increase uptake of tryptophan (5-HT precursor) and 5-HT synthesis into
serotonergic neurones (Neckers and Sze, 1975). These events are thought to apply to stress
conditions as shown by permissive (GR-mediated) involvement of glucocorticoids in sound

stress-induced hyperactivity of tryptophan pyrolase (Singh er al, 1989). During acute stress
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conditions resulting in HPA axis overactivity and increased circulating glucocorticoids causing
maximal GR receptor occupation, there is a GR-mediated increase in 5-HT synthesis in
serotonergic neurones (Singh et al, 1989). However, under chronic stress conditions it has
been reported that the activity of serotonergic neurons is suppressed with a lowering of 5-HT
synthesis (Azmitia et al, 1993; Kitayama ef a/, 1989). It is this relationship between the 5-HT
system and the HPA axis (MR and/or GR mediated) in terms of their regulatory functions

under these chronic stress conditions which prove to be of most interest.

Besides considering the modulatory impact of corticosteroids upon 5-HT biosynthesis and
metabolism, the influence of corticosteroids upon 5-HT receptors is very important as regards
HPA axis driven modulation of the central serotonergic system. Release of ACTH from the
pituitary is strongly and acutely stimulated by 5-HT via an action mediated by 5-HT:a and
5-HTaa receptors in the hypothalamus (Fuller, 1992). Some evidence suggests that stimulation
of GR expression in the hippocampus is mediated via 5-HT2a receptors (Meany ef al, 1994).
Due to the parallels seen in the distribution of both MR, GR, 5-HT4 and 5-HT:a receptors
particularly in the hippocampus, it can be assumed that the hippocampus represents a key
anatomical structure involved in the central control of HPA axis function and limbic circuitry
(Lopez et al, 1991). As such, this region provides a unique anatomical environment in which
to study the molecular interplay between serotonergic systems and corticosteroids. Hence
these two 5-HT receptor subtypes will be the focus of this introduction in terms of HPA axis

regulation and function.

1.8.4 5-HT,, Receptors and the HPA Axis.

Experiments exhibiting physiological levels of steroid i.e. those involving adrenalectomy
followed by administration of low dose corticosterone produces partial reversal of
adrenalectomy-induced upregulation of hippocampal 5-HTa receptors (Chalmers er al, 1994;
Chalmers and Watson, 1991). This would indicate that in such circulating corticosteroid
conditions it is the MR that is selectively occupied, and therefore 5-HT;a receptors are under
tonic inhibition (MR-mediated) by corticosteroids. Such MR modulation of 5-HT, receptors
under basal conditions has been reported in many studies (Kuroda et al, 1994; Meijer and de

Kloet, 1994; Lopez et al, 1997).
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Under conditions exhibiting persistent HPA activation (chronic unpredictable stress paradigm)
causing persistent elevation of circulating corticosteroids, 5-HT;» mRNA and receptor
densities were significantly reduced in the hippocampus, relative to control animals following
two weeks of chronic stress (Lopez, 1994; Lopez et al, 1997). This would suggest that such
5-HT4 receptor downregulation is influenced by simultaneous corticosteroid occupation of
both MR and GR. Imipramine (antidepressant) administration concomitantly to chronically
stressed animals prevents both the downregulation of 5-HT 4 receptors and the stress-induced
increase in plasma corticosteroids (Watanabe et al, 1993). This indicates that attenuation of
elevated corticosterone using imipramine produces 5-HTis receptor downregulation via
reduction of HPA hyperactivity. Lopez et al, (1997) have investigated whether such 5-HTa
receptor downregulation observed is a consequence of the increased plasma corticosterone or
mediated by a central mechanism. In this study the effect of chronic unpredictable stress in
adrenalectomised rats with and without corticosterone replacement was assessed. It was found
that in sham-stressed animals, chronic stress caused a consistent decrease in 5-HT\a mRNA in
all hippocampal subfields. No 5-HT;x mRNA downregulation was observed in the
adrenalectomy stress or cortisone-replaced stress groups. Therefore, elimination of the
corticosterone rise after stress prevented the decrease in hippocampal 5-HTa mRNA. This
would indicate 5-HT;a downregulation observed after chronic stress is mostly mediated by

increases in plasma corticosterone levels.

Due to the abundance of MR and GR in the hippocampal region of the brain, corticosteroid-
induced downregulation of 5-HTis is likely to be an effect specific to the hippocampal
formation. Regulation of 5-HT;a receptors may be different in different brain regions. For
example, hippocampal 5-HT 4 receptors due to their colocalisation with MR and GR, may be
more sensitive to circulating steroids, whereas receptors in the prefrontal cortex may be less
responsive to steroids and more responsive to changes in local 5-HT levels (de Kloet et dl,

1986; Joels et al, 1991; Chalmers and Watson, 1991).

The studies mentioned above mainly suggest that corticosteroids, by interacting with the
5-HT, receptor, may play an important role in the relationship among stress, depression and
perhaps suicide (McEwen, 1987). Because hypersecretion of endogenous corticosteroids in

animal models can decrease S-HTia receptor expression, it may be possible that the
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hypercortisolemia found in depressed patients can exacerbate disturbances in affective states
associated with 5-HT 4 receptor function. If this is the case, then antidepressant medications,
in addition to directly correcting a central monoaminergic disturbance, may act to improve

serotonergic function indirectly by decreasing corticosteroid hypersecretion (Lopez er al,

1997).

1.8.5 5-HT:4 Receptors and the HPA Axis.

An increase in 5-HT,a receptor number in the prefrontal cortex of suicide victims has been
reported by several investigators (Mann ef al, 1986; Arango et al, 1992; Hrdina et al, 1993).
Also chronic antidepressant treatment causes opposite changes of those found in suicide, that
is, downregulation of cortical 5-HT, receptors (Peroutka and Snyder, 1980). Animal studies
have shown that 5-HT,a receptors can be regulated by steroids and by stress thus linking them
to HPA axis modulation. Chronic social stress increases 5-HT,a receptor binding in the
parietal cortex of subordinate rats (McKittrick e al, 1995). Administration of ACTH for 10
consecutive days decreased 5-HT,a receptor binding in the neocortex of the rat forebrain
(Kuroda et al, 1992). This effect is abolished by adrenalectomy and mimicked by
corticosterone administration for 10 days (Kuroda ef al, 1992). Dexamethasone treatment for
the same amount of time also causes a dose-dependent increase in 5-HT,a receptor binding in
the cortex (Kuroda ef al, 1993), suggesting that this effect is mediated by the GR. These
effects of stress and steroids on cortical 5-HT,a receptors are again in the direction expected if
stress and HPA activation are contributing to the 5-HT receptor changes observed in suicide
victims. The effect of corticosteroids on 5-HT24 receptor number seems to be specific for the
cortex as neither chronic social stress (McKittrick ef al, 1995), nor dexamethasone
administration (Kuroda et al, 1993) altered 5-HTa receptor binding in the rat hippocampus or
hypothalamus. Given the abundance of both MR and GR in the hippocampus, and the lack of
MR in the cortex, it is plausible that 5-HT receptor regulation in the cortex is mediated
through different mechanisms than in the hippocampus. This may involve 5-HT,a receptors
being more responsive to antecedent changes in the endogenous 5-HT ligand than to direct
regulation by corticosteroids, as occurs with hippocampal 5-HT,a receptors (Lopez ef al,
1997). This therefore highlights the importance of carrying out further detailed studies

investigating the steroidal modulation of 5-HT24 receptors.
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1.8.7 Central 5-HT,, Receptor Functions.

5-HT,a receptors have been proposed to play a key role in the regulation of the sleep-waking
cycle, in anxiety and schizophrenia, in drug-induced hallucinations, and in numerous
neuroendocrine and autonomic functions (Chaouloff, 1995). Increased levels of the receptor
have been measured in the brains of depressed individuals who committed suicide (Stanley and
Mann, 1983). The 5-HTax receptor is also thought to be one of the sites of action of the
atypical anti-psychotic drugs, such as clozapine (5-HT,a binding site antagonist), which are
useful in treating schizophrenia resistant to traditional anti-psychotic drugs (Meltzer and Nash,
1991). Moreover, this receptor is one of the sites of action of lysergic acid diethylamide
(LSD) and other hallucinogenic drugs (Glennon, 1990), indicating 5-HT receptors having a
role in sensory processing. An involvement of 5-HT,a receptor dependent mechanisms n
cognition, short term memory and other higher cerebral functions is indicated by the decrease
in the number of 5-HT, binding sites in dementia patients (Meltzer and Nash, 1991). In
addition, stimulation of 5-HT,s receptors by agonists such as 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane (DOI) elicits 5-HTa receptor specific behavioural effects such

as head-twitches in mice and head- and body-shakes in rats (ChaoulofT, 1995).

In animal studies, the number of 5-HT,a receptor binding sites is decreased in the rat frontal
cortex following chronic administration of antidepressants (Pertouka and Snyder, 1980),
indicating that the mode of action of antidepressants may mvolve 5-HT»a receptors. Also
5-HTa receptor binding density was found to be increased in the post-mortem brain of suicide
and depressed subjects suggesting a possible compensatory mechanism involving 5-HT,a
receptor up-regulation, due to the lowered levels of serotonergic activity in these conditions
(Kuroda er al, 1992). Stimulation of 5-HT:a receptors promotes an increase in GR binding
capacity both in hippocampal and cortical regions of the brain (Meaney et al, 1994).
Alternatively, prior blockade of 5-HT.a receptors prevents stress-induced increases In
hippocampal GR density (Mitchell et al, 1990). This therefore highlights the interaction
between 5-HT,a receptors and the HPA axis, being mediated primarily through the GR.
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1.8.8 GR-HPA Axis Related Gene Expression Studies.

In the last few years, antisense ODNs and transgenic animal models have become commonly
used tools for blocking of gene expression in mammalian CNS. As regards the HPA axis, a lot
of work using transgenic mice have been carried out to examine genetic causation to
conditions such as depression (Barden, 1996; 1999). In these studies the transgenic mice
express GR antisense RNA due to the introduction of antisense gene constructs into the germ
line of mice. This specifically produces animals with decreased GR in the brain (Pepin et al,
1992). Such animals have been shown to exhibit increased HPA axis activity (increased
circulating corticosterone) with corresponding behavioural and cognitive deficits (Barden,
1999), thus suggesting the active involvement of GR for a normally functioning HPA axis. In
addition these GR-deficient transgenic mice show resistance to suppression of adrenocortical
secretions by dexamethasone with eventual adrenocortical hypertrophy, as seen in chronic
depression states (Stec et al, 1994). Using this imbalance in GR system as a model, it was
shown that antidepressant therapy (desipramine/amitriptyline) in transgenic mice produced
increased GR mRNA density and GR binding in several areas of the brain including the
hippocampus and hypothalamus (Barden, 1996). These changes coincided with a decrease in
plasma ACTH and corticosterone concentrations suggesting a mechanism for the restoration
of the hyperactive HPA system to normality (Barden, 1999). As there is an antidepressant-
induced increase in GR expression in these transgenic mice, it is possible that central GR gene
expression could be part of the HPA system which becomes more sensitive to circulating
corticosteroid hormones, thereby reducing the over-reactivity of the HPA axis in depression
states through the appropriate HPA centres (hippocampus/hypothalamus) regulating the
negative feedback mechanisms (Barden, 1999). Such studies highlight the importance of
examining GR expression and regulation for the mechanistic understanding of
neuropsychiatric disorders and provides potential for possible future therapeutic interventions.
However there are certain disadvantages associated with this transgenic mice model as a
neuropharmacological tool. This mainly includes the irreversible nature of the technique which
can lead to compensatory mechanisms being operative giving rise to abnormal physiological
conditions. This is seen in the Barden transgenic model where the GR antisense transgenic
mice have pituitary glands sensitive to CRH stimulation and adrenal gland hypertrophy leads
to refractory stimulation by ACTH. In affective disorders the opposite is true (Barden, 1999).
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In comparison, there are fewer antisense ODN studies looking at GR involvement in the
regulation of normal HPA function. This can be partly due to the problems of selecting highly
specific antisense sequences and ensuring adequate sustained cellular delivery to target
organelles (Akhtar, 1998). Conventional GR antagonists such as mifepristone are available,
but they are not sufficiently selective enough to provide a reliable assessment of CNS GR

regulation and function and therefore the need for such antisense studies are essential.

Korte et al (1996), used 18-mer PS antisense ODNs (2nmol) to downregulate GR in
hippocampal dentate gyrus of male Wistar rats via direct single bilateral infusion to this region.
This antisense treatment produced a significant reduction in GR expression (by 15%)
compared to controls as measured by immunolabeling. When the treated animals were
exposed to the forced swim test 6 and 30 hours post-treatment to measure the possible
consequence of inhibition of GR expression on immobility behaviour, it was found that the
antisense groups produced a significantly reduced time spent in immobility behaviour
compared to controls. Time spent in immobility behaviour is used to examine GR-mediated
depression behaviour (de Kloet et al, 1988). Such an effect was also noticed with animals
treated with the GR antagonist RU38486 (2.5mg/100g bodyweight). This would suggest that
GR is involved in the display of immobility behaviour and this is mediated by its influence on

the HPA axis and interactions with circulating corticosteroids.

Liebsch et al (1995), studied the role of central amygdala corticotrophin-releasing factor
(CRF) receptors in behavioural responses to anxiogenic stimuli using antisense ODNs. They
used 15-mer PS endcapped ODNs designed against the CRF receptor mRNA and gave male
Wistar rats chronic antisense infusions via osmotic minipumps (0.25ng/0.5uL/hour) for 4 days
directly to the central amygdaloid nucleus (cAN). This antisense treatment produced low
expression and density of CRF receptors in the cAN as detected using in situ hybridisation
compared to controls. When the animals were subjected to behavioural testing, it was seen
that the antisense-treated animals spent significantly more time exploring the open arms of the
plus-maze than control groups. The elevated plus maze test originally developed by Handley
and Mithani (1984), has been validated for the detection of emotional responses to anxiogenic
and anxiolytic substances (Pellow et al, 1985) and stressful external stimuli such as social

defeat (Heinrichs et al, 1992). Therefore the increased open-arm exploration, as seen with the
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antisense group, would indicate a reduction in anxiety in this treatment group. This would
suggest that CRF receptors are involved in the mediation and expression of anxiety-related
behaviour. Due to the potent anxiogenic nature of CRF itself, the effect is possibly driven by

non-HPA related CRF receptor interactions.

Engelmann et al (1998), have reported the use of 18-mer antisense PS ODNSs to significantly
reduce the binding of MR by 28% and GR by 23% in the hippocampus of male Brown
Norway rats following 7 days ICV administration using an osmotic minipump
(1ug/0.5uL/hour). The specificity of antisense ODNs is shown in this study by the way that
rats treated with MR-antisense did not show any changes in GR and vice versa. However it
was found that these levels of downregulation (20-30%) achieved using antisense technology
did not produce any behavioural effects in terms of spatial navigation abilities using the Morris
water maze. This may be accounted for by the fact that the extent of receptor downregulation
achieved in this study may not be high enough to allow for the detection of such defined
behavioural effects. Such poor levels of receptor downregulation may be due to the authors

not fully addressing the antisense design and delivery factors discussed in section 1.6.

Reul er al (1997), investigated the role of MR in the regulation of neuroendocrine and
behavioural responses during ongoing and stressful conditions. They used an 18-mer PS
endcapped antisense ODN directed against the MR mRNA in male Wistar rats. The ODN
solution was administered ICV for 7 days via an osmotic minipump (1pg/0.5uL/hour). The
MR-antisense treatment produced a 21% decrease in hippocampal MR binding with no change
in hippocampal GR density. When these animals were subjected to elevated plus-maze
assessment, no changes in the anxiety-like behaviour were observed in antisense treated
animals. However, after the behavioural tests these antisense treated animals had markedly
higher plasma ACTH, but not corticosterone, levels than the control groups. This study
therefore highlights that the downregulation of brain MR produces enhanced responsiveness
of ACTH to stressful situations which appears to be accompanied by reduced sensitivity of the

adrenal gland to ACTH resulting in lowered circulating corticosteroid concentrations.
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1.8.9 GR Control of 5-HT,. Receptor Gene Expression.

The 5-HT,s receptor has been implicated in the pathophysiology of several psychiatric
disorders, including depression and schizophrenia. In severely depressed, suicidal patients
elevated levels of 5-HT,4 receptors have been measured in platelets as well as in frontal cortex
(Stanley and Mann, 1983; Pepin et al, 1992; Hrdina et al, 1993). Other studies have also
reported that under increased HPA activity as in depression changes in the serotonin system
occurs with the presence of increased postsynaptic 5-HT2a receptors (Kuroda et al, 1992).
These reports have led to the assumption that glucocorticoids via their interactions with the
GR may be involved in controlling the expression of the 5-HT,a receptor gene. This
assumption is further supported by the fact that the 5-HT,a receptor gene promoter region has
an 11 out of 15 nucleotide sequence match to the GRE which is involved in steroid induced

transcription initiation (Garlow and Ciaranello, 1995).

Evidence of this GR regulatory relationship exits mainly in in vitro studies (Garlow and
Ciaranello, 1995) which have sought to determine whether the GR could influence the
expression of the promoter for the 5-HTza receptor gene. By transfecting different cell lines
with a sub-cloned 5-HT,a-luciferase promoter-reporter plasmid (Garlow er al, 1994) which
served as a positive control for steroid responsiveness, the authors investigated this GR
regulation of 5-HT»4 receptor gene expression (Garlow and Ciaranello, 1995). It was found
that activating GR, using dexamethasone administration, inhibited transcription from the
5-HT,s receptor promoter in two different glucocorticoid responsive cell lines (CCL-39
Chinese hamster lung fibroblasts and RS-1 cells derived from PC-12 cells). In Neuro-2a cells
(derived from mouse neuroblastoma) however, dexamethasone induced GR activation,
stimulated transcription from the 5-HT,a receptor promoter. This suggests that steroid
mediated effects on the 5-HT2 receptor promoter is subject to cell-type specific regulation
and such positive and negative responses may be mediated through different promoter
elements with possible influence from additional transcription factors (Garlow and Ciaranello,
1995). As there is a lack of information regarding those factors regulating 5-HTaa receptor
gene expression in vivo, it is essential such studies are carried out to highlight the functionality
and importance of these regulatory mechanisms in the understanding of associated
neuropsychiatric conditions. Such a task will therefore require the use of either transgenic or

antisense strategies.
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1.9 Analysis of Antisense Studies.

The main experimental success in using antisense ODNs in vivo tends to be the effective
reduction in the expression of specific genes. This is measured normally using techniques such
as radioligand binding, RT-PCR, Western and Northern blot analysis (Englehard ef al, 1996).
But in obtaining gene inhibition, in vivo, the following needs to be quantified: stability of ODN
in the medium, ODN uptake by cells, ODN toxicity, ODN specificity and mechanism of ODN
function. Most of the studies carried out in the CNS are well controlled and clearly
demonstrate antisense efficacy in inhibiting gene expression (for a review see Szklarczyk and
Kaczmarek, 1999). The following are tables highlighting recent antisense studies carried out
specifically in the CNS and those antisense studies carried out in vitro as well as in vivo, with

the aid of delivery tools such as liposomes and biodegradable polymers.

Table 1.10 Examples of in vitro and in vivo liposomal delivery systems of antisense compounds.

GENETIC ANTISENSE DELIVERY CELL LINE OR COMMENTS
TARGET AGENT METHOD ANIMAL MODEL
(reference)
mdr-1 mRNA 42-mer Cationic lipid PXF118 human 93% reduction in protein
chimeric complex pleural mesothelioma | levels. Reverse of drug-
(Kiehntopf et 2’-fluoro- (DOTMA) cells resistant phenotype after
al, 1994) modified 72 hours.
ribozyme
CD44 mRNA 38-mer all-RNA | Cationic lipid SNB-19 human Expression of CD44

ribozyme complex glioma cells adhesion protein
(Ge et al, 1995) (DOSPA) decreased in up to 30% of
cells after 48 hours.
¢-myc mRNA 18-mer PS ODN | Lipofectamine Burkitts lymphoma 35% decrease in cell
lipid complex cells proliferation with a 60%

(Williams ef al,
1996)

reduction in intracellular
¢-myc protein levels.

TNF-ao mRNA 36-mer all-RNA | i.p. injection of | Male BALB/c mice 85% reduction in TNF-a
ribozyme ribozyme / protein secretion by
(Kisich et al, cationic lipid peritoneal macrophages.
1995) complex
(DOSPA)
TNF-oo mRNA | 45-mer i.p. injection of | Male BALB/c mice 50% reduction in TNF-a
5°-capped RNA | ribozyme / protein secretion by
(Sioud, 1996) ribozyme cationic lipid peritoneal macrophages.
complex
(DOSPA)
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Table 1.11 Examples of in vitro and in vivo biodegradable polymer delivery systems of antisense
compounds.

GENETIC ANTISENSE DELIVERY CELL LINE OR COMMENTS
TARGET AGENT METHOD ANIMAL MODEL
(reference)
tat gene in HIV | 20-mer PO and ODNs RAW 264.7 murine | Cellular association of
PS ODNs incorporated macrophage cells ODN:s entrapped in
(Akhtar and into PLGA small spheres was
Lewis, 1997) 50:50 improved 10-fold in
microspheres murine macrophages
compared with free
ODNs.
Rat tenascin 24-mer PS ODN ODNs Vascular smooth SMC proliferation
mRNA encapsulated muscles (SMC) from | studies exhibited dose-
into PLGA carotid arteries of dependent growth
(Cleek et al, microparticles | rats inhibition with ODN
1997) loaded microparticles.
GADg mRNA 15-mer PS ODN ODN Site specific CNS ODN:ss are effectively

(Bannai et al,
1998)

incorporated in
water-absorbent
polymer (WAP)

cannula injections in
male Wistar-
Imamichi rats

incorporated by all CNS
cell types examined and
suppress the synthesis of

hydro-gels the GADg, protein.
eny mRNA of 15-mer ODNis absorbed | i.v. administration to | Pharmacokinetic studies
Friend oligothymidylate | onto male OF [ mice showed tissue
retrovirus ODN polyalkylcyano- distribution of

acrylate nanoparticles was
(Fattal et al, nanoparticles significantly modified.

1998)

(isobutylcyano-
crylate and

Stability of ODN in vivo
in the plasma and liver

isohexylcyanoc- was also improved for
rylate) adsorbed ODN.
env mRNA of 15-mer PO/poly- | ODNs Male OF I mice Biodistribution was
Friend L-lysine complex | encapsulated modified following i.v.
retrovirus into alginate administration,
nanoparticles compared to free ODN
(Aynie et al, with radioactivity
1999) detected in lungs, liver

and spleen.

Ha-ras gene

(Schwab et al,
1994)

Unmodified PO
ODN

ODN absorbed
onto PHCA
nanoparticles

s.c. administration to
male nude mice

Produced significant
inhibition of H-ras
dependant tumour
growth in nude mice.
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Table 1.12 Examples of in vivo antisense studies carried out in the central nervous system (CNS).

GENETIC ANTISENSE DELIVERY ANIMAL MODEL COMMENTS
TARGET AGENT METHOD
(reference)
GABA, PS ODN Intrahippocam- | Male Wistar rats Significant reductions in
receptor mRNA pal and GABA receptor binding
Intrastriatal observed in both
(Karle et al, infusion hippocampal and striatal
1997) regions.
5-HT), 5 receptor | PS ODN ICV Male Wistar rats limited reduction in
mRNA administration 5-HT, 5 receptor density
obtained.
(Le-Corre et al,
1997)
e 15-mer PS ODN Intrastriatal Male Wistar rats 35% reduction in oac
adrenoceptor infusion adrenoceptor protein
mRNA density in the striatum.
(Lu and
Ordway, 1997)
CRF mRNA PS ODN Direct Male Wistar rats Quantitative RT-PCR
hippocampal determined reductions in
(Wu et al, 1997) injections CRF mRNA in specific
brain regions
accompanied with
impairment in memory
retention and an increase
in exploration behaviour.
D2 dopamine PS ODN Intrastriatal Mice Antisense treatment
receptor mMRNA injections caused specific
inhibition of rotational
(Zhou et al, behavioural responses
1996) which are mediated by
the D2 dopamine
receptor.
NMDA-RI PO ODN ICV Mice Significant reductions in
receptor mRNA administration NMDA-RI receptor
binding and increased
(Zapata et al, time spent by mice in
1997) open arms of elevated
plus-maze.
mu and delta PS ODN 1ICV Mice Reduces opioid receptor
opioid receptor administration mediated morphine

mRNA

(Sanchez et al,
1997)

dependence by
diminishing the
incidence of withdrawal
signs of naloxone.
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Growth PS ODN ICV infusions Male rats GHR binding in the

hormone choroid plexus was

receptor (GHR) reduced by 40%.

mRNA Antisense treated dose-
dependent stimulation of

(Pellegrini et al, growth hormone release

1996) was observed in the rats.

Urokinase PS ODN ICV Male rats Northern blot analysis

mRNA administration showed decreases in
urokinase expression.

(Englehard et

al, 1996)

c-fos mRNA PS ODN Direct Male Wistar rats Significant decreases in

injections to the the density of ¢-fos
(Quercia and paraventricular immunolabeled nuclei in
Chang, 1996) hypothalamic the PVN.
nucleus (PVN)

5-HTg receptor PS ODN ICV Male rats 30% reduction in 5-HT

mRNA administration receptor binding in
frontal lobes with a

(Sleight et al, specific behavioural

1996) syndrome of yawning,
stretching and chewing
observed in antisense
treated animals.

1.10 Antisense Oligonucleotide Clinical Trials.

Several antisense ODNs are undergoing clinical evaluation (see Table 1.13), and the first
antisense drug has recently been approved for marketing. Vitravene™ (Formivirsen), which
received FDA-approval in July 1998, is an antisense compound delivered locally to the eye to
treat cytomegalovirus (CMV) induced retinitis in AIDS patients. Other antisense ODN
compounds are being screened for anti-cancer, anti-inflammatory and anti-HIV applications
(for a review see Akhtar and Agrawal, 1997). Despite the fact that many of the other ongoing
clinical trials with ODNs employ systemic routes of administration, local delivery to sites of
disease can offer various advantages. The appropriate choice of an efficient ODN delivery
strategy may not improve efficacy, but help reduce side effects, and ultimately reduce drug
costs. Considerable advances in manufacturing ODNs have been made and continued success
in this area will undoubtedly make ODN-based therapeutics cost effective. The issue of

toxicity has to be balanced with the severity of the condition being treated. Some degree of
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non-specific toxicity would be tolerable to life threatened AIDS or cancer patients provided

that the ODN is therapeutically efficacious.

Table 1.13 A summary of ongoing human clinical trials with antisense oligonucleotides.

TARGET DISEASE STATUS OWNERSHIP
Vitravene™ Vision CMV retinitis (AIDS) Approved Isis/CIBA Vision
ISIS 2302 ICAM-1 Crohns disease Pivotal trial Isis/Boehringer-

Renal transplant rejection  Phase II Ingelheim

Psoriasis (topical) IND Canditate

Ulcerative colitis IND Canditate
ISIS 3521 PKC-a Cancer Phase 11 Novartis
ISIS 5132 c-raf'kinase ~ Cancer Phase II Novartis
ISIS 2503 H-ras Cancer Phase II Novartis
GEMO 231 Cancer Phase II Hybridon
ISIS 14803 HCV Hepatitis C IND Canditate  Isis
TNF-c Inflammation Preclinical Isis
VLA-4 Inflammation Preclinical Isis

1.11 Aims and Objectives.

The initial aim of this thesis was to investigate the relationship between central GR and

5-HT,a receptors in terms of activated GR regulation of 5-HT2a receptor expression and

function both in vitro and in vivo. This was based on the findings of the in vitro studies carried

out by Garlow and Ciaranello (1995), who discovered GR mediated control of 5-HT2a

receptor promoter transcription in neuronal cell lines (see section 1.8.8). It was decided that

antisense ODN's and their characteristic sequence specific arrest of genetic expression would

be employed as biological tools to bring about GR protein downregulation and thus allow

assessment of any associated effects on 5-HT>a receptor expression and function.
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Thus the feasibility of the employment of antisense technology as a reliable method of
providing protein receptor function elucidation in the CNS was also to be an integral part of
the main objectives of this report. These aims were essentially to be carried out at both in vitro

(rat C6 glioma cell line) and in vivo (male Wistar rats) experimental settings.

To fully utilise any achieved antisense effects, optimisation of cellular antisense ODN delivery
and GR mRNA specific design of antisense ODNs would be carried out initially. Following
this the optimal antisense sequence directed against the GR would be screened for its efficacy
and any related effects on 5-HT»a receptor expression in cell culture. Such effects would be
analysed using molecular biological techniques and provide key information as regards to the
initial design and undertaking of appropriate animal studies assessing the efficacy and any

5-HT,4 receptor mediated effects of the selected antisense ODNSs in vivo.

Studies looking closely at antisense ODN distribution, stability and toxicity, especially in vivo,
will provide much needed information regarding the exact mechanism of cellular uptake of

ODNs and their intracellular fate following cell entry.

As stimulation of 5-HT,4 receptors by DOI elicits 5-HT,a receptor specific head- and body
shakes in rats, 5-HT»a receptor mediated behavioural analysis in the form of DOI induced
head shakes would be used as an indicator of acquired 5-HT,a receptor functional changes

seen as a consequence of antisense directed downregulation of GR.

These studies would not only highlight the important factors governing the possible regulation
of 5-HT,p» receptors by central GR. But also provide mechanistic understanding of
pathophysiological conditions which are associated with abnormal expression of these two
functionally important CNS receptors, thus providing the potential for therapeutic

interventions to GR and/or 5-HT,4 receptor related CNS disorders.
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CHAPTER TWO
MATERIALS AND METHODS

2.1 Materials.

Sterile double distilled de-ionised water and other sterile solutions and equipment were
prepared by autoclaving at 120°C for 30 minutes at 15 pounds per square inch above
atmospheric pressure in a series 300 autoclave (LTE Scientific Ltd., Oldham, UK). All
chemical reagents used were molecular biology grade or alternatively the highest grade

available from Sigma Chemical Company (Poole, UK), unless otherwise indicated.

Cell culture reagents and media were purchased from Gibco Life Technologies Inc. (Paisley,
UK). Tissue culture flasks, multiwell tissue culture plates, 15SmL and 50mL polypropylene
tubes were purchased from Falcon (Beckton Dickinson and Company, Plymouth, UK).
Disposable pipettes, microcentrifuge tubes, and finnpipette tips were purchased from Starstedt
(Leicester, UK). The 2mL Bio-freeze cryovials were obtained from Costar (Cambridge,
USA).

2.2 Methods.

2.2.1 Cell Culture Techniques.

2.2.1.1 Cell Line.

The C6 rat glioma cell line was obtained from stocks held at Knoll Pharmaceuticals
(Nottingham, UK). This cell line is derived from a rat glial tumour induced by
N-nitrosomethylurea and known to express both 5-HT2a receptors and glucocorticoid

receptors (European Collection of Animal Cell Cultures Number: 85040101; Benda, 1968).
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C6 glioma cells were maintained in Dulbecco’s modified Eagle’s media (DMEM)
supplemented with 10% v/v dialysed foetal calf serum (FCS), 1% v/v penicillin/streptomycin
and 2uM L-glutamine. The same medium, without the addition of the FCS, was used as serum

free medium (SFM) in cell culture experiments.

Cells were cultured in 75cm” plastic tissue culture flasks with 25mL of medium. The cultures
were incubated at 37°C in a humidified (95%) atmosphere of 5% CO:2 in air, (Mk II
Proportional Temperature Controller, LEEK Ltd., Nottingham, UK).

Stock cultures were maintained by changing the media every 72 hours and passaged with a

1:10 dilution ratio when confluent (after approximately 3 days).

2.2.1.2 Passaging Attached Cells.

Passaging was carried out by removing the medium and washing the cells with 10mL of 0.1M
phosphate-buffered saline (PBS). Following this SmL of 2X trypsi/EDTA solution (0.25%
w/v trypsin + 0.2% w/v ethylenediamine tetra-acetate in PBS, pH 7.2) was added to the flask
to wet the cells. Soon after, 4mL of the trypsi/EDTA solution was removed from the flask.
The cells were then incubated at 37°C for 5 minutes after which the flask was tapped to
dislodge the cell monolayer from the bottom. Fresh media (9mL) was added (shaking the flask
gently on addition) to neutralise the remaining trypsin/EDTA solution. Finally 1mL of this cell
suspension was resuspended in a newly prepared flask containing 24mlL of fresh medium to

give a 1:10 cell dilution ratio in a final volume of 25mL.
2.2.1.3 Freezing Cell Lines in Liquid Nitrogen.

Frozen stock cultures were prepared for long term storage. This was carried out by
trypsinising exponentially growing cells (see section 2.2.1.2) and neutralising this by the
addition of 10mL of fresh medium. The cell suspension was then harvested in a 15mL
polypropylene tube by centrifugation (3 minutes at 500 rpm) using a Mistral 3000 I centrifuge
(Sanyo MSE, Leicester, UK). The supernatant was decanted, then the cell pellet resuspended
in the ‘freezing medium’ (10% dimethyl sulphoxide (DMSO) and 90% dialysed FCS) to give

an approximate final cell concentration of 1.4 x 10° cells/mL.
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ImL of this cell suspension was aliquoted into each 2mL screw capped cryovial. The cryovials
were then placed in a freezer (Forma Scientific Freezer Inc., USA) at —70°C and allowed to
cool slowly (= —1°C/min). After 4-6 hours the cryovials were transferred into a liquid nitrogen

cell storage vessel (~196°C).

2.2.1.4 Recovery of Cell Lines from Liquid Nitrogen.

Cryovials were taken from liquid nitrogen storage and placed at room temperature for
approximately one minute before being transferred to a 37°C waterbath until fully thawed
(cryovials were not fully immersed). The outside of the cryovial was swabbed with 70% v/v
ethanol prior to opening. 0.5mL of pre-warmed fresh media was slowly pipetted into the
cryovial and the contents were removed to a sterile 15SmL polypropylene tube. A further 9mL
of warmed media was added drop by drop with gentle agitation. The cell suspension was
pelleted by centrifugation at 500 rpm for 3 minutes. After decanting the supernatant the cell
pellet was resuspended in 10mL of fresh media and placed in a newly prepared flask

containing 15mL of fresh warm media and incubated in the normal way (see section 2.2.1.1).

2.2.1.5 Determining Total Cell Counts and Viable Cell Number.

Trypan blue is one of several stains recommended for use in dye exclusion procedures for
viable cell counting. The method is based on the principle that live cells do not take up certain
dyes, whereas dead cells do. Thus viable cell density of stock cultures was measured by
haemacytometry using a trypan blue exclusion test. 100uL of trypan blue (4mg/mL) was
mixed thoroughly with 400uL of cell suspension (prepared by trypsinised and resuspended
cells as described in section 2.2.1.2) and allowed to stand for 5 minutes. A small amount of
the trypan blue-cell suspension was added to the counting chambers of a Neubauer
haemacytometer (Weber Scientific International Ltd., UK) having a volume of 0.1mm” per
square. In each of the chambers cells were counted in the 5 large squares of the
haemacytometer using a Nikon light microscope (model TMS-F, Japan). Since live cells do
not take up trypan blue dye the number of viable (unstained) cells were counted in each

square. Cell number was thus determined by obtaining the mean count per large square on the
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haemacytometer. In order to calculate cell concentration and total number of cells the

following equations were used:

CELLS PER ML = average viable cell count per square x 10" x 1.25 (dilution factor)

TOTAL CELLS = cells per mL x original volume of cell sample suspension

Non-viable cells are stained by trypan blue and can be identified when viewed under the
microscope. Hence the mean total count of viable cells per square and the mean total cell
count (viable + non-viable) were used to calculate the percentage of viable cells using the

following equation:

% CELL VIABILITY = mean viable cell count / mean total cell count x 100

2.2.2 Oligodeoxynucleotide Synthesis and Purification.

2.2.2.1 Preparation of the Automated DNA/RNA Synthesiser.

The oligodeoxynucleotides (ODNs) used in this thesis, unless otherwise stated were
synthesised on an automated DNA/RNA synthesiser (Model 392, Applied Biosystems (ABI),
Warrington, UK). Synthesis reagents, columns and nucleotide phosphoramidites were
obtained from Cruachem Ltd. (Glasgow, UK) unless otherwise stated and were stored under

argon at 4°C when not in use.

Before synthesis commenced the reagent lines on the synthesiser were purged with DNA
grade acetonitrile. Reagent bottles containing acetonitrile were added to the machine in the
positions normally reserved for synthesis reagents and a ‘dummy’ synthesis was performed as
described by Brown and Brown (1991). The bottles containing acetonitrile were then replaced

with the required synthesis reagents in their designated positions.

67



Chapter 2: Materials and Methods

2.2.2.2 Phosphorothioate Oligodeoxynucleotide Synthesis.

Automated synthesis of ODNs has become an established technique over the past decade.
Various solid phase phosphoramidite techniques have been developed (Brown and Brown,
1991). The standard method used to synthesise ODNs and other analogues employs
2-cyanoethyl chemistry. The chemistry involved in this synthesis was used for the automated
synthesis of all nucleic acid analogues used in this thesis. However certain reagents and step

times were varied according to the type of nucleic acid sequence synthesised.

In ODN synthesis the nucleosides at the 3’-terminus were attached by means of a succinamide
linker to borosilicate CPG support beads, housed inside a polypropylene column. In the first
synthesis step, the support-bound nucleosides were detritylated with 2% trichloroacetic acid
(TCA). This removed the dimethoxytrityl- [DMT(r)] protecting groups, thus providing free
5’-hydroxyl groups for attachment of the second nucleotide. Quantification of the released
DMT(r) groups was used to indicate the step-wise coupling efficiency and overall yield (see
section 2.2.2.3). In the second step an excess of the second nucleotide, protected at the
5’-hydroxyl position to prevent self-polymerisation, was activated by tetrazole which acted as
a catalyst in the protonation of the N,N-diisopropyl phosphoramidite group. In the subsequent
addition step, the protonated amino group was displaced due to nucleophilic attack by the
5’-hydroxyl group of the support bound nucleoside. This addition step formed support bound
dimers, bearing 5’-DMT(r) groups which prevented further nucleoside additions. In the
capping step any unreacted 5’-hydroxyl groups were rendered inert to further nucleoside
addition by acetylation with acetic anhydride and 1-methylimidazole, thus minimising the chain
length of any impurities (i.e. failure sequences). In the oxidation step the successtully
dimerised sequences were oxidised with aqueous iodine (iodine-water-pyridine in basic
tetrahydrofuran) to convert the phosphite triester into a more stable pentavalent phosphate
triester. After this stage the fully protected phosphotriester dimers on the solid support
material were ready to enter further cycles of base addition. Synthesis cycles were repeated

until the ODNs reached the required chain length.
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Antisense ODN sequences designed against the rat glucocorticoid receptor cDNA nucleotide
sequence (Miesfeld ef al, 1986), was synthesised in Phosphorothioate (PS) form on the
DNA/RNA synthesiser (0.2umole scale column) using a pre-programmed ‘sulfur’ cycle. This
cycle was a modified version of the 2-cyanoethyl phosphoramidite cycle with the presence of a

sulphurisation step using tetraethyl disulphide prior to the capping step (Zon et al, 1990).

Following synthesis the solid support material bearing the synthesised PS ODN was manually
removed from the column. The PS ODN was cleaved from the solid support material and the
base protecting groups removed by treatment with 1.5mL of concentrated ammonium

hydroxide and incubated at 55°C for 8 hours (deprotection).

2.2.2.3 Calculation of Coupling Efficiency and Overall Yield of ODN Synthesis.

A stock solution of 0.1M p-toluene sulphonic acid (19.2g in 1000mL acetonitrile) was
prepared. For a 0.2umole scale synthesis the contents of the collecting tubes containing the
orange effluent from the detritylation were made up to 25mL with p-toluene sulphonic acid
solution. The absorbance (i.e. optical density) of these solutions was measured in a lcm
cuvette (Hellma, UK) in a UV/visible spectrophotometer (Jenway Scientific Instruments, UK)

at 495nm. The coupling efficiency and overall yield were calculated as follows:

OVERALL YIELD = y/x

% OVERALL YIELD = overall yield x 100

% STEPWISE YIELD (coupling efficiency) = 100{(overall yield)""”"*}

where y = OD,,,,  final or lowest trity] effluent collected

and x=O0D,, . second or highest trityl effluent collected
The OD (optical density) of the first trityl fraction is ignored as this represents the first base

which was attached to the column. The coupling efficiency was typically 98% for PS ODN

with overall yields in the region of 70%.
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2.2.2.4 Purification of Oligodeoxynucleotides.

After deprotection, the resulting ODN was purified using a commercial Nap-10, DNA Grade
Sephadex G-25 column (Pharmacia Biotech, St.Albans, UK). The column was rinsed with 3 x
SmL sterile double distilled water (ddH,0) before the application of the ODN solution (in a
volume of 1mL) to the top of the column. A further 1.5mL of ddH20 was added to the
column and the eluted fraction containing the purified ODN was collected in sterile
microcentrifuge tubes. The eluted samples were dried by vacuum centrifugation using a DNA

Speed Vac (Savant, UK) and stored at —70°C.

The purification procedure removed salts and other impurities such as failed sequences less
than 10 bases in length. ODNs were further purified, after radiolabelling, by polyacrylamide
gel electrophoresis (PAGE) if required (see section 2.2.4.3).

2.2.2.5 Quantification of Oligodeoxynucleotides.

ODN samples were quantified by UV spectroscopy at 260nm (Jenway Scientific Instruments,
UK). The purine and pyramidine bases of DNA and RNA strongly absorb light with maxima
near 260nm. The absorbance reading can be translated to concentration according to Beers

Law, A = £Cl where:

A = absorbance
£ = molar extinction coefficient
C = concentration

1 = path length (typically 1cm)

The method used to calculate the quantities of ODN in samples from OD,, . measurements

was adapted from that of Brown and Brown (1991), and is as follows:
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A. Estimation of the Molecular Weight of ODNs:
Mol Wt = {(249 x nA) + (240 x nT) + (265 x nG) + (225 x nC) + (64 x n-1) + 2}
where: (i) nA = number of adenine bases in the sequence etc.
(i1) n = total number of bases

(iii) (64 x n-1) accounts for the molecular weight of the phosphate groups

B. Estimation of the Molecular Extinction Coefficient (g):

£=1[{(8.8 xnT) + (7.3 xnC) + (11.7 x nG) + (15.4 x nA)} x 0.9]

It is necessary to multiply the extinction coefficient of the sum of the individual bases by 0.9
because the base stacking interactions in the single strand suppress the absorbance of DNA.
This suppression is even greater in a duplex and the multiplication factor for a self-

complementary sequence is 0.8 (Brown and Brown, 1991).

C. OD,,,,, Units Conversion into Milligrams:

Img ~ £ / (Mol Wt/ 1000) OD,,,,,, units

therefore 1 OD, ., unit ~ (Mol Wt / 1000) / € milligrams

This method however, does not allow for differences in molecular weight between
phosphodiester (PO) and phosphorothioate (PS) oligodeoxynucleotides. Thus in the case for

PS a sulphur (Mol Wt = 32) replaces an oxygen (Mol Wt = 16) on the PO side chain.

Consequently an adjustment of +16 is made for n-1 bases.

i.e. Mol Wt = {(249 x nA) + (240 x nT) + (265 x nG) + (225 xnC) + (80 x n-1) + 2}
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2.2.3 Labelling of Synthesised Nucleic Acids.

2.2.3.1 5’-End [*P] Radiolabelling of Oligodeoxynucleotides.

ODNs were 5’-end labelled with [*P]-y-dATP (supplied by Amersham Life Sciences,
Du Pont NEN and ICN Biomedicals, UK), with a specific activity designated to be greater
than 185 TBq/mmol at the reference date. The method used is described by Sambrook et al
(1989), using bacteriophage T4 polynucleotide kinase (Life Technologies and Bioline, UK) in
5X forward reaction buffer (100mM Tris, pH 7.5, 20mM MgCl,, 10mM dithiothreitol, 0.2mM
spermidine and 0.2mM EDTA) at 37°C for 45 minutes.

Approximately 100 picomoles of ODN were labelled with 4ul. of 5X forward reaction buffer,
2uL of bacteriophage T4 polynucleotide kinase (10 U/uL), and SuL of [**P]-y-dATP made up
to 20uL with sterile ddH20 and incubated at 37°C for 45 minutes to initiate the following

reaction:

T4 Kinase and Buffer
DNAon’' 5’[?P]DNA + ADP
[**P]-y-dATP

Where a radiolabelled oligonucleotide with a higher specific activity was required the quantity
of nucleic acid was reduced to 10 picomoles and the amount of [**P]-y-dATP was increased
threefold (Sambrook e! al, 1989). 5’-Labelled ODNs were purified by PAGE (see section
2.2.4.3) and by Nap-10 column purification (see section 2.2.2.4).

2.2.3.2 5’-End Fluorescein Labelling of Oligodeoxynucleotides.

A fluorescent label was attached to the 5’-end of ODNs during automated synthesis.
Fluorescein cyanoethyl (CE) phosphoramidite (Cruachem, UK) was reconstituted in DNA
grade acetonitrile to a concentration of 0.1M and added to a spare monomer position on the
DNA/RNA synthesiser (see sections 2.2.2.1 and 2.2.2.2). The Custom synthesis cycle

designed for use with ribonucleoside phosphoramidites was used for the addition of the
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fluorescein phosphoramidite because of the longer coupling time which this cycle allowed. The
synthesis was performed without a final detritylation step because the fluorescein
phosphoramidite monomer bears no DMT(r) group and is only suitable for the addition to the
5’-terminus of a synthesised ODN. Following deprotection of the 5’-end fluorescein labelled
PS ODN (see section 2.2.2.2) the ODN was then purified using Nap-10 columns (see section
2.2.2.4).

2.2.3.3 5’-End Biotinylation of Oligodeoxynucleotides.

PS ODNs were 5’-end biotinylated during automated synthesis. Biotin cyanoethyl (CE)
phosphoramidite (Cruachem, UK) was reconstituted in DNA grade acetonitrile to a
concentration of 0.1M and added to a spare monomer position on the DNA/RNA synthesiser
(see sections 2.2.2.1 and 2.2.2.2). The Custom synthesis cycle designed for use with
ribonucleoside phosphoramidites was used for the addition of the biotin phosphoramidite
because of the longer coupling time which this cycle allowed. With 5’-end biotinylation of
ODN s a final detritylation step was included in the synthesis cycle to remove the 5’-DMT(r)
from the biotin moiety. Following deprotection of the 5’-end biotin labelled PS ODN (see
section 2.2.2.2) the ODN was then purified using Nap-10 columns (see section 2.2.2.4).

2.2.4 Purification of Labelled Oligodeoxynucleotides.

2.2.4.1 Polyacrylamide Gel Electrophoresis (PAGE).

Polyacrylamide gels were prepared and polymerised as described by Sambrook et al, (1989)
and Gait ef al, (1991). BioRad Protean II electrophoresis systems and BioRad power sources
(Hemel Hempstead, UK) were used throughout and were assembled and run according to the

manufacturer’s instructions.

1000mL stock solutions of native polyacrylamide gel mixtures were prepared. In general a
20% gel (200g acrylamide, 6.6g bis-acrylamide, 200mL 5X TBE, and sterile ddH,O to
1000mL) was used for oligonucleotides up to 20 base residues in length. For oligonucleotide

sequences of more than 20 base residues a 15% gel (150g acrylamide, 5.0g bis-acrylamide,
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200mL 5X TBE, and sterile ddH20 to 1000mL) was used. Gel mixtures were filtered and
de-gassed and stored at 4°C in amber glass bottles. Denaturing gels were prepared by the

addition of urea (8M) to the native gel mixtures.

To prepare individual gels for electrophoresis, the polymerisation reaction was initiated by the
addition of 600ul. ammonium persulphate (10% w/v) and 40ul. TEMED (N,N,N’,N’-
tetracthylethylenediamine) to 50mL aliquots of the stock gel mixture. The polymerising
mixture was poured between two BioRad glass plates (200mm x 200mm and 220mm x
200mm) with 1mm spacers (BioRad). A BioRad comb with 20mm slots was inserted between
the plates to form sample wells. Gels were allowed to polymerise for 30 minutes at room

temperature before use.

Samples to be run on native gels were diluted with an equal volume of non-denaturing loading
buffer (5% v/v glycerol in 1X TBE). Samples to be run on denaturing gels were diluted with a
standard loading buffer (4.2g urea, 100ul 0.5M EDTA, 10mg bromophenol blue, and sterile
ddH20 to 10mL). 1X TBE (Tris Borate/EDTA Buffer) was used as the running buffer for
electrophoresis and was diluted from a 5X stock solution (54g tris base, 27.5g boric acid,
20mL 0.5M EDTA (pH 8), and sterile ddH20 to 1000mL). Marker dyes (0.25% bromophenol
blue and 0.25% xylene cyanole in 1X TBE) were used to track the progress of sample

migration down the gel.

Following a 30 minute period of pre-electrophoresis at 10 watts, samples and marker dyes
were loaded and gels were run for 2-3 hours at 10-20 watts and were cooled throughout to
10°C using a thermostat controlled water circulator (Sarver Instruments, UK). Usually the
samples were allowed to migrate approximately two thirds down the gel (position estimated

from the location of marker dyes).

74



Chapter 2: Materials and Methods

2.2.4.2 Autoradiography.

Following separation of radioactive samples by PAGE, the 220mm x 200mm plate was
carefully removed from the tank with the intact gel on the upper surface. The gel was covered
with a single layer of Saran wrap and stored in a Hypercassette (Amersham Life Sciences,
Amersham, UK) fitted with an intensifying screen. Under dark room conditions gels were
exposed to Kodak HP autoradiograph film and stored at —70°C for the required exposure
time. Films were developed using freshly prepared Kodak photographic reagents (i.e.
developer and fixer).

2.2.4.3 Radiolabelled Oligodeoxynucleotide Purification by PAGE.

PAGE was performed as described in section 2.2.4.1. Radiolabelled ODNs were mixed with
an equal volume of non-denaturing loading buffer (5% v/v glycerol in 1X TBE). For
purification of radiolabelled 15-mer PS ODN a 20% native polyacrylamide gel was used to
improve the molecular weight separation during electrophoresis as described by Gait et al,
(1991). The position of the purified radiolabelled product within the gel was visualised by
autoradiography (see section 2.2.4.2). For PAGE purification of non-radiolabelled ODN,
samples were loaded onto gels as described above, but additional samples of radiolabelled
ODN markers of known chain length were loaded onto adjacent wells on the polyacrylamide

gel to allow location of the purified, unlabelled product band by autoradiography.

Appropriate gel bands containing the purified products were excised and transferred, without
crushing, to sterile 15mL polypropylene tubes containing 3mL of sterile ddH,O. The excised
bands were incubated (with gentle agitation) in ddH,O overnight at room temperature. The
supernatant solution containing the purified product was then removed and desalted using
Nap-10 columns (see section 2.2.2.4) before being dried by vacuum centrifugation (Savant

DNA Speed Vac) and stored at —70°C until required.
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2.2.5 Cell Association/Uptake Studies.

Methods for cell association/uptake studies used throughout are detailed below. Details of
amendments and additional methods used are described in the relevant sections. Each
experiment was carried out in triplicate, unless otherwise stated. To grow C6 glioma cells in
multiwell cell culture plates, cells were trypsinised in a culture flask and the cell number
determined using a Neubauer haemacytometer (section 2.2.1.5). Cells were diluted to the
appropriate number per mL using maintenance media (section 2.2.1.1). C6 glioma cells were
seeded at 4.5 x 10°, 2.5 x 10°, and 1 x 10’ cells per mL in 12, 24, and 96 well plates (Falcon,
UK) respectively when used for cell association/uptake studies, unless otherwise stated. This
dilution produced approximately 70% confluent cell cultures after 24 hours incubation, after

which cells were used in association/uptake studies.

2.2.5.1 Cell Association/Uptake of Oligodeoxynucleotides.

Radiolabelled ODNs were diluted to a final concentration of 1uM in DMEM serum free media
(SFM). The use of SFM reduced the potential for enzymatic degradation of ODNs. C6 glioma
cells were seeded in 24 well plates and incubated overnight (see section 2.2.5) after which the
cells were washed twice with 1mL sterile PBS (warmed to 37°C) per well. The PBS was
aspirated and the ODN was added to the wells in 0.5mL warmed SFM. Cells were incubated
for the required time (0-6 hours) at 37°C, unless otherwise stated. Following incubation the
SFM was removed from the cells and collected. Cells were then washed 4 times with 1mL ice
cold PBS/azide (0.05% w/v sodium azide in phosphate buffered saline) and the washings
collected. Cell monolayers were solubilised by the addition of ImL triton-X100 (3% in
ddH20) for 2 hours at 37°C. The cell suspension was harvested and the wells washed twice
more with 1mL triton-X100 to remove any remaining cells. The cell suspension and the final

triton-X 100 washings were pooled and collected.

Quantities of radiolabelled ODNSs in each of the three fractions (SFM, PBS/azide washes, cell
suspensions) were assessed by liquid scintillation counting using a Packard 1900TR
Scintillation Counter. Fractions were added to SmL of Optiphase Hi-Safe 3 Scintillation

Cocktail (Pharmacia-Wallac, St.Albans, UK) and counted for 5 minutes using an appropriate
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program for the detection of **P isotope activity. Counts per minute (cpm) were recorded and
compared with background values. The half life and reference date of the **P radionucleotide

were used to account for decay during the experimental period.

2.2.5.2 Liquid Scintillation Counting.

The specific activities of radiolabelled samples were determined using a Packard 1900TR
Scintillation Counter. Samples of known volume were added to SmL of Optiphase Hi-Safe 3
Scintillation Cocktail (Pharmacia-Wallac, St.Albans, UK) in scintillation vials (Starstedt, UK)
and counted for 5 minutes using an appropriate program for the detection of *’P, '*C, and H
isotope activity. Counts were compared with background values and the half life and reference
date of the *°P radionucleotide was used to account for the decay during the experimental

period. Specific activities were calculated as cpm/puL.

2.2.5.3 The Effect of Cell Concentration on Cellular Association/Uptake.

Cell association/uptake experiments (section 2.2.5.1) were conducted using C6 glioma cells
which were seeded in ImL at 2 x 10%, 2 x 10°, and 2 x 10° cells/mL in 24 well plates. The cells
were incubated at 37°C for 1 hour with 1uM 32p_labelled 15-mer PS ODN (section 2.2.2.2).

2.2.5.4 The Effect of Time on Cellular Association/Uptake.
Cell association/uptake experiments (section 2.2.5.1) were conducted using C6 glioma cells at
a concentration of 2.5 x 10° cells/mL in 24 well plates at different incubation times (30, 60,

120, 240, and 360 minutes). The cells were incubated at 37°C with 1uM ?P-labelled 15-mer
PS ODN (section 2.2.2.2).

2.2.5.5 The Effect of pH on Cellular Association/Uptake.
Cell association/uptake experiments (section 2.2.5.1) were conducted using C6 glioma cells at

a concentration of 2.5 x 10° cells/mL in 24 well plates at different pH (5, 6, 7, and 8). For

these experiments instead of incubating in SFM, an incubation solution comprising of Hanks
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balanced salt solution (HBSS) containing 0.01% phenol red, 5SmM D-glucose and buffered
with 25mM HEPES [(N-2-hydroxymethylpiperazine)-N’-2-ethanesulfonic acid] at pH 7 and 8
or MES [2-(N-morpholine)-ethanesulfonic acid] at pH 5 and 6 was used. The cells were
incubated at 37°C with 1uM *°P labelled 15-mer PS ODN (section 2.2.2.2).

2.2.5.6 The Effect of Temperature on Cellular Association/Uptake.

Cell association/uptake experiments (section 2.2.5.1) were conducted using C6 glioma cells at
a concentration of 2.5 x 10’ cells/mL in 24 well plates at different incubation temperatures
(37°C and 4°C). The cells were incubated for 1 hour with 1uM **P-labelled 15-mer PS ODN
(section 2.2.2.2).

2.2.6 Cellular Efflux Studies.

To assess the efflux of labelled material from C6 glioma cells, a similar method to that of
Tonkinson and Stein (1994) was used. Studies were initiated in 96 well plates as described in
section 2.2.5. Cells were incubated separately with the following: 1uM 2P -labelled PS ODN,
1uM D-[ 1-"*C] Mannitol (Amersham Life Sciences, UK), or 1uM 2P -labelled PS ODN and
Lipofectamine (section 2.2.10.1) complex (1:1 charge ratio), for 2 hours at 37°C. Following
cell loading the culture plates were placed on ice and the apical medium was removed and
collected in scintillant. Cells were then re-covered in pre-warmed (37°C) SFM and incubated
for the stated efflux times (5 minutes to 5 hours). Following efflux, the cells were quickly
washed three times with ice cold PBS containing 1% bovine serum albumin (BSA), each
efflux sample was collected in scintillant. Levels of radioactive material in each sample was

determined by liquid scintillation counting (section 2.2.5.2).

2.2.7 Fluorescent Localisation Studies.

2.2.7.1 Preparation of Fluorescent Materials.

5°-FITC (fluorescein isothiocyanate) labelled ODNs were synthesised and purified as

described in section 2.2.3.2. Free FITC (mixed isomers, HPLC purified) were obtained from
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Sigma. Rhodamine B isothiocyanate-Dextran (0.002-0.01 moles RITC per mole of glucose,
approximate Mol Wt. 10000) was obtained from Sigma and purified through Nap-10 columns
(section 2.2.2.4) to remove free rhodamine. Fluorescently labelled dextrans have been
characterised as an indicator of fluid phase endocytosis and are known to reside in endocytic
vesicles of various types following cell entry (Amano et al, 1981). Unlike dextrans labelled
with fluorescein, dextran labelled with fluorophores such as rhodamine demonstrate

significantly less bleaching effect when exposed to light (Swanson, 1989).

2.2.7.2 Cell Association of Fluorescently Labelled Probes.

C6 glioma cells at a density of 1 x 10° cells/mL per well were seeded onto 8 well Permanox
chamber slides ( LAB-TEK, Naperville, USA) and incubated for 24 hours at 37°C. Following
incubation cells were washed with pre-warmed sterile PBS. 5’-FITC labelled ODNs were
diluted to a concentration of 5uM in SFM. Where co-localisation studies were to be
performed the medium containing the fluorescein labelled ODN was supplemented with SuM
RITC-dextran. In control experiments 5uM of free FITC or 5uM of RITC-dextran in SFM
were used as test samples. These media were added to the cells which were incubated for the

required period (normally 4 hours) at 37°C.

Following incubation, cells were washed four times with sterile PBS to remove traces of non-
cell associated fluorophores. The plastic chamber gasket was separated from the cells on the
slide. Slides were mounted in Vectashield Mounting Medium (used as an anti-fading agent)
for fluorescence (Vector Laboratories Inc., Peterborough, UK), and a cover slip added. The

slides were then viewed using fluorescence microscopy (section 2.2.7.3).

In all studies additional wells were seeded with cells and treated with test solutions. Cells were
then removed by trypsinisation and viable cell counts determined using trypan blue exclusion.
Cell counts were made using a haemacytometer (section 2.2.1.5). The percentage viable cells

was typically in the range of 90-95%.
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2.2.7.3 Fluorescence Microscopy.

A Jenamed fluorescence microscope (Jena Instruments, Oberkochen, Germany) and a high
pressure mercury HBO-50 light source (C-Z Scientific, Basingstoke, UK) were used to
visualise cell associated fluorophores, using epifluorescence. The excitation and emission
spectra of fluorescein and rhodamine B overlap to a small degree (Minta et al, 1989),

therefore narrow band-pass filters were required to distinguish between the fluorophores.

A 510nm wavelength blocking filter was used for detection of fluorescein and FITC labelled
probes. With reference to UV emission spectra of fluorescein and rhodamine (Minta et al,
1989), the use of the 510nm narrow band blocking filter should totally prevent any cross-over
excitation/emission from rhodamine. For the detection of rhodamine-dextran, a 590nm
wavelength narrow band blocking filter was used as recommended for the differential
detection of this fluorophore (Minta ef al, 1989). The filter sets were mounted in a mechanical
filter cube positioned above the objective lens of the microscope to permit rapid switching of

the filters and allow images of the fluorescence from multiple probes in the same specimen.

Cells were photographed using an Olympus camera with Jenamed adapter and Kodak Gold

(colour) or Illford FP4 (black and white) film (minimum ISO 200).

2.2.8 Ultrastructural Studies.

2.2.8.1 Ultrastructural Localisation of Biotinylated Materials.

Immunocytochemistry was used to detect biotin and biotinylated compounds within ultra thin
sections of C6 glioma cells. The detection method involved the use of monoclonal antibodies
raised against biotin, which specifically bind to their biotin antigen within cells, provided that
the antigen has not changed its structure. Monoclonal antibodies can be labelled with gold
particles to permit detection in ultra thin sections using transmitted electron microscopy

(TEM).
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Cells prepared for electron microscopy, are generally treated with the cross-linking fixative
glutaraldehyde to preserve cellular morphology. In addition cells are then dehydrated,
embedded within a support material and cut into extremely thin sections. However, chemical
fixatives generally have a detrimental effect on immunoreactivity because antigen structure can
be chemically destroyed. In addition, the access of antibodies to their antigens is hindered by
extensive protein cross linking within the cells (Wilchek and Bayer, 1990). Therefore a
justifiable compromise has to be found between preservation of cellular morphology and the

maintenance of immunoreactivity.

Several approaches have been used here in an attempt to limit the damage to the biotin antigen
whilst maintaining cellular morphology as far as possible. Fixation damage was minimised in
several ways: cell samples were fixed for a short time period (20-30 minutes) than would be
routinely used if preservation of cellular morphology were the sole aim. In addition, the
fixative solution contained very low levels of glutaraldehyde, which was substituted with
paraformaldehyde, a less potent cross linker. Dehydration using ethanol, was performed at low
temperatures in order to reduce extraction of cellular components by dehydration solvents.
This technique is termed the progressive lowering of temperature (PLT) method and was
followed by a low temperature embedding stage into a resin which has a low viscosity even at
very low temperatures. The combination of these measures would be expected to significantly

reduce damage to the biotin antigen within cell preparations.

2.2.8.2 Incubation of Cells for Inmunocytochemical Studies.

Cells for electron microscopy were grown on Thermanox plastic coverslips (Inter Med,
Naperville, USA) in 12 well plates. The Thermanox coverslips (sterilised by immersion in
100% analar grade ethanol for 5 minutes) were placed inside 12 well plates and C6 glioma
cells were seeded at 4.5 x 10° cells/mL per well on the coverslips. Any air trapped beneath the
coverslips was gently expelled using a sterile pipette tip. Following a 24 hour growth period
(producing approximately 70% confluent cell cultures on the cover slips) the cells were
incubated with either 10uM 5’-biotinylated ODN or 10uM biotin-dextran (Sigma, molecular
biology grade, Mol Wt. 70000) in SFM at 37°C for 6 hours.
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Control samples were prepared in parallel, where cells were incubated with either 10uM
d-biotin (Sigma, molecular biology grade, Mol Wt. 244.3) in SFM or in the absence of any
biotinylated agent for the same time period at 37°C. These cells served as a control of the

labelling specificity of biotinylated nucleic acids, as opposed to endogenous or added biotin.

2.2.8.3 Fixation for Inmunoelectron Microscopy.

Cell preparations for immunocytochemical studies were fixed for 30-40 minutes in a freshly
prepared fixative solution containing 1.5% paraformaldehyde (Sigma, microscopy grade),
0.05% glutaraldehyde (Sigma, grade I) in 0.1M PBS. This is a variation of the 205 fixative
which is commonly used to fix samples which are processed via the PLT method. Some of the
control cell samples, which had not been incubated in the presence of any biotinylated agents
were subjected to a much higher level of fixation (2.5% glutaraldehyde in 0.1M PBS). These
cells were subsequently processed via the same PLT method, however the greatly increased
level of cross linking fixative permitted greater preservation of cellular morphology. These cell
preparations were not immuno-labelled, but were viewed under the electron microscope to

assess the morphological characteristics of the C6 glioma cell line.

2.2.8.4 Dehydration of Fixed Cells by the Progressive Lowering of Temperature
(PLT) Method.

Following fixation, cells were dehydrated by the PLT method which involves stepwise
reduction in temperature as the concentration of the dehydrating agent is increased
(Armbruster et al, 1982). Fixed C6 glioma cells on Thermanox coverslips were placed inside
drilled chambers in sterile aluminium blocks containing ascending concentrations of ethanol

for 30 minute periods, at progressively lower temperatures as indicated in table 2.1.
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TABLE 2.1 Conditions for Dehydration of Fixed Cells by the PLT Method.

Ethanol Concentration Temperature Location / Equipment
30% 0°C on ice
55% —-15°C refrigerator ice box
70% -30°C cryostat chamber
100% -50°C Reichert CS Auto
100% -50°C Reichert CS Auto

2.2.8.5 Embedding and Sectioning of Dehydrated Cells in Acrylic Resin.

The purpose of the infiltration and embedding steps was to prepare the cells within a solid
medium which would have sufficient strength to allow thin sections to be cut using an

ultramicrotome.

Lowicryl HM20 (Polysciences Europe, Eppelheim, Germany) was polymerised with ‘Initiator
C’ solution (Polysciences Europe) for a short period of time with very gentle mixing to
prevent foaming. Cells were infiltrated with Lowicryl resin inside the Reichert CS Auto at
—50°C. Initially cells were exposed to a 2:1 mixture of ethanol:resin for 1 hour, followed by
exposure to a 1:2 mixture of ethanol:resin for a further 1 hour period. Cells were then
infiltrated with 100% Lowicryl resin inside the CS Auto for a 20 hour period at —50°C. The

resin solution was replenished several times throughout this period.

Cells were embedded following the addition of fresh Lowicryl resin which was polymerised at
—50°C with UV light for 48 hours in the Reichert CS Auto. The Thermanox coverslips were
broken away from the resin material leaving resin embedded cells. These were allowed to
equilibrate to room temperature for a further 24 hours prior to sectioning. Thin cell sections
(<0.1um) were cut from the resin blocks (pyramids) using a diamond knife ultramicrotome
and these sections were collected on the dull side of Formvar-coated nickel grids (Amersham,

UK).
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2.2.8.6 Immunocytochemical Labelling of Biotin Antigens within Cell Sections.

Four separate methods were available for the detection of biotin antigens within the prepared
sections of C6 glioma cells. Each detection method relies upon the visualisation of colloidal
gold particles by electron microscopy. Gold particles are highly electron dense and appear on
electron micrographs as a dark dot against the cell structure if properly contrasted by the use

of staining techniques (section 2.2.8.6).

Indirect labelling methods combine the use of a primary antibody raised against biotin, which
is subsequently detected with a secondary gold labelled agent. Indirect methods are more time
consuming than direct methods and require a greater number of controls than for direct
labelling methods in order to confirm labelling specificity. There is also a great potential for
non-specific reactions, especially where Protein A:gold is used as this binds indiscriminately to
all antibodies. Indirect methods are more widely used because primary antibody gold

conjugates are often unavailable (Wilchek and Bayer, 1990).

However, direct labelling options are commercially available for the immuno-detection of
biotin within cell preparations. Historically streptavidin is an avidin compound derived from
the bacteria Strepfococcus which has a very high affinity constant for binding to biotin
(Wilchek and Bayer, 1989). When conjugated with colloidal gold it has been used successfully
to detect a variety of biotinylated molecules within cells (Wilchek and Bayer, 1990) including
cell surface bound ODNs (Beltinger et al, 1995). However recent studies indicate that a
primary anti-biotin Ab:gold conjugate demonstrates higher levels of sensitivity in the detection
of biotin compared with streptavidin (Technical Bulletin, British BioCell International, Cardiff,
UK). Fewer controls are required with direct labelling methods to ensure labelling specificity
because only a single labelling step is required. Direct labelling methods are also less time

consuming and the overall cost of the labelling reagents is less than that with indirect methods.
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In these studies a primary goat anti-biotin antibody, conjugated to Snm colloidal gold was
used. This primary antibody preparation allows a direct, one step labelling protocol to be used
in these studies. This is in contrast to previous studies where the intracellular localisation of

antisense ODNs was assessed using an indirect labelling protocol (Beltinger et al, 1995).

Before the cell sections were exposed to the immuno-gold label, they were first exposed to
sterile blocking buffer (0.2% BSA in 0.1M sterile PBS). The cell sections on the nickel grids
were carefully placed, dull side down, onto 30uL droplets of blocking buffer for 45 minutes at
room temperature. The sterile blocking buffer was a general purpose protein solution which
would bind to sites on the sections which had non-specific affinity for proteins. Similar buffers
have been shown to significantly reduce background labelling in other studies when combined

with a suitable washing protocol (Wilchek and Bayer, 1990).

The goat anti-biotin antibody:gold conjugate (5nm gold [EM-GABS5], British BioCell
International, Cardiff, UK) was diluted 1 in 50 with sterile blocking buffer. In preliminary
studies this dilution was found to give optimal labelling with very low levels of
background/non-specific labelling. The cell sections on the nickel grids were dried and placed,
dull side down, onto 30uL droplets of the diluted immunolabelling solution and incubated

overnight in a humidified atmosphere at 4°C.

Following immunolabelling a thorough washing protocol was required in order to remove
non-specifically bound antibody:gold particles from the cell sections. The nickel grids were
first floated, dull side down, on droplets of blocking buffer for 5 minutes at room temperature.
This process was repeated four times using fresh droplets of blocking buffer. Grids were then
floated, dull side down, on droplets of sterile distilled water for 5 minutes at room

temperature, this process was again repeated four times with a fresh droplet of water.
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2.2.8.7 Cell Staining and Examination by Electron Microscopy.

Two stains were used in these studies, in order to provide contrasted images of the cell
sections: Uranyl acetate stain (2% uranyl acetate in 70% acetone) and Reynolds lead citrate
stain (0.0133g lead nitrate, 0.0176g sodium citrate, 0.08mL 1M sodium hydroxide in 50mL
sterile distilled water) were applied to the grids for 15-30 minutes each. Following the
application of each stain, the nickel grids were rinsed with sterile distilled water. All cell
section were examined using a JEOL 200X Transmission Electron Microscope, micrographs

were taken using Amersham EM photographic media.

2.2.9 Lipid Mediated Delivery of Oligodeoxynucleotides.

2.2.9.1 Preparation of Lipid-Oligodeoxynucleotide Complexes (Lipoplexes).

The lipid used was a commercial cationic lipid called Lipofectamine (Life Technologies, UK)
which  consisted of two lipid components: charged (+5) DOSPA
(2°-(1”,2”-dioleoyloxypropyldimethyl-ammonium bromide)-N-ethyl-6-amidospermine tetra
trifluoroacetic acid) and neutral DOPE (dioleoylphosphatidylethanolamine) in a
3 DOSPA : 1 DOPE ratio.

To produce the correct charge ratio (section 2.2.10.2) of lipid-ODN complex the appropriate
amounts of Lipofectamine and 15-mer PS ODN were mixed using a whirlmixer (Fisons,
Scientific Equipment, UK) for 2 minutes. The resulting reaction mixture was pulse centrifuged
using a microcentrifuge (MSE Microcentaur, Sanyo, UK) and left to stand at room
temperature for 30 minutes prior to use in C6 glioma cell experiments (Stegmann and

Legendre, 1997).
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2.2.9.2 Calculation of Lipid-Oligodeoxynucleotide Charge Ratios.

It is known that the cationic lipid Lipofectamine expresses a net positive charge of +5 while
the anionic 15-mer PS ODN had a net negative charge of —14. Therefore it was assumed that

equimolar concentrations of lipid and ODN would give the following charge ratio:

1uM Lipofectamine (+5) : 1uM 15-mer PS ODN (-14)

Hence by altering the concentration of both the lipid and ODN you can obtain the required

charge ratio:

0.2uM Lipofectamine (+1) : 0.071uM 15-mer PS ODN (-1)

2.2.9.3 The Effect of Different Charge Ratios on Cellular Association/Uptake.

Cell association/uptake experiments (section 2.2.5) were conducted using C6 glioma cells in
96 well plates with different Lipofectamine:ODN charge ratios (1:0.5, 1:1, 1:2, 1:4, 1:6, 1:8,
and 1:10) and free ODN. These charge ratios included Lipofectamine concentrations ranging
from 3 to 57uM in 100uL reaction mixture. The cells were incubated at 37°C for 1 hour with
a 10uM concentration of **P-labelled 15-mer PS ODN in the lipid-ODN complexes or on its
own (sections 2.2.2.2 and 2.2.9.1). Cellular association/uptake studies (section 2.2.5) were
also conducted with lipid-ODN complexes where a standard 20uM concentration of
Lipofectamine was used in different charge ratios and varying ODN concentrations from 4 to

71uM in 100uL reaction mixture.
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2.2.9.4 The Effect of Different Lipid Concentrations on Cellular Viability.

Cell viability studies measured by trypan blue exclusion assay (section 2.2.1.5) were
conducted using C6 glioma cells (1 x 10° cells/mL) in 96 well plates (section 2.2.5) with
varying concentrations of Lipofectamine (10, 20, 40, 100, 200, and 500uM). The cells were

incubated at 37°C for 1 hour.

2.2.9.5 The Effect of Different ODN Concentrations on Cellular Association/Uptake.

Cell association/uptake experiments as described in section 2.2.5.1 were conducted using C6
glioma cells (1 x 10° cells/mL) in 96 well plates (section 2.2.5) with different *’P-labelled
15-mer PS ODN (section 2.2.2.2) concentrations (1, 10, 20, 40, 100, 200, and 500uM). The

cells were incubated at 37°C for 1 hour.

2.2.9.6 The Effect of Time on Lipid-ODN Complex Cellular Association/Uptake.

Cell association/uptake experiments as described in section 2.2.5.1 were conducted using C6
glioma cells (1 x 10’ cells/mL) in 96 well plates (section 2.2.5) with Lipofectamine:ODN
complex at a 1:1 charge ratio (section 2.2.10.1) over different incubation time periods (1, 2, 4,
6, and 12 hours). The cells were incubated at 37°C with a 10uM concentration of *?P-labelled
15-mer PS ODN in the lipid-ODN complex (section 2.2.2.2).

2.2.9.7 The Effect of Optimised Lipid-ODN Ratio on Cellular Viability.

Cell viability studies measured by trypan blue exclusion assay (section 2.2.1.5) were
conducted using C6 glioma cells (1 x 10° cells/mL) in 96 well plates (section 2.2.5) with
Lipofectamine:ODN complex at a 1:1 charge ratio (section 2.2.10.1) over different incubation
time periods (1, 2, 4, 6, and 12 hours). The cells were incubated at 37°C with a 10uM
concentration of **P-labelled 15-mer PS ODN in the lipid-ODN complex (section 2.2.2.2).
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2.2.10 Radioligand Binding Assays.

Receptor binding studies are possible because of the high affinity that some agonists and
antagonists have for their receptor. Consequently, at low concentrations of drug, a high
proportion is bound to the receptor compared to the proportion which binds to non-receptor
sites. Although only minute amounts of receptor are present in most tissues (typically less than
Ipmole/mg protein), the amount of drug bound can be measured by radiolabelling it and
measuring the amount of radioactivity bound to the tissue. It is essential to separate the bound
drug from that which is free in solution, and this can be achieved by filtration (drug bound to
the tissue is retained on the filter paper, but unbound drug passes through) or by
centrifugation (in which the bound drug is trapped in the tissue pellet). The former is
generally, but not always the method of choice provided that the drug does not dissociate

significantly from the membranes during the process of filtration or does not bind to the filter.

2.2.10.1 Preparation of the Separating Columns for Glucocorticoid Receptor (GR)
Competition Binding Studies.

Sephadex LH-20 (Pharmacia Biotech, Uppsala, Sweden) is prepared by hydroxypropylation of
Sephadex G-25, a bead-formed dextran gel, and has been specifically developed for gel
filtration of natural products, such as steroids, terpenoids, lipids and low molecular weight

peptides, in organic solvents.

Sephadex LH-20 powder was added to excess separating buffer and allowed to swell for 3
hours at room temperature with gentle mixing. Excess buffer was then decanted to remove
any unswelled, floating particles and more buffer added to make a gel slurry in a ratio of 50%
settled gel to 50% buffer. SmL of this gel slurry (during mixing) was removed and added to
10mL BioRad separation columns to produce a 2.5mL packed volume of swollen gel per
column and allowed to settle. Each column was saturated with a solution of 1% BSA in
separation buffer by running 10mL of this solution through the column to prevent any
non-specific binding. This was then used to separate ligand bound to GR from unbound

ligand, due to differences in their molecular weights.
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2.2.10.2 Competition Binding Assay for Glucocorticoid Receptors (GR).

C6 glioma cells (250uL, equivalent to 150ug protein) or rat brain tissue (250uL, equivalent to
200pg protein) were rinsed with sterile PBS and harvested in 10ml. TEDGM buffer (30mM
Tris, ImM EDTA, 10mM molybdate, 10% v/v glycerol and 1mM dithiothreitol in ddH,O, pH
7.4 at 4°C) containing a cocktail of protease inhibitors (0.2mM aprotinin, 0.05mM pepstatin
A, ImM EDTA, 0.1mM antipain and 0.ImM phenylmethylsulfonyl fluoride). The resulting
suspension was homogenised using a motor driven teflon pestle (8 strokes at 120 rpm) and
centrifuged using an ultracentrifuge (Beckman L8-60M, USA) at 100000 g for 60 minutes at
4°C. The supernatant was discarded and the resulting pellet eluted in 500ul of TEDGM
buffer. 250ul. of this membrane solution was incubated for 24 hours at 4°C with 10nM
[1,2,4,6,7-3 H]-Dexamethasone (Amersham International plc, Buckinghamshire, UK), while
non-specific binding was determined in parallel incubations containing 2uM of the unlabelled
GR antagonist mifepristone (RU 486) obtained from Sigma (Poole, UK). To separate bound
from unbound radiolabelled ligand, 250ul. of the incubated samples were added onto the
separation column (see section 2.2.10.1) and eluted with 100ul fractions of TEDGM buffer.
20 fractions per column were collected in separate scintillation vials containing SmL of
scintillation cocktail and counted (see section 2.2.5.2). This method was based on the protocol

followed by O’Donnell et al, 1995.

2.2.10.3 5-HT;4 Receptor Membrane Preparation from C6 Glioma Cells.

Cells at confluency (40mg of cell pellet) were harvested and homogenised in ice-cold 50mM
Tris-HCI buffer, pH 7.4 (at 25°C) containing SmM MgCl, using a motor driven teflon pestle
(8 strokes at 120 rpm). The homogenate was centrifuged at 28000 g for 10 minutes. The
resulting membrane pellet was washed by resuspension in 50mM Tris-HCI buffer with 5SnM
MgClL, pH 7.4 and centrifuged at 28000 g for 10 minutes twice. The final pellet was
resuspended in 50mM Tris-HCI buffer with 5SnM MgCl, pH 7.4 and used immediately in the

binding assays. All centrifugations were carried out at 4°C.
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2.2.10.4 5-HT,. Receptor Membrane Preparation from Rat Brain Tissue.

Brain tissue (120-240mg) were weighed individually and homogenised with a motor driven
teflon pestle (8 strokes at 120 rpm) in 30 vol of sucrose buffer (0.25M sucrose in 50mM Tris
HCI, pH 7.7 at 4°C). The homogenate was centrifuged at 1000 g for 10 minutes at 4°C. The
supernatant was stored on ice and the resulting pellet resuspended in 15 vol sucrose buffer
(0.25M sucrose in 50mM Tris HCI, pH 7.7 at 4°C). The solution was centrifuged at 850 g for
10 minutes at 4°C. Both the resultant supernatants were pooled, mixed and diluted to 80 vol
with assay buffer (50mM Tris HCI, pH 7.7 at 4°C) and centrifuged at 40000 g for 10 minutes
at 4°C. The pellet was washed by resuspension in 80 vol of assay buffer and centrifuged at
40000 g for 10 minutes at 4°C. The final pellet was resuspended in assay buffer and used

immediately in the binding assays.

2.2.10.5 Saturation Binding Assay for S-HT,, Receptors.

C6 glioma cell membrane preparations (400uL, equivalent to 150ug protein) or rat brain
tissue membrane preparations (400uL, equivalent to 200-400pg protein) were incubated, to
equilibrium (15 minutes) with 8 concentrations of [’H]-ketanserin (Amersham International
plc, Buckinghamshire, UK), in 50uL assay buffer, over the range 0.5-50nM, at 37°C in a final
volume of 500uL. Non-specific binding was determined using SuM methysergide for each free
ligand concentration. Bound and free radioligand were separated by rapid filtration under
vacuum through Skatron glass fibre filters (11734) using a Skatron Cell Harvester. The filters
were rapidly washed with 8mL assay buffer (50mM Tris HCI, pH 7.7 at 4°C) and radioactivity
measured by liquid scintillation counting (see section 2.2.5.2) using 1mL of Packard emulsifier

scintillator MV Gold.

2.2.11 Western Blot Analysis of Glucocorticoid Receptor Protein Levels.

Protein blotting involves the immobilisation of proteins on synthetic membrane supports,
followed by detection using systems specifically developed for analysing blots. One very
common blotting method is the western technique, in which proteins are first resolved by gel

electrophoresis. This is followed by blotting (electrophoretic transfer) of resolved proteins
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from a gel onto the surface of a membrane (solid-phase support). When the protein is
transferred to a membrane it becomes bound to the membrane surface and is easily accessible

to many macromolecular probes (antibodies) and other detection and analysis techniques.

2.2.11.1 Preparation of Protein Samples.

C6 glioma cells (25mg cell pellet) or rat brain tissue samples (50mg) were homogenised with a
motor driven teflon pestle (8 strokes at 120 rpm) in 5 vol of 0.32M sucrose. The homogenate
was centrifuged at 30000 g for 30 minutes at 4°C. The supernatant was discarded with the
resulting pellet resuspended in 1.5 vol of Sigma SDS sample buffer (1X) and boiled for 10

minutes in a water bath and used in the western blot assays.

2.2.11.2 Electrophoretic Separation and Western Blotting.

Prepared C6 glioma cell or rat brain tissue samples (25uL, equivalent to 50pg protein) were
subjected to denaturing and reducing electrophoresis on BioRad 7.5% Tris HCl (10
well/30uL) precast Ready Gel cassettes using a BioRad Ready Gel Cell Module at 200 volts
for 40 minutes in BioRad Tris glycine/SDS buffer (25mM Tris, 192mM glycine and 0.1%
SDS). Prestained molecular weight markers (BioRad) enabled visual monitoring of
electrophoresis progression. Following electrophoresis the cassettes were opened and the gels
removed and left to equilibrate for 30 minutes in BioRad Tris glycine blotting buffer (25mM
Tris, 192mM glycine and 20% methanol). The blotting sandwich was made up using the gel,
nitrocellulose membrane (0.2um, BioRad) and blotting filter paper (Whatman) as described by
Towbin ef al, (1979). The blotting sandwich was placed in a BioRad Mini Trans-Blot Module
immersed with blotting buffer and electrophoretic transfer achieved by applying, with cooling
to 15°C, either 32 volts overnight or 100 volts for 1 hour. Following separation of the blotting
sandwich the prestained molecular weight markers provided a visual check of the efficiency of
transfer of protein from gel to nitrocellulose membrane. Occasionally nitrocellulose blots
(section 2.2.11.4) and gels (section 2.2.11.5) were stained to further assess the efficiency of

transfer.
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2.2.11.3 Detection of Glucocorticoid Receptor (GR) Protein.

Detection of the GR protein was achieved using a double antibody technique where the
secondary antibody (horseradish peroxidase conjugated Donkey anti-mouse Ig, Amersham
Life Science) was used to visualise the bands detected by the primary antibody (monoclonal
Mouse anti-glucocorticoid receptor 1gG,, Affinity Bioreagents, Inc, USA). The nitrocellulose
membrane following blotting was incubated in TBS-T (20mM Tris, 137mM NaCl and 0.1%
Tween-20, pH 7.5) blocking buffer with 5% non-fat dried milk (BioRad) for 1 hour at room
temperature. Membranes were washed briefly in TBS-T and incubated for 16-20 hours in
primary antibody at 4°C diluted 1 in 1000 with TBS-T containing 0.5% non-fat dried milk.
The membranes were then washed three times for 5 minutes with TBS-T and incubated in the
secondary antibody at room temperature for 1 hour diluted 1 in 1000 with TBS-T containing
0.5% non-fat dried milk. The membranes were then washed three times for 5 minutes with
TBS-T and the protein blots detected with Amersham’s ECL (chemiluminescence) kit and
apposed to film (ECL hyperfilm, Amersham) for 2-10 minutes. Films were developed using
freshly prepared Kodak photographic reagents. In order to check accuracy of sample loading,
selected blots were reprobed and detected as described above using a B-actin secondary
monoclonal antibody (Sigma) diluted 1 in 500 with TBS-T containing 0.5% non-fat dried

milk. Remaining procedures were as described above.

2.2.11.4 Detection of Total Protein Blotted onto Nitrocellulose Membrane.

Nitrocellulose membranes with bound protein were stained with a solution of 1% azide black
10B (BDH) in a 20% ethanol, 7% acetic acid aqueous solution for 20-30 minutes then
destained in the same solution, minus the azide black, until the background had reduced

sufficiently.
2.2.11.5 Detection of Total Protein in Electrophoresis Gels.
General protein staining of gels was achieved with a staining solution of 1% Coomassie blue

R250 (BDH) in 50% methanol, 10% acetic acid aqueous solution for 1.5 hours followed by

destaining with 10% methanol, 10% acetic acid solution in water for up to 24 hours.
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2.2.12 Protein Determination.

The protein content of C6 glioma cell or rat brain membranes was measured using the method
of Bradford, (1976), using bovine serum albumin (BSA) to generate a standard curve. Protein
concentrations for cell/tissue samples were determined from the standard curve following

computer assisted linear regression (GraphPAD Prism, version 2.01).

2.2.13 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Analysis of GR,
5-HT;s Receptor and B-actin mRNA Expression.

RT-PCR is a highly sensitive and specific method for detecting the expression of a particular
mRNA sequence in tissue or cells. It can also be used for quantification of mRNA expression
level in a sample provided appropriate conditions and controls are used. It is a 3 step process
requiring: (i) the careful isolation of intact mRNA, (ii) a single cycle of Reverse Transcriptase
catalysed cDNA synthesis from the mRNA template, (iii) repeated cycles of DNA synthesis
from the ¢cDNA template using 2 primers specific to the sequence of interest to initiate

polymerisation in the forward and reverse direction.

2.2.13.1 Extraction of RNA.

Total RNA was obtained from C6 glioma cells or rat brain tissue by treating samples with the
commercially available RNeasy Total RNA isolation kit according to manufacturers
instructions (Qiagen Ltd., West Sussex, UK). The yield of total RNA was determined by
measuring the absorbency ratio of an aliquot of the precipitated RNA stock at wavelengths of
260 and 280nm (Jenway Scientific Instruments, UK). To check for possible DNA
contamination or RNA degradation, after each extraction, 10pL RNA samples at a
concentration of 0.1pg/uL. were subjected to 1% agarose gel electrophoresis at 80 volts for

1-2 hours and ethidium bromide staining as described in section 2.2.13.2.
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2.2.13.2 Agarose Gel Electrophoresis.

Agarose gels (1-2.5%) were prepared by mixing the appropriate weight of agarose with
150mL 1X TBE, warming gently in a microwave until the agarose had dissolved. The agarose
solution was poured into a plastic mould (10cm x 10cm) taking care not to introduce air
bubbles. A 10cm BioRad comb with 20mm slots was positioned in the liquid agarose solution
at one end of the mould to form sample wells. The agarose solution was then allowed to set at
room temperature, before the comb was removed. The gel was transferred to an
electrophoresis tank (BioRad DNA Sub Cell) filled with 2000mL 1X TBE running buffer.
RNA/DNA samples were mixed with Sul. of Blue/Orange 6X loading dye (Promega, USA)
and loaded into the wells. A 100 base pair (1pg/ul) DNA ladder (Pharmacia Biotech,
Sweden) was added in parallel wells mixed with loading dye for size determination of DNA
product bands. Samples were electrophoresed using 100 volts supplied by a BioRad power
source for 2-3 hours. Agarose gels were developed by soaking in 200mL 1X TBE buffer with
20uL ethidium bromide (10mg/mL) for 45 minutes. Specific product bands separated on the
agarose gels were viewed and identified using an UV Transilluminator (UVP Inc., Upland,
USA) with Grab-IT Annotating Grabber version 2.04 software (Synoptics Ltd., Cambridge,
UK).

2.2.13.3 Oligonucleotide PCR Primers.

Amplification primers were custom synthesised by Gibco BRL (Life Technologies Inc.,
Paisley, UK). The following primer pairs were used in the RT-PCR experiments to produce

their specific PCR product:

(a) Rat Glucocorticoid Receptor

Forward Primer Sequence (5’ to 3°):
911-AGA TAC AAT CTT ATC AAG TCC C-932

Reverse Primer Sequence (5 to 3°):
1420-TGA CAT CCT GAA GCT TCA TCG GAG C-1395

Product Size: 1420-911= 509 base pairs
Accession Number: M14053
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(b) Rat 5-HT,, Receptor

Forward Primer Sequence (5’ to 3°):
1031-GCT GGG CAT CGT GTT CTT CC-1040

Reverse Primer Sequence (5° to 3°):
1247-CTG AAT GTA CCT TGA GAA GG -1228

Product Size: 1247-1031= 216 base pairs
Accession Number: M30705
(c) Porcine B-actin Protein

Forward Primer Sequence (5’ to 3°):
1-GTG GGC CGC TCT AGG CAC CA-20

Reverse Primer Sequence (5’ to 3°):
245-CGG TTG GCC TTA GGG TTC AGG GGG G -221

Product Size: 245—1= 244 base pairs
Accession Number: AF054837

2.2.13.4 Reverse Transcription (RT).
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All reagents, including buffers, that were used for RT-PCR were obtained from Promega

(Madison, USA) unless otherwise stated. Total RNA (25ng/uL) samples in RNAse free

diethyl pyrocarbon (DEPC) treated ddH,O (see section 2.2.13.1) were incubated in a thermal

cycler (Hybaid, UK) with Moloney murine leukemia virus (MMLV) reverse transcriptase

(200units/uL, Gibco BRL, UK) for 1 hour at 42°C and 3 minutes at 94°C in a total reaction
volume of 20uL containing 10X thermophilic buffer (10mM), MgCl, (25mM), RNase

inhibitor (40units/uL), 10mM of each deoxynucleotide triphosphate (ANTP) and oligo(dT)

random hexamer primer (0.5pg/uL, Gibco BRL, UK). The resulting RT samples were cooled

on ice for 5 minutes before being used in the PCR step.
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2.2.13.5 Quantitative Competitive Polymerase Chain Reaction (PCR).

20pL of the RT sample was mixed with amplitag DNA polymerase (5units/ul., Gibco BRL,
UK) in a total reaction volume of 120uL containing 10X thermophilic buffer (10mM), MgCl,
(25mM) and the appropriate test amplification primers (50pg/mL per primer) with the control
B-actin primers (10pg/mL per primer) as described in section 2.2.13.3. The samples were
made up to volume with DEPC ddH,O and covered with 30ul. of mineral oil (Sigma, UK).
PCR cycles were performed in an automated thermal cycler (Hybaid, UK) with the following
temperature profile: denaturation at 94°C for 45 seconds, primer annealing at 60°C for 45
seconds and primer extension at 72°C for 1.5 minutes. After an initial denaturation step (94°C
for 5 minutes), the cycle was repeated 30 times. The last cycle was followed by a final
extension step of 10 minutes at 72°C. Following PCR 20uL of the resulting samples were
electrophoresed on a 2.5% agarose gel and stained with ethidium bromide as described in
section 2.2.13.2. Quantification of the PCR product bands were normalised to the control
B-actin bands using a densitometry package with Scion NIH image analysis software (Scion

Corporation, Maryland, USA).

2.2.14 Probing Accessible Sites for Antisense Oligonucleotides on GR mRNA.

A major hurdle to the wider application of antisense ODNs is the identification of active
antisense sequences which are effective in their ability to inhibit protein synthesis. Thus an
empirical selection and screening method in the form of RNAse H accessibility mapping was
adopted. This involved probing the RNA transcript of interest with a random library of
antisense ODNs. Regions on the RNA accessible to hybridisation with members of the ODN
library were cleaved using the enzyme RNAse H (which acts on RNA-DNA duplexes). These

regions are then used to design and optimise antisense ODNs.

2.2.14.1 Antisense ODNs and ODN Library Synthesis.

Phosphorothioate 21-mer antisense ODNs and phosphodiester 12-mer random ODN libraries
were chemically synthesised on an ABI 392 automated RNA/DNA synthesiser (Applied

Biosystems, UK) using phosphoramidite chemistry, with tetraethyl thiuram disulphide as the
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sulphurising reagent. The ODNs were desalted using sephadex G25 gel-filtration (Pharmacia
Biotech, UK).

2.2.14.2 T7 Promoter Site RT-PCR.

A 509 base pair fragment of GR ¢cDNA with a 23 base pair T7 promoter site (TTC TAA TAC
GAC TCA CTA TAG GG) attached to the 5’-end was generated by performing a RT-PCR as
described in section 2.2.13 with the incorporation of a T7-GR forward primer (5°-TTC TAA
TAC GAC TCA CTA TAG GGA GAT ACA ATC TTA TCA AGT CCC-3’, Gibco BRL,
UK) and GR reverse primer (section 2.2.13.3) in the PCR step at concentrations of 50ug/mL
in the absence of the control B-actin primers. The integrity of the resulting product was
determined by 2.5% agarose gel electrophoresis with ethidium bromide staining (section
2.2.13.2). The T7 GR c¢DNA fragment was used as the template for generating a GR RNA

transcript using an in vitro transcription reaction (section 2.2.14.3).

2.2.14.3 In Vitro Transcription.

A 515 base pair GR RNA transcript, [**P]-radiolabelled at the 5’-end, was generated to act as
the substrate for the RNAse H accessibility mapping reactions using a SP6/T7 Transcription
Kit (Boehringer Mannheim, UK). T7 GR ¢DNA (0.3ug/uL) samples in DEPC ddH,O (see
section 2.2.14.2) were incubated in a thermal cycler (Hybaid, UK) with T7 RNA polymerase
(10units/uL) for 1 hour at 30°C in a total reaction volume of 20uL containing 10X
transcription buffer (10mM), RNase inhibitor (20units/ul), 10mM of each ribonucleotide
triphosphate (rNTP) and [y-"*P] guanine triphosphate (GTP) (400 Ci/mmol, Amersham Life
Sciences, UK). Following transcription the samples were incubated with DNase I (10units/pL)
for 15 minutes at 37°C to remove cDNA template fragments. Samples were finally purified
using the RNeasy Total RNA isolation kit (Qiagen Ltd, UK) and used in the RNA accessibility

mapping experiments.
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2.2.14.4 RNAse H Mapping of Antisense ODN Accessible Sites.

Each mapping reaction contained 0.1uM 5°-**P-labelled RNA transcript, 5S0mM Tris HCI,
10mM MgCl,, 50mM KCI, 10mM DTT, RNase inhibitor (20units/uL), 0.5nM random 12-mer
ODN library or specifically designed PS antisense ODN and RNase H (25units/puL, Boehringer
Mannheim, UK) in a total reaction volume of 10uL. The mixture was incubated for 30
minutes at 37°C and analysed by 6% denaturing (7M urea) PAGE at 25 watts for 2.5 hours as
described in section 2.2.4.1. Autoradiography was performed as described in section 2.2.4.2.

The cleaved RNA fragments were sized using the RiboMark labelling system (Promega,
USA).

2.2.14.5 In Vitro Treatment of C6 Glioma Cells with Designed Antisense ODNs.

The chosen 21-mer PS antisense ODN was complexed with Lipofectamine to produce a lipid-
ODN complex (lipoplex) at a charge ratio of 1:1 (section 2.2.10). C6 glioma cells were seeded
at 1 x 10* cells/mL/well in 24 well plates and allowed to settle for 12 hours at 37°C in normal
maintenance medium (section 2.2.1.1). The cells were then incubated with the lipid-ODN
complex at a specified concentration in ImL of SFM at 37°C for 4 hours. Following
incubation the medium was removed and the cells washed with sterile PBS (warmed to 37°C)
and replenished with maintenance medium at 37°C. The cells were incubated for a further 20
hours at 37°C. This step of lipoplex treatment for 4 hours followed by its withdrawal for 20
hours was repeated a further 4 times, totalling a period of 5 days of continued cell growth.
After this period the cells were harvested for the measurement of GR or 5-HT,a receptor

expression. Each treatment was carried out in triplicate (n=3).

2.2.15 Preparation of ODN Loaded Microspheres.

Microspheres can be defined as microporous spherical matrix systems where the drug is
uniformly dispersed throughout the polymer. They have the advantage of being used for a
wide number of delivery routes depending on their desired application. Microspheres can be
prepared by several different methods. Solvent evaporation is the most common where the

polymer is dissolved in a volatile organic solvent (e.g. dichloromethane). The drug to be
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incorporated is either dissolved or suspended in the polymer solution and the resulting mixture
is emulsified in an aqueous phase containing an emulsifier. Evaporation of the solvent occurs

during stirring, forming solid drug-loaded microparticles.

2.2.15.1 Double Emulsion Method of Preparing Loaded Microspheres.

A 90uL aliquot of aqueous ODN solution of known concentration was mixed with 10uL 4%
poly vinyl alcohol (PVA) and added dropwise to 500mg of polymer [Poly D,L-lactide co-
glycolide 50:50 P(LA:GA), Mw. 3000 (ref RG 502) obtained from Boehringer Inglheim,
Germany] dissolved in SmL of dichloromethane and stirred at 4000 rpm using a Silverson
SL2T mixer (Silverson Machines Ltd., UK) for 2 minutes at room temperature. This formed
the primary emulsion and was later added to 160mL of aqueous external phase (0.9%w/v
NaCl and 4%w/v PVA in sterile ddH,0) at 4°C and stirred using a Silverson SL2T mixer at
6000 rpm for 5 minutes at room temperature. The mixture was then left stirring gently (in a
beaker covered with punctured parafilm) overnight on a magnetic stirrer (Stuart Scientific,
UK). The resulting spheres were centrifuged at 4000 rpm for 10 minutes (43124-704 rotor,
Mistral 3000 I centrifuge, MSE Ltd., UK). The supernatants were discarded and the polymer
pellet washed by resuspension in sterile ddH,O and centrifugation as above. This wash
protocol was carried out a total of three times to remove any emulsifier and non-encapsulated
ODN. The washed microsphere pellet was finally resuspended in 3mL of sterile ddH,O and
frozen at —70°C, followed by freeze drying for 1-2 days (Edwards/Modulyo Freeze Dryer,
BOC Ltd., UK).

2.2.15.2 Scanning Electron Microscopy (SEM) of Microspheres.

The surface morphology of polymer microspheres was examined using a Cambridge
Instruments Stereoscan 90 Scanning Electron Microscope connected to a computer imaging
system. The samples were thoroughly dried and embedded in carbon adhesive on aluminium
stubs and gold coated in an Emscope SC 500 sputter coater, in order to obtain a conducting

specimen surface. Microsphere images were recorded using the computer imaging software.
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2.2.15.3 Microsphere Particle Size Determination.

Approximately 10mg of polymer microspheres were added to 10mL of 0.2um filtered water
and injected into a Malvern Mastersizer E, Class 1 particle sizer (Malvern Instruments, UK).
The average size and size distribution range of the microspheres were plotted using a Malvern

computer software package (Malvern Instruments, UK).

2.2.16 Surgical Procedure for ICV Administration.

Male Wistar rats (Charles River, UK) weighing 270-310g at time of surgery were housed in
groups of 2 on a 12 hour light/dark cycle (lights on at 07:00 hours, 21 + 1°C and 55%
humidity). Rats were allowed free access to food pellets (standard rat diet) and water at all
times. Following an acclimatisation period of two weeks the rats were surgically prepared for
ICV ODN administration. Rats were anaesthetised through a mouthpiece using isoflurane (5%
for induction and 2.5% for maintenance) with N;O and O, (flow rate set to 1 L/min) and
placed in a Kopf stereotaxic frame with the incisor bar connected to a mouthpiece delivering
maintenance anaesthetic. The rats were gently wrapped in a towel and the Kopf frame ear bars
inserted. Under aseptic conditions the surface of the skull was exposed, a small burr hole was
made at the site of injection, followed by puncturing of the dura. A single 2uL injection was
made into the left lateral ventricle at co-ordinates: 0.9mm caudal to bregma, 1.4mm lateral and
3.5mm below the surface of the dura (Paxinos and Watson, 1986). Injections were made using
a 10pL Hamilton syringe (30 gauge needle) over a 2 minute period. The syringe was left in
place for a further 1 minute before being slowly withdrawn. The burr hole was then sealed
using bone wax and the region closed using Vetbond tissue adhesive (3M Animal Care
Products, Germany). The animals were then allowed to recover from the anaesthetic in new

warm padded cages before being returned to original home cages.
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2.2.17 Cryostat Sectioning of Rat Brains.

Male Wistar rats (270-310g) were killed using exposure to a rising concentration of CO,
followed by dislocation of the neck. The rats were decapitated and the skull opened to reveal
the brain. Brains were carefully removed intact (over dry ice) and immediately frozen in
isopentane cooled on dry ice to —40°C. The brains were then stored at —70°C until sectioning.
Sections were cut on a Bright OTF cryostat (Bright Instruments Company Ltd., UK) by
placing the tissue on a 2cm wide droplet of partially frozen OCT compound (BDH Laboratory
Supplies, UK), on an aluminium cryostat chuck. The brain and OCT compound were kept
partially frozen during manipulations with the aid of ‘Cryo-Jet Freezing Spray’ (BDH
Laboratory Supplies, UK). Brains were sectioned either at coronal, sagittal or horizontal
planes at thickness of 10-20um, with the cryostat maintained at —22°C. Sequential
cryosections were collected on gelatin coated glass microscopes slides (‘Superfrost Plus’,
25mm x 75mm, BDH Laboratory Supplies) and stored at —20°C until used in further

processes.

2.2.18 Preparation of Tissue Sections for Fluorescence Microscopy.

Tissue sections were prepared and mounted on glass microscope slides as described in section
2.2.17. Cryosections on the slides were fixed in acetone at 4°C for 30 seconds and allowed to
air dry for 2-3 minutes, after which they were mounted in glycerol (50%) in PBS containing
1% v/v diazobicyclo [2,2,2] octane (DABCO) and a cover slip added. Tissue sections were
examined using a Jenamed fluorescence microscope as described in section 2.2.7.3 and
photographed using an Olympus camera with Jenamed adapter and Kodak colour Gold film
(ISO 800).
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2.2.19 Staining of Tissue Sections for Microscopy.

With reference to a stereotaxic atlas (Paxinos and Watson, 1986), structures within sequential
cryosections can be identified, if the sections are suitably stained. This atlas catalogues the
appearance of structural features in sequential sections of the rat brain. To allow anatomical
regions of the brain to be more easily identified, and check for any neuronal toxicity, cresyl

violet staining was used.

2.2.19.1 Cresyl Fast Violet Technique for Nissl Substance.

Brain cryosections were examined for histological damage, neuronal loss and glial cell
proliferation using cresyl violet staining. Sections (see section 2.2.17) were initially rinsed in
ddH,O then stained with 0.5% cresyl violet for 10 minutes at room temperature. The sections
were differentiated in ddH,O before dehydration through 70%, 95% and 100% ethanol, then
cleared in 100% xylene. The sections were mounted using a single drop of DABCO and a
glass coverslip added, and were then allowed to air dry before being examined on the Jenamed

microscope for qualitative structural changes.

2.2.19.2 Intracerebroventricular (ICV) Injection of Fluorescent Probes.

5°-FITC labelled 21-mer GRASS antisense ODN (Life Technologies Inc., Paisley, UK) was
administered ICV to male Wistar rats (270-310g) as described in section 2.2.16 in either
polymer complexed or free form in an injection volume of 2uL. Following administration and
recovery the animals were housed for either 1 or 5 days before being killed using CO,
exposure followed by dislocation of the neck (Schedule 1) and having their intact brains
removed (section 2.2.17). The brains were processed and sectioned using a cryostat as
described in section 2.2.17. Cryosections were then analysed for ODN in vivo CNS

distribution using fluorescence microscopy (section 2.2.18).
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2.2.20 Animal Post-operative Well-being Assessment.

To assess any neurotoxic effects of the treatment following surgery, rat well-being
observations using a set of behavioural parameters over a specific period of time were carried
out blind at determined intervals. For observations, treated rats were compared to normal
untreated rats. This table of behaviour was devised by Dr. S.L. Handley (see table 2.2) and
assesses the following behavioural parameters: locomotion, gait, posture, muscle tone,
stereotypy, salivation, cyanosis and dyspnoea. Any difference seen in the behaviours of the test
animal compared to normal untreated rats would be noted at that particular time interval. Rat

well-being was assessed for a period of up to 5 days.

TABLE 2.2 Rat Behaviour Assessment Sheet.

L G | M S S C D (0]
RAT 0] A 0] U T A Y Y T
NO. C I S S E L A S H
0] T T C R | N P E
M U L E A\ O N R
(0] R E 0 A S O
T E T T T 1 E
| 0] Y I S A
(0] N P o
N E Y N
TIME:

LOCOMOTION:

This is the amount of animal movement (walking or running) from one place to another.
moving a lot more

moving more

- normal

moving less

moving a lot less
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GAIT:

This is how the animal moves (rolling and waddling gait indicates problems with motor
coordination).

extreme ‘drunken’ walk

marked rolling ‘drunken” walk

definitely waddling from side to side

slightly rolling/waddling
normal

POSTURE:

This is how high the animal is off the ground, when walking and when still.
body very high when moving or when still

body fairly high when moving or when still

normal

body fairly low when moving or when still

body very low with little movement

MUSCLE TONE:

This is how floppy, firm or tense the animals body feels when picked up by the handler.
feels extremely tense

feels detectably more tense

_ normal

feels fairly floppy or droopy

feels extremely floppy and droopy

STEREOTYPY:

This is a response to stimulant drugs and manifests as the animal showing vacuous chewing or
vacuous licking.

continuous

almost continuous

moderate intermittent

slight intermittent

BN o:a!

SALIVATION:

Normal animals do not salivate. Salivation occurs either when the rat is too hot or when a
drug acts on the salivation mechanism.

extreme wetness (dribbling)

marked wetness (chin soaking)

moderate wetness

mild-detectable wetness

o
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CYANOSIS:

This is a dusky grey-blue colouration of bare skin (tails and ears) which indicates
deoxygenation of the blood.

extreme

marked

moderate

mild

B ol

DYSPNOEA:

You can barely see the breathing of normal rats. Therefore large breathing movements may
indicate the animals are distressed.

extreme

marked

moderate (heaving)

mild (sedated)

R v

OTHER:
Any behaviour not included above is scored in this section. Specifying nature of the change.

In addition to the well-being assessments the treated animals were also weighed daily and
following the experimental endpoint had their adrenal glands removed and weighed to check

for any systemic effects arising from treatment with the antisense compounds.

2.2.21 DOI Induced Rat Head-Shake Observations.

Male Wistar rats (270-310g) following ICV administration of test compounds as described in
section 2.2.16 were housed in home cages in groups of 2 under control conditions (section
2.2.16). Following a period of 5 days post-surgery the animals were assigned to groups of 8
according to the day of surgery and received (0.5mL, i.p.) 1-(2,5-dimethoxy 4-iodophenyl)-2-
amino propane hydrochloride (DOI) made up in sterile saline solution to give a concentration
of 0.6 mg kg™'. Each animal after DOI administration was isolated and placed in a separate
chamber and observed for definite DOI-head-shakes for 20 minutes following i.p.
administration. The DOI-head-shake observations were recorded using a SONY video
recording system. The animals were then killed immediately after observations had been
recorded using CO, exposure followed by dislocation of the neck (Schedule 1). Results of the
DOI-head-shakes were then summarised in one time bin of +10-20 minutes after DOI

injection. Two rats from each treatment group were tested using DOI each day and the results
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from 4 days were pooled to give a final #» number of 8 rats per treatment group. The DOI-
head-shake counts recorded for each rat was made under ‘blind’ conditions to minimise any

subjective variations to the result.

2.2.22 In Vivo ODN Stability Studies.

The stability of ICV administered 21-mer ODNs both in the polymer complexed and free form
was examined at various times after administration, in rat brain homogenates. Brain tissue
were homogenised with a motor driven teflon pestle (8 strokes at 120 rpm) in 10mL PBS and
heated to 65°C for 30 minutes. The mixture was centrifuged at 3000 g for 30 minutes at 4°C
and the pellet discarded. The resulting supernatant was desalted using Nap-10 columns (see
section 2.2.4.2) and dried by vacuum centrifugation (Savant DNA Speed Vac). The dried
pellet was reconstituted with Syl of sterile ddH,O and 5°-end radiolabelled and purified as
described in section 2.2.3.1. The 5°-[**P] labelled samples were analysed by 20% denaturing
(7TM urea) PAGE and autoradiography (see section 2.2.4) in the presence of known quantities

of 5°-[*’P] labelled 21-mer PS antisense ODNSs run in parallel lanes as size markers.

2.2.23 Statistics.

Unless otherwise stated, unpaired student’s t-test (two-sample assuming equal variances) was
used to determine whether there were significant differences between mean values of data
obtained from different experimental populations. The Microsoft Excel version 5.0a package

was used for this purpose (Fame Software Library, Fame Computers, USA).

Low P values indicated that experimental populations were unlikely to be sampled from
populations with equal mean values. Data sets were assumed to be significantly different when
P values below 0.05 were calculated. The test assumed that data were randomly sampled, that
each value was obtained independent of others and that the populations were scattered

according to a Gaussian distribution.
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CHAPTER THREE
UPTAKE AND SUB-CELLULAR TRAFFICKING OF
ANTISENSE OLIGODEOXYNUCLEOTIDES

3.1 Introduction.

Theoretically antisense ODNs have the potential to be very effective biological tools at the
molecular level. However the problems of stability, cellular uptake and intracellular trafficking
are some of the main issues which must be addressed before antisense ODNs become standard

neuropharmacological tools.

Antisense ODNs are prone to rapid degradation by endogenous exo- and endonucleases
(Leonetti er al, 1991; Akhtar et al, 1992). This problem of nuclease degradation has been
largely solved by using chemically modified ODNs (Crooke, 1991). Phosphorothioate (PS)
ODN:s, in which an oxygen in the internucleotide linkage is substituted with a sulphur atom,
are most widely used as an alternative to the unmodified phosphodiester ODNSs thus extending
the intracellular half-life of antisense ODNs and allowing a sufficient level of inhibition in
specific gene expression. Exogenously administered ODNs reportedly enter cells by a
combination of different endocytic mechanisms including fluid phase (pinocytosis), adsorptive
and receptor mediated endocytosis (for reviews see Akhtar and Juliano, 1992; Reddy, 1996).
Various specific oligonucleotide receptors have also been proposed, including an 80 kDa cell
surface protein (Loke ef al, 1989; Yakubov er al, 1989) and a 46 kDa protein (Akhtar er al,
1996; Hawley and Gibson, 1996). The precise mechanisms of ODN uptake however appear to
be dependent upon a whole host of factors, including ODN length, chemistry, conformation,

concentration and cell type as well as the cell culture conditions used (Akhtar, 1998).
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In addition to delayed degradation, an advantage of phosphorothioate ODNs is that they have
an increased affinity for the cell membrane compared to phosphodiester ODNSs, and
competitively inhibit the uptake of phosphodiester ODNs (Stein, 1997). Consequently
phosphorothioate and phosphodiester ODNSs are thought to at least partially share the same
mechanism of entry, possibly through the same binding proteins, and enter through either
receptor-mediated endocytosis or adsorptive endocytosis (Zhao et al, 1993). Methyl-
phosphonates, however, which are uncharged and lipophilic, do not compete with either
phosphodiester or phosphorothioate ODNs for uptake and are thought to enter cells by a
distinct uptake pathway, namely fluid phase endocytosis or by adsorptive endocytosis (Shoji ef
al, 1991). As regards the effect of sequence on cellular uptake, it has been reported that
purine rich ODNs demonstrate greater cellular uptake than pyrimidine-rich sequences (Zhao ef
al, 1993) and more recent research by Agrawal er al (1996), suggests that sequence and the
resulting secondary structure influences the magnitude of cellular association, since guanine
rich ODNs that form tetraplexes were shown to become cell associated in greater quantities

than other ODNSs, as a result of their defined secondary structure.

Delivery strategies such as the use of self-assembled cationic liposomes to produce lipoplexes,
have been employed mainly in vifro in an attempt to enhance both cellular selectivity and
uptake of antisense ODNs (Bennett et a/, 1992). Cationic liposomes, which consist mainly of a
positively charged lipid with a neutral lipid at a certain weight ratio, form stable complexes by
intercalating with ODNSs; the interaction involved is of an electrostatic nature involving the
negatively charged deoxyribose-phosphate backbone and the cationic surface of the liposome.
This lipid-ODN complex can improve delivery to cells due to enhanced cellular binding
leading to greater cell membrane transfer of ODNs (Bennett es a/, 1992). However, as entry
of ODNSs into the right intracellular compartments (cytoplasm and/or nucleus) is an important
determinant of antisense ODN efficacy, it is important to investigate the cellular uptake and
intracellular trafficking of these molecules in both cell culture and in animal models, but

relatively few studies have examined this in detail for brain cells.

109



Chapter 3: Uptake and Sub-Cellular Trafficking of Antisense ODNs

Lipofectamine™ is a commercial cationic liposome formulation which consists of two lipid
components: positively charged multivalent (+5) 2’-(17,2”-dioleoyloxypropyldimethyl-
ammonium bromide)-N-ethyl-6-amidospermine tetra trifluoroacetic acid (DOSPA) and neutral
dioleoylphosphatidylethanolamine (DOPE) in a 3DOSPA : 1DOPE ratio. Virtually all cellular
membranes have a local negative charge, from the presence of glycosylated integral membrane
proteins and phospholipids, but neurons and glia in particular have an additional internal
negative charge due to electrogenic Na'/K'/ATPase activity. Thus, positively charged DOSPA
helps the liposome to bind to the cell membrane by charge interactions which are not tissue
specific (Zhou and Huang, 1994). However, charge ratio is also a determinant of efficacy.
Charge ratio is the net negative charge being exhibited by the anionic ODN phosphate
backbone and the net positive charge from the liposomes cationic lipid, and has been reported
to be an important determinant in the efficiency of cellular association/uptake (Bennett et al,
1992; Zelphati et al, 1996). DOPE is an inverted-cone-shaped lipid and it is included in the
liposome because it is thought to facilitate cytosolic release through the fusion to and/or the
disruption of the endosomal membrane (Farhood et al, 1992). The combined actions of these

components are thought to increase the cellular association and transfer of ODNs.

Cationic liposomes appear to enhance biological activity of the encapsulated ODN by
increasing the amount of ODN entering the cell, protecting nuclease sensitive ODNs from
degradation and increasing sub-cellular distribution of the ODN within the cell (Bennett et al,
1992). How the nucleic acid is released from the cationic lipid complex is not clearly
understood and is mainly of a speculative nature (Zelphati et al, 1996). Zelphati et al (1996),
have shown that no localisation of ODN occurs in the nucleus at a neutral charge (equal molar
ratio of 1:1) whereas at a 10:1 charge ratio approximately 70% of the ODN was localised in
the nucleus thus suggesting that charge ratio is critical for optimal activity of cationic
liposomal delivery of ODNSs. It has also been suggested that optimal charge ratio varies with

the type of cationic lipid and the type of cell line being used (Bennett et al, 1992).
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The objectives of this chapter are to characterise the common properties of chemically
modified PS ODNs, which are intended to be used throughout this thesis, in terms of cellular
uptake and intracellular biodistribution in cultured rat C6 glioma cells in the presence and
absence of cationic lipids. C6 glioma cells are CNS derived and express both receptors of
interest (i.e. GR and 5-HT,4 receptors; Benda, 1968) and thus were chosen as the cell culture
model for these studies. These studies involve optimising cell association/uptake of lipid-ODN
complexes for charge ratio. Using a combination of electron microscopy, fluorescence
microscopy and efflux studies the altered intracellular trafficking and biodistribution of lipid-
ODN complexes was studied. The level of cytotoxicity to C6 glioma cells as a result of lipid-
ODN exposure were also investigated using cellular viability studies. These findings have
important implications in relation to developing an optimised self-assembling lipoplex delivery
system for potential use of ODNs as investigative biological tools on an i vifro or possibly in

vivo level.

The main purpose of the studies covered in this chapter in relation to the thesis objectives
were to optimise and characterise a cationic liposomal delivery system at an in vitro level for
phosphorothioate ODNs in order to achieve maximal cellular penetration and distribution of
antisense sequences to postulated intracellular target sites (nuclear and cytoplasmic regions).
This would provide the means of attaining superior levels of antisense efficacy at the cell
culture level in combination with the other important element of optimal antisense sequence

design.

3.2 Methods.

All relevant methods are described in chapter two, with any additional information given in the

relevant results section.
Results in this chapter unless otherwise indicated were statistically compared using a one-way

analysis of variance with treatment as factor. Post hoc comparisons were made using

Dunnett’s test. In all statistical analysis a value of p<0.05 was considered significant.
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3.3 Results.

3.3.1 Cell Association/Uptake Studies.

A 15-mer PS ODN sequence (5°-TTC TTT GGA GTC CAT-3"), designed against the first 15
bases of the rat GR ¢cDNA nucleotide sequence (Miesfeld er al, 1986), was synthesised,
purified, quantified and 5’-end **P radiolabelled as described in sections 2.2.2 and 2.2.3 and
used in all of the studies in this chapter. To assess how cell culture density affects cellular
association/uptake, the 15-mer PS ODN was incubated at 3 different cell concentrations as
described in section 2.2.5.3. As expected, cell association/uptake of PS ODN increased with
increasing cell concentration (Figure 3.1), but percentage cell association per cell decreased
with increasing cell concentration (Figure 3.2). This would suggest that cell association/uptake

is inversely proportional to cell number.

Mean % Cell Association/Uptake
S

2 20 200

Cell Concentration (cells/imL x 10" )

Figure 3.1 Effect of C6 glioma cell concentration on the cellular association/uptake of 1uM 15-mer PS
ODN in SFM at 37°C and incubated for 1 hour at pH 7.2. Cell-associated ODN expressed as percentage
of the total amount applied to the monolayer. Data are mean values + standard deviation, where n=4,
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0.8 +

Mean % Cell Association/Uptake per
Cell (x 108)

2 20 200
Cell Concentration (cells/mL x 104)

Figure 3.2 Graph showing percentage cellular association/uptake of 1pM 15-mer PS ODN in SFM at
37°C and incubated for 1 hour at pH 7.2 per C6 glioma cell. Data calculated using Figure 3.1.

The cellular association/uptake of PS ODNs was defined at selected time intervals and carried
out as described in section 2.2.5.4. As shown in Figure 3.3 cellular association/uptake of the
ODN appeared to occur via a biphasic process with an initial rapid phase of association over

the first 60 minutes followed by a slower secondary phase of cellular interaction.

12 +

Mean % Cell Association/Uptake
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t t t ? i
0 60 120 180 240 300 360
Time (minutes)

Figure 3.3 Effect of incubation times on C6 glioma cellular association/uptake of 1uM 15-mer PS ODN
in SFM at 37°C and pH 7.2 using 2.5x10° cells/mL. Cell-associated ODN expressed as percentage of the
total amount applied to the monolayer. Data are mean values + standard deviation, where n=4.
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The cellular association/uptake of PS ODNs when investigated at different pH as described in
section 2.2.5.5 showed that a decrease in pH from 7 to 5 resulted in a significant 2 fold
increase (p<0.05) in the cellular association/uptake of the ODN, while an increase in pH from

7 to 8 caused a significant reduction (p<0.05) in cellular association/uptake (Figure 3.4).

Mean % Cell Association/Uptake

Figure 3.4 Effect of pH on C6 glioma cellular association/uptake of 1pM 15-mer PS ODN in SFM at
37°C and 1 hour incubation using 2.5x10° cells/mL. Cell-associated ODN expressed as percentage of the
total amount applied to the monolayer. Data are mean values *+ standard deviation, where n=4
(Dunnett’s test, *p<0.05 compared to pH 7, **p<0.05 compared to pH 7).

To assess the temperature-dependence of cell association/uptake, C6 cells were incubated
with phosphorothioate (PS) ODNs at two differing incubation temperatures as described in
section 2.2.5.6. Figure 3.5 shows that a decrease in the incubation temperature from 37°C to
4°C resulted in a significant reduction (p<0.05) in the ODN cellular association/uptake, thus

indicating that PS ODN cell association/uptake is a temperature-dependent, active process.

Mean % Cell Association/Uptake

Temperature (OC}

Figure 3.5 Effect of temperature on C6 glioma cellular association/uptake of 1uM 15-mer PS ODN in
SFM at 37°C and 1 hour incubation using 2.5x10° cells/mL. Cell-associated ODN expressed as
percentage of the total amount applied to the monolayer. Data are mean values + standard deviation,
where n=4 (unpaired t-test, *p<0.05).
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3.3.2 Lipid Mediated Delivery of Oligodeoxynucleotides.

3.3.2.1 Cellular Association/Uptake of Lipid-ODN Complexes.

The effect of the lipid-ODN complex at varying charge ratios on the cellular
association/uptake of the radiolabelled ODN, compared with free radiolabelled ODN, is
shown in Figure 3.6. This study was performed (see section 2.2.9.3) in two ways: (i) using
fixed concentration (10uM) of the 15-mer PS ODN and varying lipid (Lipofectamine)
concentration to attain the correct charge ratio (Figure 3.6A) and (ii) using a total fixed
Lipofectamine concentration (20uM) and varying the ODN concentration in the lipid-ODN

complex (Figure 3.6B).
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Figure 3.6 Effect of Lipofectamine:ODN charge ratio on the cellular association/uptake of ODN. Cé6
glioma cells at 2.5x10° cells/mL were incubated with: (A) standard 10pM 15-mer PS ODN in the
Lipofectamine complex for 1 hour at 37°C and pH 7.2 in SFM, or (B) standard 20uM Lipofectamine in
the lipid-ODN complex for 1 hour at 37°C and pH 7.2 in SFM. Cell-associated ODN expressed as
percentage of the total amount applied to the monolayer. Data are mean values + standard deviation,
where n=4 (Dunnett’s test, *p<0.01 compared to 15-mer ODN, **p<0.01 compared to 15-mer ODN,
*%%pn<(0.005 compared to 15-mer ODN).
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In both cases (see Figures 3.6A and 3.6B) cellular association/uptake of ODN significantly
(p<0.01) increased by approximately 3-4 fold after complexing ODNs with Lipofectamine at
the poorest charge ratios (1:8 and 1:10) compared with uncomplexed ODN, while the 1:1
charge ratio significantly (p<0.005) improved cellular association/uptake of ODN by
approximately 10-12 fold, suggesting this to be the optimum charge ratio for ODN cellular
association/uptake in the C6 glioma cell line. This lipid:ODN charge ratio of 1:1 was thus used

as the optimal in subsequent studies.

3.3.2.2 Effect of Time on Lipid-ODN Complex Cellular Association and Cytotoxicity.

In order to study the effects of prolonged incubation on cellular association/uptake of
optimised lipid-ODN complex, and also on cellular viability, it was necessary to conduct both
cell association/uptake and cytotoxicity studies at specific time intervals (1, 2, 4, 6 and 12
hours) as described in sections 2.2.9.6 and 2.2.9.7. The effect of time on the cellular
association/uptake of lipid-ODN complex at 1:1 charge ratio (Figure 3.7A) showed rapid
association/uptake within the first hour with only a slight further increase by 6 hours (Figure
3.7A) similar to that seen with uncomplexed ODN (Figure 3.3). However there was a
significant (p<0.05) 30% reduction at 12 hours compared to the level at 1 hour (Figure 3.7A).
This dramatic drop in cell association/uptake might be suggested to have arisen from toxic
effects of the lipid-ODN complex after 12 hour incubation. To further substantiate this
suggestion, the effect of time on cellular viability after incubation with the optimised lipid-
ODN complex was examined (Figure 3.7B). This showed no statistically significant
detrimental effect on cell viability for the first 6 hours of incubation, but a significant reduction
(p<0.05) in cell viability occurring at the 12 hour incubation time point. This reduced cell
number was likely to account for the reduction in overall cell association/uptake observed at
the 12 hour time point in Figure 3.7A and could be attributed to an effect of serum deprivation

and/or toxicity of the complex.
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Figure 3.7 Effect of time on the cellular association/uptake (A) and viability (B) of Lipofectamine:ODN
complex at 1:1 charge ratio. C6 glioma cells at 2.5x10° cells/mL were incubated with 10uM 15-mer PS
ODN in the lipid-ODN complex for 1, 2, 4, 6 and 12 hours at 37°C and pH 7.2 in SFM. Cell-associated
ODN expressed as percentage of the total amount applied to the monolayer. Cell viability expressed as
percentage of the total number of cells initially present in the monolayer. Data are mean values *
standard deviation, where n=4 (Dunnett’s test, *p<0.05 compared to 1 hour).
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3.3.2.3 Effect of Different Lipid Concentrations on Cellular Viability.

During optimisation of Lipofectamine:ODN charge ratio experiments (section 3.3.2.1),
concentrations of Lipofectamine from 3-57uM were used. To investigate whether this has any
effect on cell viability, concentrations up to 500uM were tested for cell toxicity, as described
in section 2.2.9.4. Figure 3.8 shows that Lipofectamine concentrations of 200uM and 500puM
caused cellular viability to drop significantly compared to the 10uM Lipofectamine
concentration, most likely due to cell toxicity. Hence the Lipofectamine concentrations used in
the other optimisation experiments (between 3 and 57uM) were unlikely to cause major

differences in cellular association/uptake as a direct result of cell toxicity during the 1 hour
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Figure 3.8 Effect of Lipofectamine concentrations on C6 glioma cellular viability in SFM at 37°C and
pH 7.2 during 1 hour incubation using 2.5x10° cells/mL. Cell-viability expressed as percentage of the
total number of cells present in the monolayer. Data are mean values + standard deviation, where n=4
(Dunnett’s test, *p<0.05 compared to 10uM, **p<0.05 compared to 10uM).

3.3.3.1 Effect of Different ODN Concentrations on Cellular Association/Uptake.

ODN concentration-dependence of cellular association/uptake was assessed as described in
section 2.2.9.5. It was observed (Figure 3.9) that the cell association/uptake mechanisms
became saturated at 10uM with no significant increases in cell association/uptake occurring at

ODN concentrations higher than 10uM. This indicates that the 10uM ODN concentration
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used in the other optimisation experiments was significantly optimised (p<0.05) for cellular

association/uptake during 1 hour incubation compared to the 1tM concentration.
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Figure 3.9 Effect of ODN concentrations on C6 glioma cellular association/uptake of 15-mer PS ODN in
SFM at 37°C and pH 7.2 during 1 hour incubation using 2.5x10° cells/mL. Cell-associated ODN
expressed as percentage of the total number of cells present in the monolayer. Data are mean values +
standard deviation, where n=4 (Dunnett’s test, *p<0.05 compared to 1uM).

3.3.3.2 Cellular Efflux Studies.

Several reports (Loke et al, 1989; Stein et al, 1993; Tonkinson and Stein, 1994) have
indicated that some proportion of ODNs which become internalised within cells are later
exported to the extracellular environment, i.e. ODN efflux occurs. In an attempt to understand
whether lipid-ODN complexes resulted in altered ODN trafficking from cells, the efflux
properties of lipid-[**P]-ODN complex compared to uncomplexed [**P] PS ODN and the fluid

phase marker D-[1-"*C] mannitol, was carried out as described in section 2.2.6.

The efflux of mannitol is relatively rapid and consistent with fluid phase
endocytosis/exocytosis (Fell er al, 1997). A representative plot of the rate of loss of these
radiolabelled compounds from C6 glioma cells as a function of time is shown in Figure 3.10.
Efflux appears to be biphasic, with the initial rate of efflux probably representing exocytosis
from peripheral cytosolic regions (Tonkinson and Stein, 1994). At first glance it would seem
that the initial rate of cellular efflux appears to increase in the order: lipid-ODN complex<PS

ODN<mannitol. This therefore suggests that in the presence of an optimised lipid complex a
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greater fraction of the ODN is retained within the cells with less being effluxed out of the cells
which is consistent with the observed lipid-mediated change in ODN distribution (see sections

3.3.4 and 3.3.5).
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Figure 3.10 Graph demonstrating the rate of loss of radiolabelled compounds from cells over a 5 hour
time period following 2 hours steady state accumulation. C6 glioma cells at 2.5x10° cells/mL were
incubated with either 1pM mannitol (closed triangles), 1uM 15-mer PS ODN (closed squares), or 1uM
15-mer PS ODN in the Lipofectamine:ODN complex at 1:1 charge ratio (closed triangles) for 2 hours at
37°C and pH 7.2 in SFM to allow steady state accumulation then washed to remove non-associated label.
Cell-associated compound at each time point is expressed as a percentage of the total amount remaining
in the monolayer in control samples taken at the start of the experiment. Data are mean values +
standard deviation, where n=4.
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Using phase contrast microscopy, no morphological differences of C6 glioma cells were
observed with any of the treatments (Figure 3.11), confirming the lack of toxicity seen with
these ODN or lipid:ODN complex concentrations in previous studies (sections 3.3.2.2 and

3.3.2.3). Viable cell counts in these experiments also confirmed lack of toxicity (Figure 3.7B).

Using fluorescence microscopy, the cellular uptake and distribution of 5uM FITC labelled
15-mer PS ODN was compared with that of both free FITC and RITC-dextran at the same
concentration (SuM) incubated for 4 hours as described in 2.2.7.2. Unconjugated FITC and
RITC-dextran were used as negative and positive controls respectively. Incubation with free
FITC label produced an intense fluorescence within C6 glioma cells, indicating cellular uptake.
Fluorescence was widely distributed throughout the cells (Figure 3.12) indicating lack of

segregation to different subcellular compartments.

C6 glioma cells following incubation with RITC-dextran as described in section 2.2.7.2
produced fluorescence exhibiting a punctate pattern of intracellular localisation with a majority
of the fluorescence being localised at the cell periphery close to the cell membrane (Figure
3.13). This is similar to that observed for FITC labelled ODN treated cells (Figure 3.14). The
cellular distribution of FITC labelled ODN was distinctly different from that of free FITC
distribution (Figure 3.14) since the majority of fluorescence was localised at the periphery of
cells close to the cell membrane. In addition the punctate pattern of distribution observed
would be consistent with a predominantly endosomal localisation of the FITC labelled ODN.
This would suggest that PS ODN, like RITC-dextran, were mainly sequestered into
endosomal vesicles following cell entry while the uptake mechanism being mediated by an
endocytic process with molecules entering cells by either fluid phase endocytosis, adsorptive

endocytosis, or receptor mediated endocytosis (Akhtar and Juliano, 1992).
The clear differences observed in cellular localisation patterns of the FITC labelled ODN and

free FITC label indicate that the FITC tag attached to the ODN can be used as a specific label

for fluorescence localisation studies in intracellular environments for at least 4 hours.
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3.4 Discussion.

Cell association/uptake studies were used to optimise delivery of antisense PS ODNs to C6
glioma cells in vitro. Figure 3.1 shows that the cell association/uptake of PS ODN increased
with an increase in cell concentration while Figure 3.2 shows that cell association/uptake per
cell decreased with increasing cell concentration. This effect could be due to the PS-ODN
concentration applied being limited at the higher cell concentrations therefore effectively
lowering the available ODN concentration per cell. This is generally what is expected as

indicated by a study carried out by Akhtar ef al, (1996).

The cellular association/uptake of PS ODNs with C6 glioma cells appeared to be biphasic,
with a rapid initial loading/accumulation that was complete within 60 minutes, followed by a
slower sustained incorporation indicative of surface-endosomal membrane cycling
(Figure 3.3), but ODN internalisation occurs within 15 minutes with Lipofectamine
(Figure 3.15). Thus, the 60 minute time point used in most of the experiments is sufficient to
allow significant levels of cellular association/uptake to occur before the cells were processed.
When compared to other studies carried out (Hawley and Gibson, 1996; Beck e al, 1996) it
seems that cellular binding is cell type dependent due to the varying amounts of

oligonucleotide binding proteins present with each cell type (Hawley and Gibson, 1996).

In C6 glioma cells the cellular association/uptake of uncomplexed PS ODNs was pH
dependent (Figure 3.4) with increased cellular association/uptake occurring at low pH. It is
suggested (Beck et al, 1996) that the increase in cell association/uptake at lower pH is due to
the fact that a decrease in pH would either protonate the cell-surface proteins making them
more attractive to the negatively charged oligonucleotides by causing a reduction in repulsion
to the oligonucleotides leading to increased cellular binding and therefore cellular association

and uptake.
Figure 3.5 shows that the cellular association/uptake of PS ODNs was temperature dependent

in this cell line. This implicates the process of ODN binding and internalisation is an active,

energy dependent mechanism (Loke ef al, 1989).
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Relatively few studies (Zelphati ez al, 1996; Bennett ef al, 1992) have examined in detail the
distribution and ultrastructural trafficking and efflux of ODNSs in cultured brain cells when
delivered with cationic liposomes. In this chapter, we have in detail examined the cellular
uptake, intracellular trafficking and efflux of PS ODNs when delivered as a complex with

Lipofectamine in C6 glioma cells.

Optimal charge ratio, the net negative charge being exhibited by the anionic ODN phosphate
backbone and the net positive charge from the liposomes cationic lipid, has been suggested to
vary with the type of cationic lipid and the type of cell line used (Bennett es al, 1992). Hence
optimisation experiments using the cationic liposome Lipofectamine with the overall objective
of enhancing the cell association/uptake and therefore delivery of PS ODNs in C6 glioma cells
were carried out. It was observed (Figure 3.6) that the lipid-ODN complex at a 1:1 charge
ratio caused the greatest increase in cellular association/uptake while at a charge ratio of 1:8
and 1:10 the complex produced the poorest cell association/uptake, although this was
significantly greater than the cell association/uptake of free PS ODNs. It is thought that this
liposomal enhancement of PS ODN cell association/uptake could be attributed to the fact that
these lipids both increase ODN cell transfer and decrease ODN degradation (Zabner, 1997).
Other groups have shown that cationic lipids enhance oligonucleotide cell transfer in vitro
with efficient oligonucleotide nuclear accumulation (Guy-Caffey er al/, 1995; Chin ef al, 1990)
while cationic lipids appear to be effective in decreasing oligonucleotide degradation both
intracellularly and in human serum (Quattrone et al, 1994; Puyal e/ al, 1995). The fact that the
lipid-ODN complex at a charge ratio of 1:1 produced the greatest cell association/uptake
probably results from this charge ratio yielding the most stable and homogenous form(s) of the
complex, culminating in the effective transfer of ODN to glioma cells (Zabner, 1997) rather
than preventing ODN degradation. Most of the optimised lipid-ODN complex at 1:1 charge
ratio was associated with C6 glioma cells over the first hour of incubation (Figure 3.7A).
However there was a significant drop in cellular association at the 12 hour time interval. It
was shown that this decline in cell association was due to cellular toxicity for there was also a
significant drop in cell viability at this time point (Figure 3.7B). Since some disruption of
endosomal vesicles was observed with 1 hour Lipofectamine:ODN treatment, it seems likely
that prolonged Lipofectamine exposure may cause further detrimental endosomal and

lysosomal breakdown leading to cell death. Therefore it can be assumed that the other
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experiments carried out using Lipofectamine over 15 minutes to 6 hours incubation would be

unaffected by any Lipofectamine induced cellular toxicity.

Fluorescence microscopy was used to reveal the distribution of PS ODNSs in C6 glioma cells.
FITC labelled PS ODNs exhibited punctate patterns of distribution confined to vesicular
structures with only diffuse cytoplasmic fluorescence (Figure 3.13) similar to those observed
with RITC labelled dextran (Figure 3.14). As dextran, following cell entry, is known to reside
in endocytic vesicles and lysosomes (Swanson, 1989; Yamashiro and Maxfield, 1987) it can be
concluded that PS ODNSs are also sequestered in vesicular structures such as endosomes or
lysosomes following cell entry. This is supported by the work of Tomkinson and Stein (1994)
who found in addition that fluorescein-labelled PS ODNs were detected at higher intensities
compared with PO ODNs in HL60 cells. The fluorescence pattern observed for FITC labelled
PS ODN is unlikely to result from the redistribution of free FITC cleaved from the ODN,
since quite a different pattern of distribution was observed when the cells were incubated with

free FITC (Figure 3.12).

FITC labelled PS ODN in the lipid-ODN complex, after a short incubation interval of 15
minutes produced intense fluorescence associated with the C6 glioma cells, exhibiting the
characteristic punctate pattern of distribution (Figure 3.15). This suggests an initial enhanced
endocytic mechanism of cellular entry for these liposomal complexes. In contrast, incubation
for 60 minutes results in an altered distribution for these lipid-ODN complexes, with a more
diffuse pattern of fluorescence observed within the cells (Figure 3.16) which suggests
subsequent release of ODN from endosomes, followed by cytosolic and nuclear penetration.
This would infer that ODN release from endosomes for these lipid-ODN complexes is
mediated by the DOSPA/DOPE components of the complex involving certain mechanisms.
Such mechanisms of cytosolic entry of liposome complexed ODN include endosomal
membrane fusion or direct diffusion and has been discussed by several authors (Yaroslavov et

al, 1994; Wrobel and Collins, 1995; Zelphati and Szoka, 1996).
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With the use of TEM, we confirmed the presence of uncomplexed PS ODN within vesicular
bodies thought to be either endosome or lysosome like structures (Beltinger er al, 1995;
Tarrason et al, 1995). In addition, as previously reported (Bennett ef al, 1992; Wagner, 1994;
Guy-Caffey et al, 1995) cationic liposome:ODN complexes not only increased the amount of
PS ODN that enters the cell, but more importantly, also enhanced release from the endosome

compartment into the cytoplasm and nucleus.

In the main TEM studies have shown a distinct alteration of intracellular distribution and
trafficking of ODNs when delivered by cationic liposomes. These findings are further
supported by efflux studies which revealed a slower rate of ODN loss in the presence of

Lipofectamine compared to free ODN and mannitol.

In conclusion, we have demonstrated that optimised cationic liposomes improve both ODN
cell association/uptake and intracellular release from endosomal vesicles, leading to a more
favourable distribution of ODNSs into cytosolic and nuclear regions. In addition a reduced
efflux of ODNSs from cells when treated with Lipofectamine, will tend to extend the duration
in which ODNs are present in the cytosol/nucleus. These two effects combined are likely to
lead to an enhanced antisense effect in down-regulation of the glucocorticoid receptor in vitro
and also lead to the development of cationic liposomes as suitable delivery systems for ODNs

compared to delivery of uncomplexed ODNs alone.
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CHAPTER FOUR
DESIGN AND SELECTION OF ANTISENSE
OLIGODEOXYNUCLEOTIDES

4.1 Introduction.

The development of antisense ODNs as biological agents for protein receptor function
elucidation, i.e. for blocking or reducing target mRNA and/or protein expression, relies on the
ability of ODNSs to bind to the target mRNA by Watson-Crick base pairing, thereby preventing
translation into protein. Thus ODNs targeted to sequences only a few bases apart on the
mRNA can have quite different efficacy. The interaction between target sequence and
antisense ODN is determined in part by mRNA secondary and tertiary structures, which are
difficult to predict (Lima et al, 1992). The search for accessible sites on mRNA may be further
complicated by the presence of RNA-binding proteins that may further prevent ODN
hybridisation to otherwise single-stranded accessible sites within the target mRNA (Akhtar,
1998).

Computational approaches have been developed to help predict antisense ODN efficacy by
determining folding of target mRNA. But these programmes have proved to be inadequate in
appropriate target selection (Stull ef al, 1992). Recently, two highly elegant strategies based
on combinatorial chemistry have been employed in an attempt to select and design effective
antisense ODNs. These are (a) Hybridisation of target mRNA to scanning antisense arrays and
(b) RNAse H accessibility mapping of target mRNA with random ODN libraries (Akhtar,
1998; Southern, 1996; Milner et al, 1997).
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Scanning combinatorial oligonucleotide arrays is the most recent of the developments in the
field of antisense oligonucleotide design (for review see Southern, 1996) and involves a series
of overlapping oligonucleotides, of defined or variable length, sequentially targeting every
conceivable site within chosen segments of the target mRNA being synthesised by standard
phosphoramidite chemistry on a modified polymer membrane or glass surface (Southern,
1996). Hybridisation of these to a radiolabelled target mRNA transcript, immobilised antisense
oligonucleotides in vitro can be used to identify ODNs accessible sites on the mRNA to which
ODN can bind with accuracy at the level of a single nucleotide (Southern e al, 1994). This
approach can potentially allow comprehensive ‘walking” of the full-length mRNA sequence to
identify accessible sites for optimal antisense effect. However, only short specified regions of
the mRNA are normally targeted for combinatorial array design. This strategy has been
effectively used to select potent antisense ODNs targeted against bacterial genes (Saizieu et

al, 1998) and rabbit B-globulin (Milner et al, 1997).

Another effective procedure in identifying optimal antisense sequences is the RNAse H
accessibility mapping technique which relies on the ability of the enzyme RNAse H to
recognise and selectively cleave the mRNA at sites within the hybridised RNA-DNA duplex.
This cleavage reaction is initiated by combining the mRNA transcript of interest with a
random, or semi-random, library of chemically synthesised ODNs, which will hybridise to their
complementary sequences in the mRNA only if they are accessible. The resulting mRNA
cleavage fragments produced thus determine the location of accessible sites for random ODN
hybridisation. Such sites can then be used to focus design of optimally acting antisense ODN's
to known sequences spanning the cleavage site. This strategy has been effectively used to
select potent antisense ODNs targeted to the human multiple drug resistance gene (Ho et al,

1996) and to the RNA of hepatitis C virus (Lima et al, 1997).
For this thesis RNAse H accessibility mapping was adopted as the ideal technique to isolate

optimally acting antisense sequences due to the free availability and ease in adopting this

technique as opposed to scanning combinatorial oligonucleotide arrays.
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The aim of this chapter was to use RNAse H mapping to identify accessible regions on a GR
RNA transcript, generated by combining reverse transcriptase polymerase chain reaction
(RT-PCR) to generate a cDNA construct incorporating the T7 promoter, followed by in vitro
transcription. Following RNAse H cleavage initiated by random ODNs a readily available
accessible site would be used to design a series of PS antisense ODNs. The designed antisense
sequences would then be optimised for GR RNA cleavage efficiency (a marker for the level of
ODN-mRNA hybridisation) and the optimal sequence selected for use as the antisense ODN

for downregulating the GR expression both in vitro and in vivo.

4.2 Methods.

All relevant methods are described in chapter two, with any additional information given in the

relevant results section.

4.3 Results.

4.3.1 Synthesis of GR cDNA Template.

To generate a linear GR DNA template containing a T7 promoter region, which allows the
recognition of the DNA sequence by a viral T7 RNA polymerase to catalyse the in vitro
transcription reaction, total RNA was isolated from C6 glioma cells as described in section
2.2.13.1. The integrity and purity of this RNA extract was analysed by 1% agarose gel
electrophoresis (2.2.13.2). Figure 4.1 shows the presence of two clear bands representing 28s
and 12s ribosomal RNA without any contamination or degradation indicating the integrity of
the RNA within the total extract. This total RNA extract was used to generate a 509 base pair
GR cDNA transcript corresponding to bases 911-1420 of the full length rat GR, with a 23
base pair T7 promoter site at the 5’ end, as described in section 2.2.14.2. RT-PCR c¢cDNA
products were analysed by 2.5% agarose gel electrophoresis (2.2.13.2), revealing a single

band of approximately 532 base pairs (Figure 4.2).
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4.3.5 Design and In Vitro Screening of Antisense ODNs.

RNAse H cleavage of the T7-GR fragment at approximately 265 base pairs corresponds to
cleavage at base 1170 of the full length rat GR mRNA. The DNA sequence around this site,
was used to design ten 21-mer PS antisense ODNs (Table 4.1). These antisense ODNs,

termed GRAS1-10, were designed against the rat GR mRNA sequence scanning 30-40 base

pairs up-and downstream of the predicted cleavage site, as shown in Figure 4.7.

Table 4.1 Antisense oligodeoxynucleotide sequences designed using optimal accessible site D.

ANTISENSE 21-mer PS DESIGN SEQUENCES SENSE STRAND
ODN DESIGNS (REVERSE STRAND) COMPLEMENT
(5t 3) BASES
GRASI AACAGGCTTCTGATCCTGCTG 1158-1178
GRAS2 GCTGCTGAGAAAGGGATGCTG 1141-1161
GRAS3 AATTGGTGGAATGACATTAAR 1179-1199
GRAS4 GAACCAACAGGAATTGGTGGA 1190-1210
GRASS TAAAAACAGGCTTCTGATCCT 1162-1182
GRAS6 GACATTAAAAACAGGCTTCTG 1167-1187
GRAS7 GATCCTGCTGCTGAGAAAGGG 1147-1167
GRASS GGAATGACATTAAAAACAGGC 1172-1192
GRAS9 CCAACAGGAATTGGTGGAATG 1187-1207
GRAS10 GGCTTCTGATCCTGCTGCTGA 1154-1174
4 GRAS1
GRAS2 . ..
] GRAS3
i GRASE |
: GRAS6
GRAS7 ;
i GRAS8
! GRASS
GRASI0 ¥ :
1141-5’.cmtmt&cteagcageaggateagﬁggmtgﬁmtgtmﬁe&mﬁeﬁm—3’ j
N
y ,,

Figure 4.7 Antisense ODN designs GRAS1-10 designed against the GR mRNA sequences around
accessible site D. Predicted cleavage site is approximated to occur at base 1170 and is indicated by the

Scissors.
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These 21-mer antisense ODNs were then screened individually against 5’-radiolabelled GR
mRNA transcript in vitro, using RNAse H accessibility mapping as described in section
2.2.14.4. This was carried out to assess the RNAse H enzyme mediated RNA cleavage
potency of the individual antisense designs. Figure 4.8 shows cleavage of an approximately
265 base pair fragment using antisense ODNs GRAS 1,5,6, and 10. The fragment size
produced by GRAS 2 and 7 were somewhat shorter (~250 base pair), while those produced by
GRAS 3,4,8, and 9 were somewhat longer (~300 base pair). Since GRAS 1,5,6, and 10 align
across the predicted cleavage site, these appear to be mediating cleavage as expected.
However, the shorter bands produced by GRAS 2 and 7 binding more 5 appear to indicate
cleavage at a secondary, more 5’ site, while the longer fragments produced by GRAS 3,4,8
and 9, by binding more 3’°, indicate another 3’ cleavage site. Densitometric analysis of
cleavage band intensities (Figure 4.9) shows GR antisense design number 5 (GRASS5) to be

maximal (Figure 4.9).
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4.3.7 Optimisation of Antisense ODN Length in Mapping and In Vitro RNAse H

Reactions.

Mapping reactions as described in section 2.2.14.4 were used to investigate the effect of
antisense ODN length on RNAse H mediated cleavage efficiency of the target RNA transcript,
comparing the GRAS5 sequence with an extended 30-mer sequence (GRASI11) and a
truncated 10-mer sequence (GRAS12) as shown in Table 4.2 and Figure 4.18.

Table 4.2 Antisense oligodeoxynucleotide sequences of varying lengths designed using accessible site D.

ANTISENSE PS ACCESSIBLE SITE D DESIGN
ODN DESIGNS SEQUENCES
(5’ to 3%)
GRASS (21-mer) TAAAAACAGGCTTCTGATCCT
GRASI11 (30-mer) | GACATTAAAAACAGGCTTCTGATCCTGCTG
GRAS12 (10-mer) ACAGGCTTCT
GRASI11
GRASS5

1 :41‘5’tcageatccetttetcageageaggatcag%)agcetgtttﬁaatgtcattccaccaattcctgttggttc 37 ]
{

Figure 4.18 Antisense ODNs of varying lengths designed against the GR ¢DNA sequences corresponding
to accessible site D. Predicted cleavage site is approximated to occur at base 1170 and is indicated by the
scissors.

Figure 4.19 shows the intensity of the cleavage products generated for GRAS 5, 11 and 12.
Densitometric analysis of these cleavage product bands revealed the GRASS5 band to be most

intense, therefore GRASS appears to have the optimal sequence length.
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4.3.9 Assessment of Alternative GR mRNA Accessible Sites.

Although accessible site D was cleaved by RNAse H at greatest frequency, antisense ODN
probes were designed to span accessible sites A-C to compare cleavage efficiency at the
different sites, compared with that at site D mediated by GRASS. The designs of these
antisense ODNSs is given in Table 4.3 with their alignment to the rat GR mRNA shown in
Figure 4.23.

Table 4.3 Antisense oligodeoxynucleotide sequences designed against accessible sites A, B, C and D.

ANTISENSE
21-mer PS ODN
DESIGNS

ACCESSIBLE
SITES

ACCESSIBLE SITE DESIGN
SEQUENCES
(5 to 3")

ACACCAGGCAGAGCTTGGGAG
TCTGGTCTCATTCCAGGGCTT
CTGGGAAGTTCAGAGCCCCCA
TAAARAACAGGCTTCTGATCCT

AGRAS1

BGRAS2

CGRAS3
GRASS

oaw>»

911

961

1011

1061

1111

1161

1211

1261

1311

1361

AGATACAATC

CAGAAARAAGA

GAGAAACTGG

AATTGGTAAT

GAGGACAGAT

TTATCAAGTC

TGATTTCATT

GCCCAGTTTA

AAAATGTCTG

GTACCACTAT

CAGGATCAGA AGCCTGTTTT

CCAGCAGTGT

GAACTTTGCA

TTGTCAGGCA

CCATTTCTGT

GACATGAATA

TAATGTCATT

GRASS-SITE D
TGAAAACTGG AATAGGTGCC

AAGGCTCCGG

NAGRAS4-CONTROL
TGGGGGCTCT GAACTTCCCA

GGCCGGTCAG

CGRAS3-SITE C
AGCCCTGGAA TGAGACCAGA

BGRAS2-SITEB
AGCCACGGGA CCACCTCCCA

TGTAAGCTCT

AGCTCTGCCT

GGCACTACCC

CCCCCGGGGT

AGCTTTTCTG

TCATGGTGTG

CAGCATCCCT

CCACCAATTC

AGAGGACAGC

TGTTTTCTAA

CCTCCATCCA

GGTGTGCTCC

CAGGATGTCA

AGRASI-SITE A

CAAGTGAAAA
AATTAAGCAA
GGACARATAT
AGTACCTCTG
TTCTCAGCAG
CTGTTGGTTC
CTGACTTCCT
TGGGTACTCA f
GCTCGTCAGC

GATGAAGCTT

Figure 4.23 Alignment of antisense sequences listed in tables 4.3 and 4.4 on the predicted nucleotide
sequence of the rat GR mRNA/eDNA.
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Furthermore, there is no predicted secondary struéturé/thOietically accessible to RNAse H at

site B, though this region is cleaved in vitro. However, the predicted structure around

accessible site D does have some small single stranded regions that may theoretically be
accessible to RNAse H, but this would not tend to support the practical observation that this

is the predominant cleavage site.

Furthermore, NAGRAS4, designed as aicoﬁtrol antisense ODN to a region (site X) between
accessible sites D and C, and shown not/t/(/)/medi'ate RNAse H cleavage in vitro, would appear
to correspond to a region on the mfold predlcted RNA transcrlpt at least as accessible as that

complementary to GRASS. Thus, of four identified reglons/of the T7-GR transcript fragment

known to be accessible to RNAse H, only one is accurately prédlcted by mfold (site C), one is
equivocal (site D), one is omitted (site A), and two are positively contradicted (accessible si;e
B, and non accessible site X). Therefore these mapping reaction data, together with the
inability of RNA folding algorithms to predict tertiary structure, suggest that such programs at
their current level of sophistication have limited use for the selection of active antisense

sequences against a particular mRINA target.

155






Chapter 4: Design and Selection of Antisense ODNs

4.3.12 Analysis of Antisense Design Sequences.

Before using selected antisense sequences in both in vifro and in vivo experiments, it was
important to confirm that these sequences were complementary to the rodent GR mRNA
sequence and not to any other rodent gene/mRNA sequences. Consequently, a BLAST
sequence alignment search against the Genbank DNA sequence data base (version 4.6, Incyte
Pharmaceuticals) was carried out for all antisense and control ODN sequences (Table 4.5).

The best match alignment search result for sequence is shown in Table 4.5 (Altschul er al,

1997).

Table 4.5 BLAST search alignment results for empirically determined design and control sequences.

ANTISENSE SEQUENCE SIGNIFICANT BLAST SEARCH
DESIGN ID (5 to 3) RESULT
GRASI AACAGGCTTCTGATCCTGCTG Rat and mouse GR mRNA
GRAS?2 GCTGCTGAGAAAGGGATGCTG Rat and mouse GR mRNA
GRAS3 AATTGGTGGAATGACATTAAA Rat and mouse GR mRNA
GRAS4 GAACCAACAGGAATTGGTGGA Rat and mouse GR mRNA
GRASS TAAAAACAGGCTTCTGATCCT Rat and mouse GR mRNA
GRAS6 GACATTAAAAACAGGCTTCTG Rat and mouse GR mRNA
GRAS7 GATCCTGCTGCTGAGAAAGGG Rat and mouse GR mRNA
GRASS GGAATGACATTAAAAACAGGC Rat and mouse GR mRNA
GRAS9 CCAACAGGAATTGGTGGAATG Rat and mouse GR mRNA
GRAS10 GGCTTCTGATCCTGCTGCTGA Rat and mouse GR mRNA
GRSS5 ATTTTTGTCCGAAGACTAGGA Rat megalin mRNA
GRMMS5S CGGAAAAGTGCTCACGATAAC No BLAST matches
AGRAS1 ACACCAGGCAGAGCTTGGGAG Rat and mouse GR mRNA
BGRAS?2 TCTGGTCTCATTCCAGGGCTT Rat and mouse GR mRNA
CGRAS3 CTGGGAAGTTCAGAGCCCCCA Rat GR mRNA
NAGRAS4 TGGCACCTATTCCAGTTTTCA Rat and mouse GR mRNA

All antisense sequences designed against the rat GR mRNA transcript (Table 4.5) produced a
significant alignment to the rat and/or mouse GR mRNA. Only the control sequences GRSS5
(sense) and GRMMS5 (mismatch) failed to align to the rat and/or mouse GR mRNA. This
suggests that these designed antisense ODN sequences possess a very high level of specificity

for the rodent GR mRNA.
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4.4 Discussion.

The objective of this chapter was to develop and optimise appropriate antisense and control
sequences against the target GR mRNA using RNAse H accessibility mapping. To do this the
reaction substrate, a 5° [*°P]-radiolabelled GR RNA transcript (Figure 4.4) was generated in

vitro from a T7 promoter-rat GR PCR fragment construct.

The RNAse H mapping method reliably identified accessible regions on the GR RNA
transcript which, were used to develop effective antisense ODNs. By equating RNA cleavage
efficiency using cleavage product band intensity profiles as a marker for the degree of
ODN:RNA hybridisation, it was found that a particular accessible region (accessible site D)
was optimal for ODN:RNA duplex formation and consequent cleavage by the RNAse H
enzyme (Figure 4.6). Using this optimal region, and from the length of the cleavage fragment,
estimating that cleavage occurs at base pair number 1170, a series of PS antisense ODNs
spanning this region were designed and synthesised to determine the best antisense sequence
to mediate cleavage at this site. Following a series of mapping reactions it was found that GR
antisense design 5 (GRASS5) was optimal for GR RNA cleavage efficiency and potency
(Figures 4.8-4.9 and 4.21-4.22).

Further mapping reactions were carried out to investigate and optimise in vitro RNAse H
mapping experimental conditions. Factors such as RNAse H concentration, reaction
incubation time, ODN concentration and ODN length were investigated. It was found that a
RNAse H concentration of 1 unit/pul (Figures 4.10-4.11 and 4.12-4.13), an incubation time of
30 minutes (Figures 4.14 and 4.15), an ODN concentration of 0.5nM (Figures 4.16 and 4.17)
and a 21-mer sequence length (Figures 4.19 and 4.20) produced the best level of GR RNA

cleavage. These parameters were thus adopted in subsequent mapping reactions.

To fully characterise the accessibility of sites A-D, discovered and to corroborate further the
suitability of site D for antisense sequence design, mapping reactions were performed using
GR antisense designs specifically targeted around this site. Of these designs GRASS caused
greatest RNAse H mediated cleavage of the GR RNA transcript and further suggests this

region to be the most accessible on this RNA transcript.
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In addition to the specific antisense designs which were intended to cause sequence specific
cleavage of the RNA transcript, control sequences designed to produce no such RNAse H
mediated cleavage were assessed. Sense (GRSS5), mismatch (GRMMS) and non-accessible
site-directed (NAGRAS4) ODNs produced no cleavage product bands. This therefore
supports the rational design strategy used in these experiments of following RNAse H
accessibility mapping, and clearly identified both accessible and inaccessible regions along the

RNA transcript.

The value of using the RNA folding programs, mfold, to design theoretically optimal antisense
ODNs against the GR mRNA target was compared with the empirically identified RNAse H
accessible sites in vitro. This showed that the predictive value of mfold in accurately
identifying accessible target sites is limited extremely. Thus, use of empirical techniques, such
as RNAse H accessibility mapping in antisense ODN design studies is much preferred. Such
similar conclusions have been made by several other reports (Ho et al, 1996 and 1998; Lima ef

al, 1997, Birikh et al, 1997).

To verify the GR specificity of the sequences designed using RNAse H mapping, a BLAST
search of the Genbank database showed significant alignment to the rodent GR mRNA
sequence for all sequences except the sense strand and mismatch control sequences. This

confirms the specificity of the antisense sequence designs to the rat GR mRNA.

In conclusion, we have rationally isolated and screened in vitro a series of antisense and
control sequences against a T7-rat GR fragment using the RNA mapping method. This has
been proved to be a consistent and reliable method of identifying antisense sequences (Ho ef
al, 1996 and 1998; Lima et al, 1997; Birikh et al, 1997), able to mediate RNAse H cleavage
in vitro. The selected antisense and control sequences can now be evaluated for their efficacy

to downregulate GR mRNA and protein expression in a cell based system in vitro.
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CHAPTER FIVE
IN VITRO EFFECTS OF ANTISENSE
OLIGODEOXYNUCLEOTIDES TARGETING THE
GLUCOCORTICOID RECEPTOR

5.1 Introduction.

Cell cultures provide a convenient system to investigate the knockdown of receptor proteins
and the optimisation of experimental conditions prior to investigations performed in vivo. Cell
cultures have been commonly employed in antisense optimisation experiments and have been
used with varying degrees of success (Chapter 1, section 1.9). However, since the intention is
to use the antisense ODN to knockdown GR expression in the rat, following ICV
administration, an appropriate cell line was required. The rat C6 glioma cell line, is known to
express both GR and 5-HT,a receptors (Benda, 1968), and was therefore selected for the

current studies as the appropriate CNS-derived cell culture model.

Rat C6 glioma cells were treated with PS ODNSs in the presence of Lipofectamine™ at the
optimal lipid:ODN complex as described in chapter three. This cationic liposomal delivery
system was shown (Chapter three, section 3.3.2) to provide an efficient means of delivery of
ODNs to the C6 glioma cell line and would thus help attain maximal levels of antisense
directed efficacy in terms of GR downregulation and any possible related functional effects
expressed as changes to 5-HT,a receptor expression. This level of downregulation was to be

assessed at both the level of the receptor mRNA and the functional protein.
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Quantitative competitive RT-PCR was developed to measure both GR and 5-HT,, receptor
mRNA expression in C6 glioma cells. This is a highly sensitive and specific method for
detecting the expression of a particular mRNA sequence and relies on the use of two DNA
primers specific to the target sequence to initiate a polymerisation reaction producing cDNA
products of interest which can be quantified (O’Driscoll ef al, 1993). For this study the RT-
PCR method was modified as described in section 2.2.13 to make it a competitive assay

allowing quantitative analysis.

The established technique of radioligand binding was used to measure GR and 5-HT;a
receptor protein levels in C6 glioma cells. This technique determines the ability of a substance
to act as an agonist/antagonist by direct binding to a receptor or the ability to alter the binding
of a known agonist/antagonist (Cooper and Stewart, 1998). GR binding was measured with
the radioligand [1,2,4,6,7-’H]-dexamethasone in the presence and absence of the GR
antagonist mifepristone (RU 486) using a competition binding assay protocol (O’Donnell ef
al, 1995) and has been subsequently adapted by others (Turner, 1986; Meaney et al, 1988;
Barden, 1996). 5-HT:a receptor binding was determined with the radioligand [*H]-ketanserin
and methysergide for non-specific binding using a saturation binding assay protocol (Scatton

et al, 1983).

The antisense sequences used in the present in vifro investigation (Table 5.1) were developed
as described in chapter four and were administered to the C6 glioma cells as fully modified
phosphorothioate (PS) ODN sequences. All the ODN sequence probes used were 21 bases in
length which would ensure such sequences were sufficiently specific to the mRNA of interest,
but also small enough to cross the cellular membrane leading to intracellular effects (Brysch

and Schlingensiepen, 1994; Wahlestedt, 1994).

The time course of the treatment of the C6 glioma cell line with the PS ODN sequences prior
to measurement of GR and 5-HT,4 receptor expression is dependent on the turnover of the
antisense targeted protein receptor (GR) and the receptor reserve in this particular cell type.
There is no direct evidence for the turnover of GR in neuronal cells in culture or in rat brains,
however it is predicted that most intracellular hormone receptors have a half-life of about 2-3
days (Herz et al, 1997). Thus a 5 day treatment period representing approximately 2 half-life

intervals was chosen for the experiments conducted with the C6 glioma cell line.
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Table 5.1 Phosphorothioate oligodeoxynucleotide sequences used in rat C6 glioma cell cultures.

ANTISENSE SEQUENCE SEQUENCE TYPE
DESIGN ID (5 to 3) (sense strand complement bases)
AGRASI ACACCAGGCAGAGCTTGGGAG Antisense to site A (1375-1395)
BGRAS2 TCTGGTCTCATTCCAGGGCTT Antisense to site B (1310-1330)
CGRAS3 CTGGGAAGTTCAGAGCCCCCA Antisense to site C (1261-1281)

NAGRAS4 | TGGCACCTATTCCAGTTTTCA | Non-accessible site control (1211-1231)
GRASI1 AACAGGCTTCTGATCCTGCTG Antisense to site D (1158-1178)
GRASS TAAAARCAGGCTTCTGATCCT Antisense to site D (1162-1182)
GRAS6 GACATTAAAAACAGGCTTCTG Antisense to site D (1167-1187)
GRASS GGAATGACATTAAAAACAGGC Antisense to site D (1172-1192)
GRSS5 ATTTTTGTCCGAAGACTAGGA Sense control

GRMMS CGGAAAAGTGCTCACGATAAC Mismatch control

The objectives of this chapter were to investigate the biological effects of the ODN sequences
listed in Table 5.1, using the C6 glioma cell line as the in vitro model. These effects were
assessed in terms of GR downregulation at both the mRNA and receptor protein level using
the standard molecular biological techniques mentioned above. In parallel studies, any related
functional consequences of alterations in GR expression as a result of the ODN treatment on
5-HT,a receptor expression, were also determined at both the mRNA and receptor protein
level. This would therefore provide a first insight to the activity of these developed ODN
sequences and a measure of the level of their antisense mediated effects in vitro. Thus

allowing suitable antisense and control sequences to be evaluated in vivo.

5.2 Methods.

All relevant methods are described in chapter two, with any additional information given in the

relevant results section.

Results in this chapter unless otherwise indicated were statistically compared using a one-way
analysis of variance with treatment as factor. Post hoc comparisons were made using lowest
significant difference (LSD) multiple range test. In all statistical analysis a value of p<0.05 was

considered significant.
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Figure 5.1 shows the stability profile for the 21-mer PS ODN GRASS (1uM) in the C6 glioma
cell line over a period of 1-24 hours. Although some degradation was apparent from 12-24
hours (reduction in GRASS band density and appearance of degradation product bands), more
than 50% of the ODN remained intact during this period. Therefore, it was assumed that
intact GRASS ODN was available to the C6 glioma cells for up to 24 hours at 37°C, but that
ODN replenishment (by media changing) would be required every 24 hours during the 5 day

treatment period to sustain antisense ODN exposure.
5.3.2 Effect of Different GRASS ODN Concentrations on Cellular Viability.

The effect of GRASS ODN concentration delivered using Lipofectamine as an optimal
lipid:ODN complex (section 3.3.2) at a 1:1 charge ratio on C6 glioma cell viability was
investigated as described in section 2.2.9.4. Figure 5.2 shows that an ODN concentration at
50uM begins to induce cell toxicity while at 100uM cellular viability fell significantly
(p<0.05). Thus ODN concentrations to be used in the following experiments were restricted

to less than 10uM, to avoid any effect of cell toxicity on receptor expression during the 5 day

f F f i l
1 10 50 100

treatment period.

100

Mean % Cell Viability

0.1
GRASS5 ODN Concentration (uM)

Figure 5.2 Effect of GRASS ODN concentrations on C6 glioma cell viability during the 5 day treatment
period as described in section 2.2.14.5. Cell viability is expressed as the percentage of the number of cells
present in untreated, control cultures. Data shown are mean values *+ standard deviation, where n=3
(Dunnett’s test, *p<0.05 compared to other groups).
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5.3.3 In Vitro Assessment of ODN Treatment on GR mRNA Expression Using
Quantitative RT-PCR.

C6 glioma cells were treated at an ODN concentration range of 0.01-1uM as described in
section 2.2.14.5 and measurement of both GR and 5-HT,a receptor mRNA expression in
treated samples as a comparison to untreated control samples was made using quantitative
RT-PCR as described in sections 2.2.13.4 and 2.2.13.5. The ODN concentration range used
was selected from previously published in vitro studies (Wahlestedt et al, 1993; Owens ef al,
1995).
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Figure 5.3 (A) Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. Lanes illustrating GR (509 nucleotides) and control $-actin (244 nucleotides) cDNA
product bands corresponding to the respective treatment groups shown on the x-axis of the graph below
with ODN concentrations in pM given in parentheses. (B) Densitometric analysis of GR bands
standardised to the mean B-actin band density, illustrating the effect of ODN sequence and dose on the
expression of GR mRNA in C6 glioma cells. Data shown are mean values + standard deviation, where
n=3 (LSD test, *¥*p<0.05 compared to GRMMS5, GRSS5 and NAGRAS4; **n<0.05 compared to other

groups).
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Treatment with the optimally effective GRASS antisense ODN produced a dose-dependent
reduction in GR mRNA expression in C6 glioma cells after 5 days of treatment (Figure 5.3),
resulting in a significant (p<0.05) 56% decrease in GR mRNA expression at the 1puM
concentration (Figure 5.3B). Lower GRASS5 concentrations were less effective, but a
significant (p<0.05) 22% decrease in GR mRNA expression was still achieved at 0.01uM,
compared to the 9 to 15% decrease seen with the mismatch (GRMMS5), sense (GRSS5) and
non-accessible site (section 4.3.10) antisense sequences (NAGRAS4) all at 1uM (Figure
5.3B). This confirms that the antisense ODN GRASS5, produces a very marked inhibition of
the GR mRNA expression in vitro.

To assess further the efficacy of the GRASS sequence, its effects on GR mRNA expression
was compared to other antisense designs shown to be less effective at cleaving the GR mRNA
fragment using the RNAse H accessibility mapping technique (see Table 5.1 and Figure 5.4).
At 1uM (Figure 5.4B) GRASS produced the greatest GR mRNA reduction compared to the
other 3 antisense designs targeting accessible sites, A-C, and to the other antisense designs to
site D (Chapter 4). Interestingly GRAS1 and GRAS6, which in the RNAse H accessibility
mapping experiments (section 4.3.5) were very effective at cleaving GR mRNA, also proved
to be effective at GR mRNA inhibition in cells, causing 42% and 32% reduction in GR mRNA
expression respectively (Figure 5.4B). Other designs targeted at accessible site D, such as
GRASS, which performed poorly in the RNAse H accessibility mapping experiments, also
caused marginal reduction (13%) in the levels of GR mRNA. However antisense designs
AGRAS1, BGRAS2 and CGRAS3 (see Table 5.1 and Figure 5.4B) targeting accessible sites
A-C did not produce much greater levels of reduction when compared to the poorer GRAS8
design targeting the optimal accessible site D. This would suggest that the design optimisation
carried out by RNAse H mapping reactions in a cell-free system in terms of determining
optimal accessible site and antisense sequence, can be used to directly correlate efficacy in a

cell-based system.
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Figure 5.4 (A) Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. Lanes illustrating GR (509 nuclectides) and control B-actin (244 nucleotides) cDNA
product bands corresponding to the respective treatment groups shown on the x-axis of the graph below.
(B) Densitometric analysis of GR bands standardised to mean B-actin band density, illustrating the effect
of ODN sequence on the expression of GR mRNA in C6 glioma cells. Data shown are mean values *
standard deviation, where n=3 (LSD test, *p<0.05 compared to other groups; °p<0.05 compared to
AGRASI, BGRAS?2, and CGRAS3).
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5.3.4 In Vitro Assessment of ODN Treatment on 5-HT,, Receptor mRNA Expression
Using Quantitative RT-PCR.

The expression of 5-HT;4 receptor mRNA was investigated in C6 glioma cells treated with
the antisense and control ODN sequences (Table 5.1) to determine the functional consequence
of downregulating GR mRNA expression in vitro. The optimally effective GRASS antisense
sequence produced a dose-dependent increase in 5-HT;4 mRINA expression in C6 glioma celis
after 5 days of treatment (Figure 5.5). A significant (p<0.05) 29% increase in 5-HT,a receptor
mRNA expression occurred at 1uM (Figure 5.5B), but not at lower concentrations. No
significant changes in 5-HT;, mRNA were seen with the mismatch (GRSS5), sense
(GRMMS5) or non-accessible site (NAGRAS4) sequences. This increase in 5-HT,» mRNA
expression in parallel with the marked reduction in GR mRNA expression seen with GRASS

antisense suggests negative regulation of 5-HT,4 expression by the GR in C6 glioma cells.
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Figure 5.5 (A) Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. Lanes illustrating 5-HT,, receptor (216 nucleotides) and control P-actin (244
nucleotides) eDNA product bands corresponding to the respective individual treatment groups shown on
the x-axis of the graph below with ODN concentrations in pM given in parentheses. (B) Densitometric
analysis of 5-HT,4 receptor bands standardised to mean B-actin band density, illustrating the effect of
ODN sequence and concentration on the expression of GR mRNA in C6 glioma cells. Data shown are
mean values + standard deviation, where n=3 (LSD test, *p<0.05 compared to GRMMS, GRSSS and
NAGRASA).
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5.3.5 In Vitro Assessment of ODN Treatment on GR Protein Expression Using

Radioligand Binding Assays.

C6 glioma cells were treated at an ODN concentration range of 0.01-1uM as described in
section 2.2.14.5 and measurement of GR protein expression in treated samples compared to
untreated control samples, was made using a single concentration displacement competition
radioligand binding assay, as described in section 2.2.10.2. Values derived indicate total
number of binding sites labelled by a maximal concentration of the GR ligand
[’H]-dexamethasone. Maximal binding sites (Bmax) of 115 fmol/mg protein and dissociation

constant (Kq) of 1.2nM for GR in untreated groups were derived from saturation experiments.

120
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Treatment Groups + (Concentration [uM])

Figure 5.6 GR binding sites in C6 glioma cells as described in section 2.2.10.2 following treatment with
various ODN sequences. Data are expressed as a percentage of specific binding for control untreated
cells. Data shown are mean values * standard deviation, where n=3 (LSD test, *p<0.05 compared to
GRMMS5, GRSS5 and NAGRASY).

GR binding was reduced dose-dependently following treatment with GRASS, resulting in a
significant 80% decrease in GR binding sites at 1uM (Figure 5.6), compared to the 4%, 12%
and 24% decreases seen in the mismatch (GRMMS5), sense (GRSSS5) and non-accessible site
(NAGRAS4) treatment groups, respectively. This confirms the efficacy of the GRASS

antisense sequence for inhibition of GR mRNA and protein expression in vitro.
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Comparison of the efficacy of GRASS with antisense designs GRAS1 and GRAS6 also
targeting the optimal accessible site D (Figure 5.7) and which had good GR mRNA cleavage
efficacy as determined by the RNAse H accessibility (section 4.3.5) and mRNA
downregulation (section 5.3.3) similarly reduced GR binding with GRASS producing the
greatest reduction (80%). The site D directed antisense sequences were significantly more
effective than the site A-C directed antisense sequences (AGRAS1, BGRAS2, and CGRAS3)
at reducing GR binding while the GRASS antisense design, targeting the accessible site D but
having poor GR mRNA cleavage efficacy (section 4.3.5) produced the smallest decrease in

GR binding (28%).

AGRAS1 BGRAS2 CGRAS3 GRAS5  GRASt
Treatment Groups (1pM)

100

Mean % Untreated Control GR Binding Sites

Figure 5.7 GR binding sites in C6 glioma cells as described in section 2.2.10.2 following treatment with
various ODN sequences. Data expressed as a percentage of specific binding for control untreated cells.
Data shown are mean values + standard deviation, where n=3 (LSD test, *p<0.05 compared to AGRASI,
BGRAS2, CGRAS3 and GRASS).

These results showing differential antisense efficacy at reducing GR binding sites closely
mirror the results obtained using quantitative RT-PCR to assess GR mRNA expression in C6
cells (section 5.3.3) and therefore further supports the use of rational antisense design and

antisense sequences most likely to be effective both in cells in vitro, and potentially in vivo.

170



Chapter 5: In Vitro Effects of Antisense ODNs Targeting the GR

5.3.6 In Vitro Assessment of ODN Treatment on 5-HT,, Receptor Protein Expression
Using Radioligand Binding Assays.
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Figure 5.8 5-HT,s receptor binding in C6 glioma cells as described in section 2.2.10.5 following
treatment with various ODN sequences. Data expressed as a percentage of Bmax for control untreated
cells. Data shown are mean values + standard deviation, where n=3 (LSD test, *p<0.05 compared to
GRMMS5, GRSSS and NAGRAS4).

The expression of 5-HT receptor protein in C6 glioma cells treated with the antisense and
control ODN sequences listed in Table 5.1 was measured using saturation binding experiments
with a range of 8 concentrations (0.5-50nM) of the 5-HT,ax receptor radioligand
["H]-ketanserin to determine the K4 (dissociation constant) and Bpay (maximum number of
binding sites) for ["H]-ketanserin and thus determine the possible functional consequence of
downregulating GR expression using antisense ODNs in vitro (sections 2.2.10.4 and
2.2.10.5). Maximal binding sites (Bmax) of 250 fmol/mg protein and dissociation constant (Kq)

of 0.5nM for 5-HT.a receptor in untreated groups were derived from saturation experiments.

171



Chapter 5: In Vitro Effects of Antisense ODNs Targeting the GR

Treatment with the optimally effective GRASS5 antisense ODN after 5 days produced a dose-
dependent increase in 5-HT,a receptor expression in C6 glioma cells (Figure 5.8), resulting in
a significant (p<0.05) 32% increase in 5-HT,s receptor binding at 1uM. No significant
changes in 5-HT,4 receptor binding were seen with the mismatch (GRMMS5), sense (GRSS5)
or non-accessible site (NAGRAS4) sequences.

This further supports the finding of the quantitative RT-PCR experiments (sections 5.3.3 and
5.3.4) that 5-HT,a receptor expression is negatively regulated by GR. The pattern of this

relationship between GR and 5-HT-4 receptor expression is illustrated in Table 5.2.

Table 5.2 The effect on 5-HT,4 receptor expression in C6 glioma cells following optimal GRASS
antisense ODN treatment targeting the GR as determined using quantitative RT-PCR and radioligand
binding assay. Increase (1) Decrease ({).

PROTEIN mRNA
Glucocorticoid Receptor J 3
5-HT,a Receptor 0 0
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5.4 Discussion.

The aims of the experiments described in this chapter were to explore the efficacy of the
antisense ODN sequences in Table 5.1 in a cell-based system, and to reveal modulation of
5-HT,a receptor expression by the GR in C6 glioma cells. These experiments would also
justify the use of RNAse H accessibility mapping to design and characterise the efficacy of
these sequences. In these studies cell-based effects were assessed by measuring antisense
targeted receptor (GR) downregulation and any related changes in 5-HT-4 receptor expression
at both mRNA and functional receptor protein using quantitative RT-PCR and radioligand

binding analysis respectively.

Generally PS ODNSs are reported to have considerably extended half lives relative to
phosphodiester (PO) sequences when challenged with a number of purified nucleases (Hoke ef
al, 1991), or injected into Xenopus oocytes, (Woolf et al, 1990), although they were still
degraded within 30 minutes in Xenopus embryos (Woolf et al, 1990). The half life of PS
ODNs in HeLa cell nuclear extracts was reported to be 60 minutes (Furdon ef al, 1989).
Others found little or no degradation after 60 minutes in HeLa nuclear or cytoplasmic extract
(Akhtar et al, 1991), although complete degradation by the same extract was reported to
occur after 24-48 hours (Hoke ef al, 1991). It has been shown here that the GRASS 21-mer
PS ODN remained intact for up to 24 hours in the presence of C6 glioma cells at 37°C. This
infers that the intact 21-mer ODN is available to the C6 glioma cell line for the duration of the
24 hour intervals between media/antisense ODN replenishments, throughout the 5 day

treatment period.

Phosphorothioate (PS) ODNs have been widely used in vitro but few studies using cultures of
CNS-derived cells have been published. Concentrations of 1-3uM appear to be well tolerated
by cells in vitro but PS ODNs at 30uM have been shown to be toxic (Wahlestedt ef al, 1993;
Owens ef al, 1995) and similar toxicity at SOuM and above has been seen here. Consequently,
antisense knockdown experiments in this chapter were conducted at a concentration range of

0.01-1uM, and no apparent neurotoxicity was observed.
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Quantitative RT-PCR revealed a concentration-dependent downregulation of GR mRNA in
C6 glioma cells after 5 daily treatments with the optimally effective GRASS ODN sequence.
This achieved a 56% reduction in GR mRNA expression at 1pM. In the same cells,
quantitative RT-PCR also revealed a concentration-dependent upregulation in 5-HT:a
receptor mRNA, producing a parallel 29% increase at 1uM. This shows that the GRASS
antisense sequence significantly reduces GR mRNA expression in vitro with a consequential
increase in 5-HT,s receptor mRNA expression, highlighting the negative regulatory effect
exerted by the GR on 5-HT,s receptor expression. Similar effects were observed using
radioligand binding assays to measure protein receptor expression following GRASS
treatment: concentration-dependant GR downregulation by 80% and 5-HT,a receptor
upregulation by 32%. The GR regulatory effect of the GR on 5-HT,a expression has been
reported previously, using mainly glucocorticoid-mediated GR activation in vifro (Kuroda ef
al, 1992; Garlow and Ciaranello, 1995). In our study, knockdown of GR expression in C6
glioma cells using antisense ODNs resulted in an increase in 5-HT,s receptor expression
(Table 5.2) which is analogous to the observations made by Garlow and Ciaranello (1995) in
non-CNS derived cells, in which GR activation using dexamethasone resulted in inhibition of a
rat 5-HT,4 promoter-luciferase reporter construct. However in CNS derived Neuro-2a cells
the opposite effect was seen: dexamethasone stimulated reporter expression from the 5-HT;4
promoter (Garlow and Ciaranello, 1995). This reversal of the regulatory effect of the GR on
5-HT,s reporter expression may be a cell-type specific effect (glioma vs. neuroblastoma),
rather than a species difference (rat C6 vs. mouse Neuro2a) since the use of a rat 5-HT;a
promoter-luciferase reporter eliminates species differences at the DNA level. However,
Garlow and Ciaranello (1995) also point out that there is not a complete glucocorticoid
response element (GRE) consensus in the rat 5-HT,a promoter (only 11/15 bases match the
consensus), and deletion of this sequence does not affect glucocorticoid stimulation of the
reporter gene expression, therefore it would appear that glucocorticoids regulate 5-HT,a
expression by an indirect mechanism allowing both cell-type and species-specific differences in

gene regulation.
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In our studies it is interesting that GR knockdown caused an increase in 5-HT,a expression.
This indicates that there was tonic repression of 5-HT,a expression in the C6 cells used for
these experiments. In the absence of exogenous corticosteroid/dexamethasone, it is not clear
why the GR should be activated to repress 5S-HT,a expression. It appears therefore, either that
there is some degree of constitutive GR activation leading to 5-HT»4 repression or that some
corticosterone is present in the culture medium, in the foetal calf serum. The latter has been
confirmed. The foetal calf serum was shown by the supplier (Life Technologies, UK): to
contain cortisol (0.1-2.24 pg/L), as well as the gonadal steroids estradiol (8.78-36 pg/mL),
progesterone (0.03-0.18 ng/ml) and testosterone (0.01-0.18 ng/mL). Therefore the culture
medium would have contained appoximately SnM of cortisol which is in the concentration

range to allow binding to the GR (K4 = 2-5nM).

To assess the level of potency of the GRASS sequence, and thereby to justify the optimisation
of the antisense designs using RNAse H accessibility mapping (Chapter 4), GR
downregulation at the level of both mRNA and receptor protein using GRASS was compared
to the other antisense ODN designs listed in Table 5.1. It was evident that the antisense
designs: GRAS1, GRASS5 and GRAS6 effective at RNAse H cleavage of accessible site D
(section 4.3.4) produced the greatest downregulation of GR mRNA and protein expression
compared to mismatch (GRMMS), sense (GRSSS) or non-accessible site (NAGRAS4) control
sequences. This site was found to be the most accessible to RNAse H cleavage, in a cell-free
system, and appears equally accessible in cells. The antisense sequences against the less
accessible sites A-C (AGRAS1, BGRAS2 and CGRAS3) also reduced GR mRNA and protein
expression in cells, but to a lesser extent, reflecting the lower accessibility of these sites to
RNAse H in the cell free system. Yet further validation of RNAse H accessibility of in vitro
T7-transcribed mRNA translating to identical accessibility in cells comes from the observation
that GRASS, a sequence mapping adjacent to accessible site D and causing poor cleavage in
vitro, similarly had little effect on GR mRNA or protein expression in C6 glioma cells.
Furthermore, the antisense effects are sequence specific, because mismatch (GRMMS5) and
sense (GRSS5) sequences, as well as a non-accessible site sequence (NAGRAS4) produced

little inhibition of GR expression.
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In conclusion, several antisense and control ODN sequences have been evaluated in a cell
culture system with GRASS5 antisense ODN being the most effective at inhibiting GR mRNA
and protein expression in C6 glioma cells. The significant effects of the GRASS sequence on
both GR mRNA and protein levels but not mismatch or sense sequences confirms the
involvement of an antisense-mediated knockdown mechanism. The integrity of the GR
transcriptional regulation mechanism has also been confirmed, in that a consequential change
in the expression of 5-HT,a receptors in these cells also occurred. This effect is consistent
with negative regulation of 5-HTa expression by the GR. Also, since GRASS downregulated
GR expression, but upregulated 5-HT:a receptor expression, this suggests the GRAS5 ODN
effect is not non-specific. Furthermore the use of RNAse H mapping reactions in selecting
optimal antisense sequences has been justified in terms of the level of in vitro efficacy seen
with such optimally designed antisense ODN sequences, especially the GRASS design. We can
therefore investigate the use of this GRASS5 antisense sequence, with appropriate controls, in
vivo to determine its efficacy at GR knockdown and reveal any causal effects on 5-HT,a

receptor expression.
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CHAPTER SIX
IN VIVO EFFECTS OF ANTISENSE
OLIGODEOXYNUCLEOTIDES TARGETING THE
GLUCOCORTICOID RECEPTOR

6.1 Introduction.

This chapter investigates the effects of the selected antisense and control sequences targeting
the GR using male Wistar rats as the in vivo model. In the present study the effect of GRASS
antisense ODN treatment on expression of GR in the rat CNS has been determined, using
quantitative RT-PCR, radioligand binding techniques and western blot analysis. In the relevant
tissue samples analysis of 5-HT2a receptor expression was determined using quantitative RT-
PCR and radioligand binding techniques to assess GR modulation of 5-HT:a receptor
expression in vivo (Chaouloff, 1995; Kuroda et al, 1993; Lopez e! al, 1997). The functional
consequences of GR knockdown using GRAS5 was also investigated indirectly by measuring
5-HT,a receptor specific head-and body shakes in rats following DOI administration (Kennett
and Curzon, 1991). Before these main objectives were tackled several important factors which
influence the use of antisense ODNs in vivo such as: delivery and route of GRAS5
administration, the time course of target receptor protein turnover governing duration of
GRASS5 treatment, the antisense sequence/chemistry, controlling for potential toxicity and, in
vivo stability and CNS distribution of GRAS5 (Schlingensiepen and Heilig, 1997; LeCorre et
al, 1997), were addressed first.

Several techniques have been developed for the administration of ODNs to the rat CNS,
including repeated bolus ICV injections, continuous infusions using devices such as osmotic
minipumps, and repeated direct injections to specific brain regions (Wahlestedt, 1994). As
stress increases glucocorticoid release, which in turn regulates the level of GR expression via

the HPA axis (section 1.7.3), repeated ICV injection procedures which increase overall stress
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to the animals would not be an ideal means of ODN administration. Also devices such as
minipumps, which are normally surgically implanted in the fold of skin at the nape of the neck
near the animals’ head would cause problems in the measurement of the functional
consequences of GR inhibition when using behavioural tests such as DOI-induced head-shake
observations. In the case of site-specific injections, some localised tissue damage can be

expected and therefore this route of CNS administration is not deemed suitable.

To overcome this problem of ODN administration to rat CNS a slow-release polymer
microsphere delivery system was used. This involved producing microscopic spherical
matrices of biodegradeable polymer which had ODNs dispersed within the polymer matrix to
be released in a slow, sustained manner Into the exogenous medium. Unlike cationic
liposomes, microspheres can provide ODN delivery across the cell membrane without the
cellular toxicity associated with cationic liposomes (Lewis et al, 1995; Cleek et al, 1997).
Microspheres also provide ODNs with protection from nuclease degradation (Lewis ef al,
1995) and can be manufactured to provide ODN release over a predetermined period of time,
therefore enabling lower concentrations of ODN to be used, and only necessitating a single
ICV injection. Such use of biodegradeable polymer microspheres in delivering antisense ODNs
has been carried out previously both in vitro and in vivo (section 1.9), but not directly to the

brain, thus making the use of this delivery system in this study a novel approach.

The turnover of GR in vivo is not known, but is predicted to have a half-life of about 2-3 days,
as is the case for most intracellular hormone receptors (Herz et al, 1997). Thus a 5 day
sustained period of ODN treatment, equivalent to 2 half-lives, was chosen, and therefore
ODNs were formulated in polymer microspheres which were developed to give complete
degradation and dissolution of the polymer matrix within approximately 5-7 days (Lewis et al,
1995). A majority of in vivo experiments using antisense ODNs (Wahlestedt et al, 1993;
Zhang and Creese, 1993; Whitesell et al, 1993; Weiss et al, 1997) have used nuclease resistant
PS ODNs rather than phosphodiester ODNS, and continuous infusion rather than repeated
ICV injections. This method of administration has been shown to give superior brain
distribution and concentrations, and reduce any potential toxicity (Whittesell et al, 1993).

Therefore PS ODN sequences formulated within sustained-release polymer microspheres were
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used with the aim of achieving this superior brain distribution at non-toxic concentrations of

PS ODN:s.

Assessment of systemic toxicity and any histological damage as a result of treatment was made
by carrying out animal well-being assessments (section 2.2.20) and cresyl fast violet staining
(section 2.2.19.1) respectively. Post-operative well-being assessments assessed any
behavioural toxicity of the treatment following surgery using a set of well defined behavioural
parameters over a specific period of time and was scored in terms of the degree of the
particular behaviour which was different in treated animals compared to normal untreated
animals (section 2.2.20). Cresyl fast violet staining examined histological damage as a result of
neuronal loss and glial cell proliferation. In addition, animals were also weighed daily and,
following the experimental endpoint, adrenal glands were removed and weighed to check for

any systemic HPA-axis related effects arising from the treatments.

The uptake of antisense ODN’s in vivo has previously been investigated by a number of groups
using a number of different methods, which include fluorescent labelling of oligonucleotides,
immunocytochemical assays and the use of radiolabelled oligonucleotides. But there is still
limited information regarding the anatomical distribution of the antisense ODN following
administration into the rat brain (Whitesell et al, 1993; Yee et al, 1994; Yaida and Nowak,
1995; Szklarczyk and Kaczmarek, 1995; Schlingensiepen and Heilig, 1997). ICV application
in the rat of biotinylated ODNs was previously found to penetrate brain tissue and neurones,
giving rise to specific cellular staining, and appeared to be randomly distributed within many
types of cells (Wahlestedt, 1994). To establish for this study the pattern of distribution and
penetration in the rat CNS of the administered ODNs, FITC-labelled ODNs were injected ICV
in either polymer-complexed or free form and the animals killed after 1 or 5 days. The rat
brains were paraformaldehyde-fixed and sectioned using a cryostat and analysed for ODN
distribution with fluorescence microscopy (section 2.2.19.2). The fluorescent-labelled ODN is
more convenient to use than a radiolabelled probe as it is commercially synthesised and is

easier to handle for in vivo experiments giving comparable levels in obtained results.

Time course studies into the uptake and the stability of PS oligonucleotides in vivo suggest

that the free PS oligonucleotide is stable in the brain for approximately 24 hours (Zhang e al,
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1996; Weiss ef al, 1997). In vivo stability studies (section 2.2.22) were conducted to establish
the period of survival of the intact 21-mer PS ODN GRASS antisense design sequence both in

the polymer complexed and free form at various times following ICV administration.

Table 6.1 Developed oligodeoxynucleotide sequences used in male Wistar rats as polymer formulations.

ANTISENSE SEQUENCE SEQUENCE TYPE
DESIGN ID (5’ to 3°)
GRASS TAAAAACAGGCTTCTGATCCT Antisense to site D
GRMMS5 CGGAAAAGTGCTCACGATAAC Mismatch control

The aim of this chapter was to investigate the potential of the optimally effective GRASS
antisense sequence in its role as a biological tool, with the presence of appropriate control
sequences (Table 6.1) and treatment groups, for the knockdown of CNS GR expression in
vivo and also determine the existence and level of any modulation of the 5-HT,5 receptor
system as seen in the in vitro studies (Chapter 5). This was to be assessed in terms of GR and
5-HT,4 receptor expression at both the mRNA and receptor protein level in corresponding rat
brain regions which include the hypothalamus, hippocampus and frontal cortex. The functional
consequences of any change in 5-HT,a receptor expression as a result of possible GRASS
specific downregulation of GR was assessed using the behavioural experiment of DOI-induced

head-shake frequency.

6.2 Methods.

All relevant methods are found in chapter two, with any additional information given in the

relevant results section.

Results in this chapter, unless otherwise indicated, were statistically compared using a one-
way analysis of variance with treatment as factor. Post hoc comparisons were then made using
Tukey-HSD test, with alpha set at p<0.05. In all statistical analysis a value of p<0.05 was

considered significant.
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6.3 Results.

6.3.1 Oligonucleotide Synthesis and Preparation of Microspheres.

Both the antisense 21-mer PS GRASS5 and control 21-mer PS GRMMS ODN sequences
(Table 6.1) were custom synthesised and cartridge purified commercially (Gibco BRL, Life
Technologies, UK). ODN loaded microspheres were prepared as described in section 2.2.15.1
at a concentration of 20ug/ul. of ODN for every 0.2mg of polymer, which when considering a
microsphere entrapment efficiency of 50%, polymer solubility of 1mg/5ul. in ddH,O and
complete polymer matrix degradation and dissolution occurring within 5-7 days (Lewis ef al,
1995), provided an approximate dose of 2pg/uL of ODN per day over a treatment period of 5
days. This ODN concentration was selected from assessing previously published in vivo
studies (Zon, 1995; Nicot and Pfaff, 1997; Szklarczyk and Kaczmarek, 1999) and based on
the findings from the in vifro studies (Chapter 5). For control blank polymer microspheres
saline was used to replace the ODN aqueous solution in the microsphere preparation protocol
(section 2.2.15.1). Surface morphology of the prepared microspheres was examined using
scanning electron microscopy (SEM) as described in section 2.2.15.2 and is shown in Figure

6.1.

The polymer microsphere particle size distribution range was also characterised as described in
section 2.2.15.3 and is shown in Figure 6.2. Examination by SEM showed that all batches of
microspheres had formed with the expected spherical morphology and possessed a smooth
external surface immediately after the preparation (Figure 6.1). There were no ODN crystals
observed on the surface of the microspheres, probably due to the washing procedure during

the preparation of microspheres.

Microsphere particle size analysis showed that all batches of polymer microspheres used in the
in vivo studies had a size distribution ranging from 0.1-100um (Figure 6.2) which was
consistent to achieve the expected 50% loading efficiency (Lewis et al, 1995). This achieved
size distribution range would also provide a continued release profile of entrapped ODN as a
result of different particle sizes and therefore exposed surface areas presented by these

microspheres in a particular batch. This is because these microspheres would have varying
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degradation rates in a particular batch due to differences in their surface area and thus provide
sustained degradation of polymer matrix, continually releasing ODN over a specific time

period (Lewis et al, 1995).

Figure 6.1 Representative scanning electron micrographs of poly D,L-lactide co-glycolide (PL-GA)
polymer microspheres containing GRAS5 ODN at different viewing fields: (A) low power magnification,
(B) high power magnification.
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Figure 6.2 Representative particle size distribution range for ODN loaded microspheres as measured
using a Malvern Mastersizer (see section 2.2.15.3). Curve x: distribution expressed as the mean number
of particles. Curve y: distribution expressed as the mean volume of particles.

6.3.2 Preliminary Assessment of GRASS ODN Treatment.

Pilot studies were performed in order to meet with Home Office regulations concerning ethical
issues and to determine the safety and suitability of the optimally effective antisense GRASS
sequence in vivo. These studies determined the safety of GRASS ODN treatment,
administered as both the polymer microsphere loaded (AS) and free uncomplexed (FAS) form,
using animal well-being assessments (section 2.2.20) and CNS histological examination
(section 2.2.17). The extent and duration of GRASS treatment achieved using the polymer
microsphere delivery system was investigated by performing stability studies of recovered
GRASS following in vivo treatment (section 2.2.22). Further preliminary studies were also
conducted to examine the nature of GRASS5 distribution within the brain after single ICV
administration of this novel GRASS5-polymer microsphere delivery system using fluorescent

localisation of microsphere entrapped FITC labelled GRASS5 ODN (section 2.2.18).

183




Chapter 6: In Vivo Effects of Antisense ODNs Targeting the GR

6.3.2.1 Preliminary Well-being Assessments.

Initial well-being assessments as described in section 2.2.20, carried out on animals (n=2)
following ICV administration of either AS or FAS treatment (section 2.2.16) using an
estimated total dose of 10ug/ul. of ODN for each, produced no noticeable differences in
behaviour after 5 days compared to untreated animals. This shows that GRAS5 treatment
resulted in no behavioural toxicity in vivo after 5 days of treatment. A more extensive well-

being assessment study is presented in section 6.3.3.2.

6.3.2.2 Histological Examination.

Rat brain cryosections, prepared as described in section 2.2.17, were examined 5 days
following ICV administration of either AS (at 2pug/ul. of ODN per day, n=3) or FAS
(10pg/uL. of ODN, n=3) for histological damage using cresyl fast violet staining as described
in section 2.2.19 and by making comparisons to cresyl fast violet stained cryosections from
untreated animals. Figure 6.3 highlights the accuracy in directing the injection needle to the
intended target of the left lateral ventricle (Figure 6.3B) using the stereotaxic co-ordinates
(section 2.2.16) by the observations of needle tract projections to the left lateral ventricle
(Figure 6.3C). The anatomical brain regions investigated using histological examination is
illustrated in Figure 6.3A. Cresyl violet staining revealed no observed neurological damage,
neuronal loss or evidence of glial cell proliferation in any of the two treatment groups as
highlighted by the tissue morphology seen in the following brain regions: frontal cortex,
hippocampus, hypothalamus, cerebellum, striatum and corpus callosum (Figures 6.4 to 6.9) of
treated animals compared to untreated animals. This shows there is no apparent toxicity

associated with AS or FAS treatments following single ICV administration.
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6.3.2.3 In Vivo Oligonucleotide Stability.

The stability of ICV administered 21-mer PS GRAS5 ODN in the polymer-complexed form in
the rat CNS was examined at 24 hours and at 5 days after administration as described in
section 2.2.22 (n=3), to assess the presence of intact GRASS ODN within the rat brain
following treatment. Figure 6.10 shows the ODN remains intact in the rat CNS afier 24 hours
(Lanes 1-3) and 5 days (Lanes 4-6) following ICV administration. Therefore the intact full
length 21-mer GRAS5 ODN was available for up to 5 days in the rat CNS using the polymer
microsphere delivery system. Partial degradation of the ODN was shown by the lower
intensity bands obtained for the two time points compared to bands illustrating the intact

21-mer GRASS ODN as represented by lane A.

Figure 6.10 Autoradiogram of 5’-end **P-labelled ODNs electrophoresed by 20% denaturing PAGE
showing stability of 21-mer PS GRAS5 ODN administered ICV in the polymer-complexed form to male
Wistar rats and retrieved 24 hours (Lanes 1-3) or 5 days (Lanes 4-6) following administration. Lane A:
intact 21-mer PS GRASS ODN.

Stability of ICV administered 21-mer PS GRASS ODN in the free form in the rat CNS was
also assessed 24 hours after administration as described in section 2.2.22 (n=3) to compare
with GRASS stability in the polymer-complexed form. Figure 6.11 shows the ODN to be
extensively degraded in the rat CNS 24 hours following ICV administration as represented by
the detection of faint bands (Lanes 1-3). However, due to the presence of bands of
appropriate size, corresponding to the intact 21-mer GRASS ODN, some of the full length

21-mer ODN remained intact for up to 24 hours.

Figure 6.11 Autoradiogram of 5’-end **P-labelled ODNs electrophoresed by 20% denaturing PAGE
showing stability of 21-mer PS GRAS5 ODN administered ICV in the free form to male Wistar rats and
retrieved 24 hours (Lanes 1-3) following administration. Lane A: intact 21-mer PS GRASS ODN.
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The fluorescent signal of the ODN in the polymer-complexed form 5 days following ICV
administration was detected mainly around areas of the lateral ventricle (Figure 6.13), the
frontal cortex (Figure 6.17), the hippocampus (Figure 6.18) and the hypothalamus (Figure
6.19). These regions showed a strong fluorescent signal which appeared to be within the cells
of these brain regions when viewed under high magnification (Figures 6.17C, 6.18C and
6.19C).

The outer surface of the cerebral hemispheres demonstrated a stronger fluorescent signal than
the rest of the cerebral cortex (Figure 6.17A). This probably represented FITC labelled ODNs
which had flowed around the brain in the subarachnoid space. The subarachnoid space is
continuous with the ventricles and contains cerebro-spinal fluid (CSF), which coats the outer
surface of the brain (Sherwood, 1989). The surface of the brain beneath the subarachnoid
space is encapsulated by a continuous limiting membrane consisting of glial cells and is termed
the pial-glial membrane (Nauta and Feirtag, 1986). Therefore it maybe this pial-glial
membrane which is favourably associated with the FITC labelled ODNSs circulating the outer

surface of the brain.

The pattern of the strong fluorescent signal in the hippocampus showed evidence of
differential uptake within the different hippocampal cell layers (Figures 6.18A and B), while
the even fluorescence observed in the hypothalamic area of the brain (Figures 6.19A and B),
which was stronger in signal intensity compared to surrounding areas, again indicates

differential cellular uptake of fluorescent ODNSs.
Therefore it is apparent that ODNs are almost certainly able to access a wide range of brain

areas following ICV administration using a polymer matrix delivery system which enables

sustained controlled release of ODNs over the required 5 day treatment period.
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6.3.3 In Vivo Assessment of GRASS ODN Treatment.

Following the preliminary studies shown in section 6.3.2, experiments were conducted to
study the effects of GRASS treatment on GR expression with possible modulation of 5-HT24
expression in selected brain regions and to replicate the in vitro findings (Chapter 5) in vivo,
using treatment groups following an alternating block design in administration. Animal
well-being assessments as described in section 2.2.20 were also carried out throughout these
experiments to detect possible toxicity of treatment groups and to confirm the findings of the

pilot studies (section 6.3.2.1).

6.3.3.1 In Vivo Treatment Design and Groups.

In the first set of experiments, rats received a single 2uL injection of one of two treatments
using an alternating block design: GRAS5 antisense ODN-loaded polymer microspheres (AS)
at an estimated dose of 2ug/uL of ODN per day (0.2mg/uL of polymer) or free GRASS
antisense ODN (FAS) at a single dose of 10ug/pL. 8 animals per treatment group were used
over a 2 day period according to the treatment regime shown in Table 6.2. In the second set of
experiments four treatments were used in a 2pL injection volume: sham injection (SH),
0.2mg/puL of saline-loaded polymer microspheres (PL), 0.2mg/uL of GRASS antisense ODN-
loaded polymer microspheres (AS) or 0.2mg/uL of mismatch ODN-loaded polymer
microspheres (MM) each at an estimated dose of 2ug/uL. of ODN per day (0.2mg/uL. of
polymer). 8 animals per group were treated over a 4 day period with 8 animals being treated

per day according to the treatment regime shown in Table 6.3.

Table 6.2 Two day block design treatment schedule for optimal GRASS antisense ODN-loaded polymer
microspheres (AS) and free GRASS antisense ODN (FAS) administered using single ICV injections as
described in section 6.3.3.1. Each animal is only given one treatment with new animals being used on
subsequent days.

RAT 1 2 3 4 | 5 6 | 7 | 8

DAY1| AS | FAS AS | FAS | AS | FAS | AS | FAS

DAY 2 | FAS AS FAS AS FAS AS FAS AS
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Table 6.3 Four day block design treatment schedule for sham injection (SH), saline-loaded polymer
microspheres (PL), optimal GRASS antisense ODN-loaded polymer microspheres (AS) and mismatch
ODN-loaded polymer microspheres (MM) administered using single ICV injections as described in
section 6.3.3.1. Each animal is only given one treatment with new animals being used on subsequent

days.

RAT 1 2 3 4 5 6 ki 8
DAY1| AS | MM | SH | ©PL AS | ™M | sH | PL
DAY2 | MM SH PL AS MM SH PL AS
DAY3 | SH PL AS MM SH PL AS MM
‘DAY 4 | PL AS MM SH PL AS MM SH

6.3.3.2 Animal Post-operative Well-being Assessment.

Well-being assessments carried out as described in section 2.2.20 and using a rat behaviour
assessment sheet (Table 2.2) showed no differences in the treated animals’ behaviour using the
following behavioural parameters: locomotion, gait, posture, muscle tone, stereotypy,
salivation, cyanosis, and dyspnoea, when compared to normal untreated animals over the
treatment period of 5 days, with assessments made at 24 hour intervals. Overall, no animals
lost weight over the treatment period and no significant changes were seen in mean daily
weights of animals in FAS group compared to AS treatment group in the first set of
experiments (Figure 6.20), and in PL, AS and MM groups compared to SH treatment group
during the second set of experiments (Figure 6.21). When assessing adrenal gland weights, no
significant changes were seen in the FAS treated group compared to AS treatment group
(Figure 6.22), while PL, AS and MM treatments produced no significant changes compared to
SH treatment 5 days after treatment (Figure 6.23). This suggests that none of the treatment
groups produced any noticeable neurotoxic and/or related systemic effects affecting either rat

behaviour or HPA axis homeostasis.
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Figure 6.22 Mean adrenal gland weight 5 days after ICV administration of AS and FAS treatment
groups. Data shown are mean values + standard deviation, where n=8.
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Figure 6.23 Mean adrenal gland weight 5 days after ICV administration of SH, PL, AS and MM
treatment groups. Data shown are mean values + standard deviation, where n=8.
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6.3.3.3 In Vivo Assessment of GRASS Treatment Using Quantitative RT-PCR.

Male Wistar rats 5 days following ICV administration of treatment groups SH, PL, AS, MM
and FAS as described in section 6.3.3.1 had measurement of both GR and 5-HT,a receptor
mRNA expression carried out using quantitative RT-PCR as described in sections 2.2.13.4
and 2.2.13.5. GRASS5 treatment administered in the polymer complexed form (AS)
significantly (p<0.05) reduced GR mRNA expression by 40% compared to GRASS
administered in the free form (FAS) in rat hypothalamus (Figure 6.24). Conversely, in the
same animals 5-HT,4 receptor mRNA expression in rat hypothalamus following AS treatment
significantly (p<0.05) increased by 12% compared to FAS treatment (Figure 6.24). This
would suggest the efficacy of the GRASS antisense ODN in suppressing GR mRNA
expression and causing related changes in 5-HT24 receptor mRNA expression was enhanced
by ICV administration of GRASS using a polymer microsphere delivery system in rat

hypothalamus over 5 days in vivo.
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Figure 6.24 Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. (A) Lanes illustrating GR (509 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (B) Lanes illustrating 5-HT:a receptor (216 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (C) Densitometric analysis of GR and 5-HT;4 receptor bands standardised to the mean B-actin
band density illustrating the effect of treatment group on the expression of GR (black bars) and 5-HT:a
receptor (white bars) mRNA in the hypothalamic region of male Wistar rats, Data shown are mean
values + standard deviation, where n=8 (unpaired t-test, *p<0.05 and £p<0.05).
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Figures 6.25-6.27 showed the AS treatment group produced significant (p<0.05) reductions n
GR mRNA expression in the following rat brain regions: frontal cortex (F3s=45.02),
hippocampus (F3,5=69.93) and hypothalamus (F32s=69.36) by 26, 35 and 39% respectively
compared to sham (SH). Whereas polymer (PL) and mismatch (MM) treatments had
negligible effects on GR mRNA expression compared to sham (not significant). In these
animals quantitative RT-PCR also showed the AS treatment group to significantly (p<0.05)
increase 5-HT,a receptor mRNA density in the rat brain regions of frontal cortex
(F3.,5=28.15), hippocampus (F32s=16.99) and hypothalamus (F;2s=14.81) by 13, 7 and 5%
respectively compared to sham (Figures 6.25-6.27). Polymer and mismatch treatments had no
significant effect compared to sham. This shows GRASS antisense ODN when administered
ICV using polymer microspheres, suppressed GR mRNA expression in the rat brain regions of
frontal cortex, hippocampus and hypothalamus over 5 days in vivo. The concomitant increase
in 5-HT,4 receptor mRNA density in these animals in the same brain regions suggests its

expression to be under tonic inhibitory control by GR in vivo.
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Figure 6.25 Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. (A) Lanes illustrating GR (509 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (B) Lanes illustrating S-HT24 receptor (216 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (C) Densitometric analysis of GR and 5-HT,, receptor bands standardised to the mean B-actin
band density illustrating the effect of treatment group on the expression of GR (black bars) and 5-HT24
receptor (white bars) mRNA in the frontal cortex region of male Wistar rats. Data shown are mean
values + standard deviation, where n=8 (Tukey-HSD test, *p<0.05 and tp<0.05 compared to other

groups).
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Figure 6.26 Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. (A) Lanes illustrating GR (509 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (B) Lanes illustrating 5-HT,4 receptor (216 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (C) Densitometric analysis of GR and 5-HT,4 receptor bands standardised to the mean B-actin
band density illustrating the effect of treatment group on the expression of GR (black bars) and 5-HT2a
receptor (white bars) mRNA in the hippocampal region of male Wistar rats. Data shown are mean
values + standard deviation, where n=8 (Tukey-HSD test, *p<0.05 and tp<0.05 compared to other

groups).
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Figure 6.27 Representative gel electrophoresis of RT-PCR products obtained as described in sections
2.2.13.4 and 2.2.13.5. (A) Lanes illustrating GR (509 nucleotides) and control -actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (B) Lanes illustrating S-HT:a receptor (216 nucleotides) and control B-actin (244 nucleotides)
¢DNA product bands corresponding to the respective treatment groups shown on the x-axis of the graph
below. (C) Densitometric analysis of GR and 5-HT,4 receptor bands standardised to the mean B-actin
band density illustrating the effect of treatment group on the expression of GR (black bars) and 5-HT:2a
receptor (white bars) mRNA in the hypothalamic region of male Wistar rats. Data shown are mean
values + standard deviation, where n=8 (Tukey-HSD test, *p<0.05 and tp<0.05 compared to other

groups).
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6.3.3.4 In Vivo Assessment of GRASS Treatment Using Radioligand Binding Assays.

Male Wistar rats 5 days following ICV administration of either AS or FAS were tested for GR
protein expression using a radioligand binding assay as described in sections 2.2. 10.2,2.2.10.4
and 2.2.10.5. GR binding was significantly (p<0.05) reduced by 76% following GRASS
treatment administered in the polymer complexed form (AS) compared to GRASS
administered in the free form (FAS) in rat hypothalamus (Figure 6.28). This further confirms
the efficacy of the GRASS5 antisense ODN in suppressing GR expression was enhanced by
ICV administration of GRAS5 using a polymer microsphere delivery system. No
measurements of 5-HT,a receptor binding was possible in the hypothalamus of these animals

due to the amount of tissue required to determine the 5-HT24 Bmax.
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Figure 6.28 GR binding in hypothalamic region of male Wistar rats 5 days after ICV administration of
AS (black bars) and FAS (white bars) treatment groups. Data shown are mean values * standard
deviation, where n=8 (unpaired t-test, *p<0.05).

In the second experiment, male Wistar rats after 5 days treatment with SH, PL, AS or MM,
had both GR and 5-HT,a receptor protein expression in frontal cortex and hippocampus
determined by radioligand binding, with effects on expression of GR alone determined in the
hypothalamus. AS treatment significantly (F325=97.55, p<0.05) reduced GR binding in rat
frontal cortex by 67% compared to sham (Figure 6.29), whereas polymer and mismatch
treatments had no significant effect. In the same animals, 5-HT,a receptor density significantly

(F32=14.39, p<0.05) increased by 21% compared with sham (Figure 6.29). Polymer and
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mismatch treatments again produced no significant effects compared to sham. This showed the
GRASS5 antisense sequence to significantly inhibit GR expression in rat frontal cortex over 5
days in vivo and also indicates the existence of tonic inhibitory control of 5-HT4 receptors by

GR in vivo due to the increase in 5-HT>4 receptor density seen with GRASS treatment.
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Figure 6.29 GR (black bars) and 5-HT;, receptor (white bars) binding in frontal cortex of male Wistar
rats as described in section 2.2.10.2 and 2.2.10.5 respectively, 5 days following ICV administration of SH,
PL, AS or MM treatment groups. Data shown are mean values + standard deviation, where n=8 (Tukey-
HSD test, *p<0.05 and **p<0.05 compared to other groups).

In the hippocampus (Figure 6.30) AS treatment produced a significant (F32¢=398.45, p<0.05)
69% reduction in GR binding compared to sham while a significant (F325=407.72, p<0.05)
75% reduction in GR binding compared to sham is shown in the hypothalamus (Figure 6.31).
No significant increase in 5-HT»a receptor density was shown in the hippocampus (Figure
6.30) following AS treatment compared to sham, although this would be due to the fact that in
this experiment the n number was halved (n=4) as a result of pooling tissue samples together
to carry out the binding analysis. Polymer and mismatch treatments in these animals produced
no significant effects compared to sham (Figures 6.30 and 6.31). As before, no measurements
in 5-HT,4 receptor binding was made for the hypothalamic region due to the unavailability of

sufficient amounts of appropriate tissue samples for the binding procedure.
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Figure 6.30 GR (black bars) and 5-HT,4 receptor (white bars) binding in hippocampi of male Wistar
rats as described in section 2.2.10.2 and 2.2.10.5 respectively 5 days following ICV administration of SH,
PL, AS or MM treatment groups. Data shown are mean values + standard deviation for GR binding,
where n=8 and data shown are mean values T standard deviation for 5-HT,4 receptor binding, where
n=4 (Tukey-HSD test, *p<0.05 compared to other groups).
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Figure 6.31 GR binding in the hypothalami of male Wistar rats as described in section 2.2.10.2 5 days

following ICV administration of SH, PL, AS or MM treatment groups. Data shown are mean values +
standard deviation, where n=8 (Tukey-HSD test, *p<0.05 compared to other groups).
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6.3.4. Functional Consequences of GRASS ODN Treatment Assessed by Behavioural

Observations.

The findings in section 6.3.3 have shown that GRAS5 is a suitable biological tool to
knockdown GR expression in the CNS bringing about parallel GR-modulated upregulation in
5-HT,s receptor expression. To establish the functional significance of this GR-mediated
modulatory action upon 5-HT2s expression, behavioural observations were made following
administration of the 5-HTaanc receptor specific agonist DOI (Glennon et al, 1986) to
ODN-treated animals as described in section 2.2.21. Head-shakes and wet-dog shakes occur
in rodents following administration of agents which increase 5-HT activity, and have been
shown to be due to activation of 5-HT,a receptors (Kennett and Curzon, 1991). The head-
shake response in rats using DOI is a well-recognised behavioural response to 5-HTza
receptor specific stimulation (Lucki ef al, 1984), and in this present study was used to make
direct functional correlation to any changes in the density of 5-HT,a receptor expression

brought about by GRASS treatment.

To make this functional analysis of GRASS treatment a third set of in vivo experiments were
carried out using the treatment groups: SH, PL, AS and MM and following the experimental
treatment design as described in section 6.3.3.1 and illustrated in Table 6.3, with appropriate
well-being assessments also made (section 2.2.20). Due to the limited availability of brain
tissue obtained from the first two sets of in vivo experiments, tissue samples from this
experiment following DOI treatment were used to carry out the radioligand binding assay for
analysis of GR in the hypothalamus (Figure 6.31) and Western blot analysis of GRASS
treatment both in the hippocampus (Figure 6.35) and hypothalamus (Figure 6.36). This was
done to provide further confirmation of the ability of GRASS to knockdown GR expression in
vivo and also provide a means of comparing data obtained on GR expression using tissue
samples from animals which were and were not subjected to DOI treatment. As DOI is a
direct 5-HT,anc receptor agonist (Glennon et al, 1986) and due to its short exposure to the
animals (section 2.2.21), it is highly unlikely that DOI treatment would interfere with assays
analysing GR expression, though the presence of DOI does interfere with 5-HT24 binding
(Kettle et al, 1999).
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Figure 6.33 Mean adrenal gland weight 5 days after ICV administration of SH, PL, AS and MM
treatment groups. Data shown are mean values 1 standard deviation, where n=8.

6.3.4.2 In Vivo Assessment of GRASS Treatment Using Western Blot Analysis.

To assess further the level of inhibition of GR expression using the GRASS antisense sequence
in vivo, male Wistar rats 5 days following ICV administration of treatment groups AS and
FAS in the first experiment, and 5 days following ICV administration of treatment groups SH,
PL, AS, and MM in the second experiment as described in section 6.3.3.1, had measurement
of GR protein expression carried out using Western blot analysis as described in section
2.2.11. GR protein expression was significantly (p<0.05) reduced by 77% following GRASS
treatment administered in the polymer complexed form (AS) compared to GRASS5
administered in the free form (FAS) in rat hypothalamus (Figure 6.34). This again confirms the
enhancement of GRASS inhibition of GR protein expression in rat hypothalamus over 5 days
in vivo when administered as a polymer microsphere formulation as opposed to GRAS5
administration in the free form as was demonstrated previously by both quantitative RT-PCR

(Figure 6.24) and radioligand binding assay (Figure 6.28).
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AS treatment produced a significant (F;2s=909.88, p<0.05) 76% reduction in GR protein
expression compared to sham whereas no significant changes were seen with polymer and
mismatch treatments compared to sham in rat hippocampus over 5 days (Figure 6.35).
Likewise AS treatment produced a significant (F;2s=913.08, p<0.05) 80% reduction in GR
protein expression compared to sham in rat hypothalamus over 5 days (Figure 6.36). Polymer
and mismatch treatments produced no significant effect on GR protein expression compared
to sham. This provides further evidence in the ability of the GRASS antisense sequence to
suppress GR expression over 5 days in vivo and is supported by the data obtained using both
quantitative RT-PCR (section 6.3.3.3) and radioligand binding assay (section 6.3.3.4).
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Figure 6.34 Effects of treatment groups on GR protein expression measured by Western blot analysis as
described in section 2.2.11 in hypothalamic region of male Wistar rats. (A) Representative Western blot
illustrating GR (94 kDa) and control B-actin protein levels in AS and FAS treatment group animals 5
days following ICV administration. (B) Densitometric analysis of GR bands standardised to the mean
B-actin band density illustrating the effect of treatment group on the expression of GR protein. Data
shown are mean values + standard deviation, where n=8 (unpaired t-test, *p<0.05).
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Figure 6.35 Effects of treatment groups on GR protein expression measured by Western blot analysis as
described in section 2.2.11 in hippocampal region of male Wistar rats. (A) Representative Western blot
illustrating GR (94 kDa) and control B-actin protein levels in SH, PL, AS and MM treatment group
animals 5 days following ICV administration. (B) Densitometric analysis of GR bands standardised to
the mean P-actin band density illustrating the effect of treatment group on the expression of GR protein.
Data shown are mean values * standard deviation, where n=8 (Tukey-HSD test, *p<0.05 compared to

other groups).
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Figure 6.36 Effects of treatment groups on GR protein expression measured by Western blot analysis as
described in section 2.2.11 in hypothalamic region of male Wistar rats. (A) Representative Western blot
illustrating GR (94 kDa) and control B-actin protein levels in SH, PL, AS and MM treatment group
animals 5 days following ICV administration. (B) Densitometric analysis of GR bands standardised to
the mean B-actin band density illustrating the effect of treatment group on the expression of GR protein.
Data shown are mean values * standard deviation, where n=8 (Tukey-HSD test, *p<0.05 compared to
other groups).
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Following preliminary head-shake studies, male Wistar rats 5 days after ICV administration of
treatment groups SH, PL, AS and MM as described in section 6.3.3.1, were treated with DOI
(0.6mg/kg in 0.5mL, ip) before head-shake observations were conducted as described in
section 2.2.21. DOI-head-shake data (Table 6.4) were analysed using the non-parametric
Kruskal-Wallis ANOVA test (p<0.02) which is valid for this data since it is a distribution-free
test. However, no significant difference was seen in any of the treatment groups compared to
the sham (SH) group (Figure 6.38). On further analysis of the raw data (Table 6.4) it was
apparent that one of the animals in the AS group showing no headshakes, and a similar animal
in the PL group, could be excluded on the behavioural evidence that DOI had failed to elicit
headshakes, most likely due to a misplaced ip injection. On exclusion of these values, the data
showed AS treatment significantly (p<0.01) increased head-shakes by 55.3% compared to
sham, whereas polymer (PL) and mismatch (MM) treatments produced no significant effects
compared to sham (Figure 6.39). This increase in 5-HT,a receptor functional activity, as
measured by DOI-head-shakes, together with the increase in 5-HT,a receptor expression
shown previously (sections 6.3.3.3 and 6.3.3.4) following GRASS5 antisense treatment, further
confirms CNS 5-HT,a receptors to be under tonic inhibitory control by GR in vivo as well as

in vifro.

Table 6.4 Raw data of DOI-head-shakes measured at +10-20 minute time-bin (section 2.2.21) following
ICV administration of SH, PL, AS and MM treatment groups as described in section 6.3.3.1.

TREATMENT Number of DOI-Head-Shakes/10 minutes per Animal
GROUPS a b ¢ d e f g h
SH 14 14 2 10 8 11 11 12
PL 10 17 11 0 15 2 13 8
AS 17 17 15 15 18 12 0 18
MM 13 10 13 2 4 6 18 5

Table 6.5 summarises the findings of the in vivo antisense studies in terms of the three main

experiments carried out as described in sections 6.3.3.1 and 6.3.4.
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Figure 6.38 Effect of SH, PL, AS and MM treatment groups on DOI-induced head-shake frequency

measured at +10-20 minute time bin as described in section 2.2.21. Data shown are mean values t
standard deviation, where n=8, with all data included.
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Figure 6.39 Effect of SH, PL, AS and MM treatment groups on DOI-induced head-shake frequency

measured at +10-20 minute time bin as described in section 2.2.21. Data shown are mean values *

standard deviation, omitting the apparently mis-dosed animals, where n=8 for SH and MM, and n=7 for
AS and PL (Kruskal-Wallis ANOVA, *p<0.05 compared to other groups).
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Table 6.5 Summary of the in vivo antisense experiments and the parameters determined in each
experiment. Abbreviations: AS, GRASS antisense ODN in polymer microspheres; FAS, free GRASS
antisense (without polymer microspheres); SH, sham injection; PL, saline-loaded polymer microspheres;
MM, GRASS5 mismatch ODN in polymer microspheres; FC, frontal cortex; Hipp, hippocampus; Hypo,
hypothalamus; NS, no significant effect; n.d., not determined. For all experiments, n=8 unless otherwise
noted. All animals in Experiment 3 were treated with DOI (0.6mg/kg i.p.) and headshakes counted 10-20
minutes after treatment; animals were then killed and tissues collected within 60 minutes of DOI
treatment. Thus, DOI was present in the tissues when collected for analysis, but was not expected to
interfere with GR binding or western blot analysis.

Expt. Group GR mRNA 5-HT;, mRNA GR protein 5-HT;4 protein
(PCR band (PCR band (Binding, % GR (Binding, Bmax)
intensity) intensity) bound)
1 AS AS 140%* vs FAS AS T12%* vs FAS AS 176%* vs FAS
FAS in Hypo in Hypo in Hypo

2 SH AS 126%* vs SH in FC AS T13%* vs SH in FC AS 167%* vs SH in FC AS T21%* vs SH in FC
PL AS 135%% vs SHin Hipp  AS T7%* vs SH in Hipp AS 469%* vs SH in Hipp  AS = SH in Hipp (n=4)
AS AS 139%%* vs SH in Hypo  AS T5%* vs SH in Hypo
MM All other groups: NS All other groups: NS All other groups: NS All other groups: NS

3 SH
PL
AS AS 175%* vs SH in Hypo  5-HT24 binding in Hypo:
MM All other groups: NS n.d.

Table 6.5 continued.

Expt. Group GR protein 5-HT; function
(western band (DOI headshakes)
intensity)
1 AS AS 177%* vs FAS
FAS in Hypo

2 SH
PL
AS
MM

3 SH No significant effect
PL AS 176%* vs SH in Hipp  (all data included)
AS AS 180%* vs SH in Hypo ~ AS T55%* vs SH

MM All other groups: NS (omitting zeros: AS, PL n=7)
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6.4 Discussion.

The objectives of the experiments described in this chapter were to investigate the efficacy of
the optimally effective GRASS5 antisense ODN sequence in vivo, and to explore the possible
modulation of 5-HT,a receptor expression and function by GR in vivo. The present study
would in addition provide justification to the use of a novel polymer microsphere delivery
system for delivering antisense ODNs over a sustained period to the rat CNS following a
single ICV administration. Measurement of GR antisense-targeted receptor downregulation,
and any related changes in 5-HT>a receptor expression, was carried out at both the mRNA
and functional receptor protein levels using quantitative RT-PCR, radioligand binding assay

and Western blot analysis accordingly.

Both the antisense GRASS and mismatch GRMMS5 ODN sequences (Table 6.1) were loaded
into polymer microspheres and administered ICV using an alternating block design treatment
plan as described in section 6.3.3.1 in order to reduce both day to day, operator and time of
day variations making the data obtained more realistic and giving genuine statistical validity.
Following treatment of the animals, well-being assessments (Table 2.2), daily animal body and
final adrenal gland weight measurements produced no noticeable neurotoxic and/or related
systemic effects affecting rat behaviour and HPA axis homeostasis. This indicated that
treatment groups PL, MM, AS and FAS had no apparent behavioural and physiological toxic
side effects compared to SH. Previous studies have reported repeated infusions of
phosphorothioate ODNs cause non-specific toxicity, including sickness-like behaviour, fever,
weight loss, suppressed food and water intake (Schobitz et al, 1997) and non-specific
behavioural effects such as ataxia, decreased muscular tone, arched back and passive eye-
closures (Bourson e al, 1995). This would suggest that the present phosphorothioate
antisense and mismatch sequences lacked such reported toxicity (Bourson ef al, 1995;
Schobitz et al, 1997), possibly due to the use of lower ODN concentrations and masking of
such properties as a result of being formulated within the polymer matrix of microspheres,
thus imparting greater ODN stability and limiting the overall exposure of the brain to the
phosphorothioate toxic chemistry (Lewis et al, 1995; Cleek et al, 1997).
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In addition histological examination of frontal cortex, hippocampus, hypothalamus,
cerebellum, striatum and corpus callosum using cresyl fast violet staining in AS and FAS
treatment groups following 5 days treatment revealed no observed neurological damage,
neuronal loss or evidence of glial cell proliferation, thus further supporting the protective role
of the polymer microsphere delivery system in minimising phosphorothioate ODN toxicity in
vivo. This is in contrast to the detrimental effects on cellular morphology of brain tissue
produced following repeated injections of high concentrations of free phosphorothioate ODNs
reported by several authors (Chiasson et al, 1994; Widnell et al, 1996; Wojcik et al, 1996; Le
Corre et al, 1997).

The major route of ODN elimination in vivo appears to be via their enzymatic degradation
(Szklarczyk and Kaczmarek, 1999). The stability of phosphorothioate ODNs in the
cerebrospinal fluid (CSF) after delivery into the rat brain ventricular system has been studied
and is reported to be present in the intact full length form for up to 22 hours after a single
infusion within nervous tissue (Liu et al, 1994; Yee ef al, 1994). The present study analysed
the time course of tissue retention of the GRASS sequence in the polymer-complexed (AS)
and free form (FAS) after single ICV administration. The AS treatment revealed the presence
of the intact GRAS5 ODN sequence at both 74 hours and 5 days following ICV
administration, although the sequence had been degraded to some extent after 5 days. In
contrast, the FAS treatment revealed very Jittle intact GRASS ODN 24 hours following ICV
administration. This clearly identifies the ability of polymer microspheres to impart greater
stability to ODNs when they are formulated within these delivery agents and also confirms the
availability of the intact antisense GRASS and mismatch GRMMS5 sequences to male Wistar

rat brains 5 days following ICV administration of the AS and MM treatment groups.

ODNS5s do not easily pass an intact blood-brain barrier (Agrawal et al, 1991; Gillardon et al,
1997), and their systemic application to the CNS requires vector-mediated delivery systems
(Pardridge et al, 1995). Therefore studies reporting the delivery and distribution of ODNs in
the brain have mainly used simple and low-cost delivery of ODN, which was mainly achieved
by means of ICV infusion or intracerebral (IC) injection (for a review see Szklarczyk and
Kaczmarek, 1999). When injected ICV, ODNs can in theory be distributed in the volume of

the whole rat brain (~1.5mL), but this does not readily occur due to poor ODN penetration
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and distribution throughout brain tissue. Even more limited is the distribution of ODN
following IC delivery (Haque and Isacson, 1997). However by optimising the dose of injected
ODN s it has been shown that CNS administered ODNs can spread and concentrate in regions
of the rat brain such as the hippocampus, striatum, hypothalamus and amygdala (Szklarczyk

and Kaczmarek, 1995; Guzowski and McGaugh, 1997; Hooper et al, 1994; Guo et al, 1996).

Following single ICV administration of FITC-labelled GRASS ODN in the free form to the rat
brain, a fluorescent signal could be detected in diverse areas of the brain after 24 hours,
although this signal severely diminished during 5 day treatment period, indicating the rapid
clearance of the ODN in the free form within the CNS. The most intense fluorescent signals
were detected at the choroid plexus within the lateral ventricles (site of administration).
Detailed examination revealed fluorescent signals within areas of brain tissue in the frontal
cortex, cerebellum and striatum. In comparison, single ICV admuinistration of FITC-labelled
GRASS5 ODN in the polymer complexed form produced a fluorescent signal which was also
detected in diverse areas of the brain and revealed a signal intensity which remained 5 days
following administration. This fluorescent intensity of microsphere delivered GRASS ODN
after 5 days was visually greater in both intensity and distribution compared to GRAS5 ODN
24 hours after ICV administration without the aid of microsphere delivery, in brain regions
such as the frontal cortex, cerebellum and striatum. This effect is probably due to the enhanced
stability imposed on the GRASS ODN within the polymer matrix which can limit the exposure
of'the ODN to CNS nucleases and thus allow greater penetration of brain regions from the site
of ODN administration. Moreover, under closer examination a highly diffuse pattern of
fluorescence distribution was observed within the frontal cortex, hippocampus and
hypothalamus, which appeared to represent cellular localisation of polymer microsphere
delivered FITC-labelled GRASS5 ODN within these tissues. However, the exact identity of the
cell types to which ODNs became localised was uncertain and requires a more detailed
examination. Therefore it would appear that the GRASS antisense ODN delivered using the
polymer microsphere system was capable of penetrating brain regions where the expression
and density of both GR (hippocampus and hypothalamus) and 5-HT,s receptors (frontal
cortex) are reported to be predominant (Mejjer and de Kloet, 1998; Chaouloff, 1995).
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It was clearly identified using quantitative RT-PCR, radioligand binding assay and Western
blot analysis that GRAS5 administered ICV in the polymer complexed form (AS) produced far
greater reduction in GR expression in rat hypothalamus compared to GRAS5 administered in
the free uncomplexed form (FAS), as a 40, 76 and 77% downregulation in hypothalamic GR
expression was achieved 5 days following AS treatment compared to FAS treatment with the
respective analysis techniques. This would suggest the ability of polymer microsphere
entrapped ODN being distributed to the hypothalamus and remaining intact to achieve
significant levels in GR knockdown over the 5 day treatment period, whereas single ICV
injections of free ODN are degraded and cleared from the CNS within 24 hours of
administration (Szklarczyk and Kaczmarek, 1999). This view was supported by the in vivo

stability and distribution data discussed previously.

As determined by quantitative RT-PCR, GR mRNA expression was significantly reduced by
26, 35 and 39% in the brain regions of frontal cortex, hippocampus and hypothalamus
respectively following AS treatment compared to sham (SH). Consequently quantitative RT-
PCR also revealed a significant 13, 7 and 5% increase in 5-HT,4 receptor mRNA density in
the frontal cortex, hippocampus and hypothalamus respectively of the same animals.
Radioligand binding revealed AS treatment to cause a significant 67% reduction in frontal
cortical GR binding with a 21% increase in 5-HT24 receptor density. GR binding in both the
hippocampal and hypothalamic region of the rat brain also showed a significant decrease by 69
and 75% respectively 5 days following AS treatment compared to sham. Although no
significant changes in 5-HT24 receptor density was observed in the hippocampus of these
animals, possibly as a result of using a low ‘n’ number (n=4) due to the pooling of tissue
samples in order to carry out the binding procedure. No 5-HT>4 receptor binding assays were
performed in the hypothalamic region of the rat brain due to the availability of insufficient
amounts of appropriately treated tissue samples. The effect on GR in terms of magnitude and
direction of the changes to its protein expression in rat brains following AS treatment was
further confirmed by Western blot analysis. It was shown that a significant 76 and 80%
reduction in GR protein expression occurred in the hippocampus and hypothalamus
respectively compared to sham. The mismatch (MM) and polymer (PL) control treatment

groups as defined in section 6.3.3.1 showed no significant differences to the expression of GR
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and 5-HT,s receptor compared to sham in any of the quantitative RT-PCR, radioligand
binding assay or Western blot analysis experiments described above. This demonstrated the
effect seen with the GRAS5 ODN in vivo in terms of GR gene inhibition to be one involving
ODN sequence-specific mechanisms as described for antisense ODN technology (Zamecnik

and Stephenson, 1978; Crooke, 1992; Weiss et al, 1997).

The magnitude of GR receptor knockdown at both the mRNA and receptor protein observed
in the present study in the brain regions of frontal cortex, hippocampus and hypothalamus
demonstrated both the efficient nature of polymer microspheres in their distribution of the
GRASS ODN sequence to these CNS regions of interest following ICV administration and
also the superior potency of GRAS5 ODN in its ability to downregulate GR expression in vivo
as determined by RNAse H accessibility mapping. The majority of studies investigating
receptor knockdown of target neurotransmitter receptors in specific brain areas have claimed
modest levels of downregulation ranging from 20-30% compared to controls (Zhang and
Creese, 1993; Le Corre et al, 1997, Schobitz et al, 1997; Weiss et al, 1997). This is also seen
in antisense in vivo studies targeting the GR specifically (Korte ef al, 1996; Engelmann et al,
1998). This reduced inhibition of target receptor can be partly due to the absence of any
optimisation protocol for antisense sequence selection in these studies. What seems apparent
is the ability of such levels of downregulation to bring about inhibition of receptor-mediated
function and thus contradicts the conventional receptor reserve theory which would require
the majority of the receptor population to be inhibited before a decrease in function was
observed. To explain this discrepancy between receptor expression and function Qin ef al,
(1995) have suggested that there may be more than one pool of receptors and only a
proportion of these receptors make up the functionally active pool and therefore antisense
ODNs specifically inhibit receptor-mediated function by affecting this functionally active pool
of receptors due to this pool being rapidly turned over compared to the remainder of the
receptor population (Weiss et al, 1997). In any case the levels of inhibition in GR expression
achieved in this study should in theory contribute to some GR-mediated functional change.
This was confirmed by the significant 55.3% increase in 5-HT,a-mediated DOI-head-shakes
following AS treatment compared to sham, suggesting a concomitant increase in both 5-HT2a

receptor density and functional activity as a result of GR knockdown.
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The level of inhibition in GR expression shown following GRASS treatment in male Wistar
rats produced an opposite change in the density of both 5-HTza receptor mRNA and protein
mainly in the frontal cortex where this receptor is highly expressed (Chaouloff, 1995). This
was shown by GR knockdown in the brain regions of frontal cortex, hippocampus and
hypothalamus which caused an increase in 5-HT24 receptor expression in vivo. This, along
with the findings of the DOI-head-shake observations, indicated a negative regulatory effect
exerted by the GR on 5-HT;, receptor expression seen in vivo and in vilro in C6 glioma cells
(Chapter 5) and thus highlights tonic repression of 5-HT:a receptor expression by activated
GR under circadian levels of circulating corticosterone in the rat. At basal circadian levels of
circulating corticosterone, the GR is approximately 10% occupied (Reul and de Kloet, 1985),
which illustrates the importance of this relationship between the GR and 5-HTzx and their
regulatory functions during circadian peaks and stress conditions when the GR becomes
extensively occupied by corticosterone (Reul and de Kloet, 1985). The modulatory impact of
glucocorticoids (GR mediated) on 5-HT receptor expression and function has not been
extensively studied in vivo, but studies carried out using rats artificially exposed to chronic
stress or prolonged treatment with dexamethasone have all shown increases in 5-HTza
receptor binding in the brain, suggesting this to be an effect mediated by the GR following its
downregulation and involving HPA axis inactivation (Kuroda ef al, 1992; Kuroda et al, 1993;
McKittrick ef al, 1995). Other evidence of GR-mediated modulation of the 5-HT2a system
exist following reports of stimulation or inhibition of 5-HT:4 receptors causing a respective

increase or decrease in hippocampal GR density (Meaney ef al, 1994; Mitchell ez al, 1990).

In summary, the optimally effective GRASS antisense ODN sequence targeting the GR has
been successfully shown specifically to knockdown GR expression in the rat brain 5 days
following single ICV administration within a novel polymer microsphere delivery system. This
inhibition of GR in specific brain areas has occurred with no obvious neurological or
behavioural toxicity and within this delivery system the ODN proved to be both stable and
well distributed throughout the brain 5 days after ICV injection. Consequently, an associated
upregulation in the 5-HTa4 receptor expression in these animals confirmed GR modulation of
this receptor system in vivo by a negative regulatory mechanism as shown previously in C6

glioma cells (Chapter 5). The involvement of ODN sequence specific mechanisms in inhibiting
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target GR gene expression has been determitle \ the control GRMMS5

mismatch ODN sequence to significantly alter GR expression. T herefore with- both the .

magnitude and specificity shown in the level of GR downregulatlon w1th GRASS treatment \ .

the use of RNAse H accessibility mapping to select optlmally effectwe antisense sequences for
assessment of in vivo efficacy has been justified. The functlonal consequence of this increase in
5-HT,a receptor density in vivo has also been determined usihg behavioural observations of

5-HT,4 receptor mediated DOI-induced head-shakes in rats and the 31gn1ﬁcance of this is

discussed in the general discussion (Chapter 7)
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CHAPTER SEVEN
GENERAL DISCUSSION

Antisense Oligodeoxynucleotides (ODNs) have important applications as both molecular tools
in the study of gene expression and as therapeutic inhibitors of disease causing genes
(Wahlestedt, 1994; Weiss et al, 1997). It is the first of these applications in the role of
studying receptor function which has been adopted/investigated extensively and has become
an important aim of these studies. As a consequence of the applications of antisense ODN,
CNS glucocorticoid receptors (GR) and their possible relationship with the serotonergic
system via 5-HT,, receptors has been investigated using antisense ODNs specifically
developed against the GR and such studies therefore form an integral part of the principal aims
of this thesis, especially in light of their being a lack of highly-specific ligands with which to
characterise the GR. This possible role of GR modulating 5-HT,4 receptors in the CNS is of
particular pharmacological interest as both receptors and their functional expression have been
associated in chronic stress conditions (Chaouloff, 1995; Lopez et al, 1997) and any discovery
of potential mechanisms by which GR may control 5-HT>4 receptor expression/function under
such conditions may offer the possibility of therapeutic interventions in the regulation of mood

states such as depression and anxiety.

The use of antisense ODNSs in the CNS has recently become widespread, and successful gene
inhibition has been reported for such diverse targets as those encoding neurotransmitter
receptors, neuropeptides, trophic factors, transcription factors, cytokines, transporters, and
ion channels (for review see Szklarczyk and Kaczmarek, 1999). This antisense technique is
also favoured over the use of other gene-based manipulations such as transgenic ‘knockout’
animal models because the effects of the antisense approach are reversible and do not induce
developmental changes to animals in the absence of a particular receptor which may incur
compensatory mechanisms leading to false characterisation of effects of the receptor in

question (Weiss et al, 1997). However the use of antisense technology is not as ‘clear cut’ as

once thought (Zamecnik and Stephenson, 1978) since issues relating to antisense ODN
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stability, cellular delivery and target sequence selection (finding optimally acting antisense
ODNs) are important factors that need to be fully addressed in order to achieve successful
antisense-mediated knockdown of receptor gene expression (Akhtar, 1995) and therefore
allow investigation of target receptor properties to be carried out. These studies (Chapters 3

and 4) uniquely address these concerns in detail and are discussed later in this chapter.

The rat C6 glioma cell line was selected as an appropriate CNS-derived cell culture model for
the in vitro studies as they expressed both receptors of interest. More importantly their
characteristics in terms of cellular regulation and functions, in particular those relating to
glucocorticoid regulation of 5-HT,s receptor gene expression, as a result of their glial
derivation, would be expected to be similar to those of the tissues investigated using the in
vivo model (brain of male Wistar rats). This is supported by the studies of Garlow and
Ciaranello (1995) which show factors regulating the expression of the 5-HT,, receptor gene
in vitro to be both cell-type dependent and species-specific, and have postulated that this
pattern of regulation may also occur in vivo. Neuronal cell cultures would have been an even
more appropriate CNS-derived cell culture model for the in vitro studies performed due to
their characteristics being more closely associated to that of the tissues used in the in vivo
studies, compared to glial cell cultures. However no neuronal cell line expressing both GR and

5-HT,a receptors were available.

Cellular association/uptake studies (Chapter 3) were carried out using phosphorothioate (PS)
ODNs which have been chemically modified from their natural phosphodiester (PO) form to
impart biological stability by increasing the resistance of the ODN to nuclease degradation
(Uhlmann et al, 1990). These studies identified PS ODN cellular binding and internalisation to
be an active energy dependent process, which was sensitive to changes in pH. But, this was
comparatively an inefficient process yielding poor transfer of PS ODNSs across the cell
membrane (about 5% becoming cell associated after 1 hour). This is primarily due to the polar
nature and large molecular size of PS ODNs (Akhtar and Juliano, 1992) causing low affinity
of PS ODNs for cell-surface binding proteins which bring about cellular association and
therefore uptake (Hawley and Gibson, 1996). These modest levels of ODN cellular
internalisation can therefore lead to a reduced antisense-mediated effect in terms of receptor

protein downregulation. Thus, to improve the delivery of ODNs by targeting cellular regions
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such as the cytoplasm or nucleus (Akhtar, 1998) the cationic lipid Lipofectamine was
successfully used as a delivery agent to increase levels of ODN cellular internalisation in order
to bring about the ‘favoured” sub-cellular sorting/trafficking of ODNs thereby resulting in an
enhanced antisense effect. This liposomal enhancement of PS ODN cell association/uptake
could be attributed to the fact that cationic lipids both increase ODN cell transfer and decrease
ODN degradation (Zabner, 1997). Such cellular delivery strategies using cationic lipids have
been commonly employed to obtain biological effects with antisense ODNSs in vifro (Bennett,
1995; Felgner et al, 1995; Zelphati and Szoka, 1996; Wyman e/ al, 1997; Coulson and
Akhtar, 1997), although very few studies exist detailing intracellular trafficking of ODNs and
application of cationic liposomes to enhance antisense effects in brain cells of primary cultures
and/or cell lines. This, along with the fact that the effectiveness of cationic lipids is dependent
on variables including cell type, ODN chemistry and charge ratio (Coulson and Akhtar, 1997)
places greater emphasis on the importance of carrying out optimisation studies for antisense

ODN cellular delivery in C6 glioma cells.

The use of cationic liposomes such as Lipofectamine is undesirable for the in vivo delivery of
ODNs due to proven cytotoxicity problems and general ineffectiveness in the presence of
serum proteins (Litzinger et al, 1996; Coulson and Akhtar, 1997; Akhtar, 1998). Most
antisense studies in the CNS have relied on the use of direct administration of ODNs into the
brain using localised or intracerebroventricular (ICV) injections, producing modest levels of
target receptor downregulation (Szklarczyk and Kaczmarek, 1999). In light of this, a novel in
vivo delivery method using biodegradable polylactide-co-glycolide (PLGA) polymer
microspheres was adopted to provide ODNs with protection from nuclease degradation and
allowing sustained release of ODNs within the CNS over the required treatment period. This
is the first known use of such a delivery system for ODNs in the CNS and its application
achieves greater levels of ODNs within the CNS, leading to enhanced antisense-mediated
effects in vivo (Lewis et al, 1995; Cleek et al, 1997). Furthermore, using biodegradable
polymer microsphere delivery (Chapter 6) achieved other important benefits, which included
minimising total ODN concentration administered due to microsphere formulations imparting
greater stability to the entrapped ODNs and therefore reducing overall PS-induced toxicity

(Agrawal and Zhao, 1998). The use of single ICV injections which necessitated the need of

less complicated forms of stereotaxic surgery, lowered the levels of overall stress experienced
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by the animals and was also only possible due to polymer microsphere delivery of ODNs. As
these studies examined the level of GR expression within the HPA axis, which is sensitive to
the presence of increased levels of glucocorticoids as found in stress conditions and mediated
via negative feedback mechanisms regulating the HPA axis (Fink, 1997), it was very important
that experimental animals were subjected to procedures which minimised their overall

exposure to stress, therefore reducing non-treatment based changes to GR expression.

An important factor in the design and selection of antisense ODNSs is the physical accessibility
of the ODN to target sites within the mRNA sequence. The use of RNA folding analyses have
been used, without much success, to predict relative activities of ODNs directed to short,
synthetic substrates in vitro (Stull et al, 1992). But, some studies have shown mjfold to be
unreliable in identifying accessible sites within some large RNA molecules (Dropulic and
Jeang, 1994; Birikh et al, 1997). Here, studies (Chapter 4) confirm this inadequacy of the
RNA folding algorithm mfold to accurately identify accessible target sites, and promote the
use of empirical techniques (Lieber and Strauss, 1995; Birikh er al, 1997) such as RNAse H
accessibility mapping to be more reliable in identifying accessible target sites. This inadequacy
of RNA folding algorithms in appropriate target site selection is considered to be due to an
inability of such computer programs at their present level of sophistication to assess RNA
folding accurately due to RNA molecules exhibiting a high degree of secondary and tertiary
structure and the presence of RNA-binding proteins within cells (Akhtar, 1998). Indeed,
folding pathways of large RNAs are poorly understood (Sohail et al, 1999) and by the use of
oligonucleotide arrays technology it has been shown that altering RNA fragment size by 5’
and 3’ truncations, does and does not change accessible sites respectively, therefore
suggesting that RNA folding creates local stable states that are trapped early in the

transcription or folding process (Sohail er al, 1999).

The RNAse H accessibility mapping experiments (Chapter 4) in these studies resulted in the
identification of four accessible sites termed A-D on a 515 base pair in vitro transcribed T7-
promoter-rat GR PCR fragment construct, of which site D was shown to be optimal for
ODN:RNA hybridisation and consequent cleavage by RNAse H. This accessible site was

further characterised and an optimally effective antisense sequence (GRASS) was selected on

the basis of GR RNA cleavage efficiency and potency. The specificity of GRASS to the rodent
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GR mRNA was confirmed using a BLAST search (Genbank database) which showed
significant alignment to the rat GR mRNA but no other gene. Furthermore, control sequences:
sense (GRSS5), mismatch (GRMMS5), and non-accessible site-directed (NAGRAS4) ODNS,
designed to produce no RNAse H mediated cleavage, produced no such cleavage product
bands thus highlighting the rational design strategy of RNAse H accessibility mapping
experiments. One main concern in carrying out these antisense design studies was the use of
the 515 base pair GR mRNA fragment encompassing bases 911-1420, instead of the full
length GR mRNA sequence, to act as the RNAse H mapping reaction substrate. This was
because there was no way of guaranteeing that the shorter GR RNA fragment would have the
same structural conformation exhibited by the full length GR mRNA sequence. Any
differences in RNA structural conformation would therefore result in the identification of
inappropriate accessible sites and thus antisense ODN sequence designs which may not be
suitable for in vivo studies with the aims of downregulating GR expression. However the in
vitro studies (Chapter 5) were conducted partly with this reservation in mind and would have
highlighted such problems and the need to address this particular concern in more detail before
proceeding to in vivo studies. Fortunately this was not the case and the reason for not using
the full length GR mRNA sequence in the first place was due to not being able to obtain a
suitable GR plasmid in time for the antisense design studies. This thesis is the first to report
such use of a rational approach in designing antisense ODNs against the GR, although
RNAse H accessibility mapping reactions have been previously successfully employed against
other mRNA targets (Lima ef al, 1997, Birikh et al, 1997; Ho et al, 1996 and 1998). Recent
antisense studies investigating the GR have not presented much detail as regards to the
selection of their antisense sequences, although it is likely that a computer-based algorithm
method was adopted, which may account for their modest levels (<30%) of downregulation in
GR expression in vivo (Korte et al, 1996; Engelmann et al, 1998). This is in marked contrast
to the transgenic mouse created by Barden (1999) in which the GR is dramatically

downregulated by a complete antisense mRNA construct.

The in vitro experiments (Chapter 5) were set-up using cultured rat C6 glioma cells to provide
a system for determining the efficacy of RNAse H accessibility mapping optimised antisense

ODN sequences targeting the GR prior to in vivo administration. The results from these

experiments produced an antisense-mediated reduction in GR expression, since control
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sequences GRMMS5, GRSSS5 and NAGRAS4 produced little or no inhibition of GR
expression. Both quantitative RT-PCR and radioligand binding assays revealed the GRASS
sequence to be optimally effective at reducing GR mRNA expression, by 56%, and GR protein
expression by 80%, respectively. These experimental techniques also revealed an associated
upregulation in the expression of 5-HT,4 receptor mRNA by 29% and 5-HT,x receptor
protein by 32% in the same GRASS5 treated cells. This revealed an important relationship of
the GR exerting negative regulatory control on 5-HT,4 receptor expression irn vitro and also

reported the highest level of antisense mediated knockdown of GR expression in vitro to date.

Garlow and Ciaranello (1995), investigated whether the GR could influence the transcription
of the rat 5-HT, receptor gene using three different cell lines, CCL-39 line (Chinese hamster
lung fibroblasts), Neuro-2a line (mouse neuroblastoma), and RS-1 line (rat adrenal PC-12
cells). Dexamethasone treatment activating GR produced 5-HT;a receptor reporter gene
inhibition in the RS-1 and CCL-39 cells, while no such 5-HT,, receptor reporter gene
inhibition was obtained with Neuro-2a cells. This suggested that the 5-HT,s receptor
promoter is subject to cell-type specific regulation in response to the activated GR, and that
the positive (transactivation) and negative (transrepression) responses may be mediated
through different promoter elements with possible influence from additional transcription

factors.

Since GR regulation of 5-HT,, receptor expression occurs at both mRNA and receptor
protein (Chapters 5 and 6) it can be suggested that GR modulates 5-HT»4 expression at the
DNA/transcription level. In the absence of the ligand (glucocorticoids), GR are trapped in an
inactive cytosolic complex together with heat shock proteins. Upon ligand binding, this
complex dissociates and the receptor translocates into the nucleus where the transcriptional
activity of target genes is modulated via different mechanisms (McDonnell ef al, 1993). In the
nucleus the GR normally forms homodimers and binds to specific DNA sequences known as
glucocorticoid receptor-responsive elements (GREs) ie. AGAACAXXXTGTTCT, to bring
about transcriptional modulation of responsive genes (Weigel, 1996). This DNA binding-
dependent mechanism is thought to activate gene transcription following interaction of the

dimerised receptor complex with the basal transcriptional machinery (Beato et al, 1995).

Other mechanisms involving protein-protein interactions with the GR and certain transcription
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factors can control gene expression by preventing transactivation, resulting in repression of
gene transcription (Jonat et al, 1990). One such example is MR-GR heterodimerisation which
prevents GR-GR homodimers promoting stabilisation and transcription by blockade of cellular
transcriptional activity following MR-GR heterodimer interaction with the GRE (Ou et al,
2000). As the in vitro antisense studies showed GR to have a negative regulatory effect on
5-HT,4 expression then GR regulatory mechanisms repressing 5-HT:4 gene transcription are
likely to be dominant in C6 glioma cells. The rat 5-HT,5 gene possesses functional response
elements for a variety of transcription factors including AP-1, AP-2, Egr-1, NF-1, and SP-1 as
well as having GREs (Garlow and Ciaranello, 1995). Since direct interaction of the GR with
GREs would primarily cause activation of 5-HT»a gene transcription (Beato et al, 1995) and
as the 5-HT,a receptor DNA sequence is known to possess response elements for several
other transcription factors apart from GREs, then it can be suggested that activated GR
complexes must interact with specific transcription factors in order to inhibit 5-HT»4 receptor
expression in this cell line. It has been shown that GR interactions with AP-1 and NF-«B
transcription factors produce repression of target gene transcription (Reichardt and Schutz,
1998) and therefore AP-1 and its complex interactions with GR may be responsible for the
regulation of 5-HT; receptors in C6 glioma cells. This would tend to support the observation
of Garlow and Ciaranello (1995), that the deletion of the region of the rat 5-HT,a promoter
containing the GRE did not abrogate the negative effect of dexamethasone on the reporter
gene expression. Clearly, the regulation of GR function is a complex phenomenon involving
many factors and many steps and other mechanisms have been proposed for repressing target
gene transcription (Weigel, 1996). These include the binding of GR to negative glucocorticoid
receptor-responsive elements (nGRE) (Meijer and de Kloet, 1998) and non-ligand GR
phosphorylation (Bodwell e al, 1991). However, such mechanisms are yet to be studied in
detail as regards to GR modulation of 5-HT,4 receptors and their future characterisation may

offer alternative pathways for explaining GR regulation of the 5-HT»a receptor gene.

The primary in vivo studies (Chapter 6) showed biodegradable polymer microsphere delivered
GRASS antisense ODN to be taken up from the lateral ventricle and be distributed to both
surrounding and diverse brain areas, namely, the striatum, cerebellum, hippocampus,

hypothalamus and frontal cortex. This level of distribution was observed at the end of the

treatment period without the presence of apparent histological or behavioural toxicity.
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Furthermore, stability studies confirmed the availability of intact 21-mer GRASS to the rat
CNS for the 5 day treatment period. Such positive distribution and non-toxic bioavailability of
ODN in the rat brain was attributed to the novel polymer microsphere delivery system used
and to the unique properties it possessed for maintaining ODN stability and sustaining release
(Lewis et al, 1995; Cleek et al, 1997). This would give rise to great potential for the future
use of this delivery system in antisense in vivo studies targeting the CNS. The present ODN
distribution studies could have been further improved by assessing the localisation of polymer
microsphere delivered FITC-labelled ODNs with molecules capable of selectively tagging
either neuron or glial cells using neurofilaments and glial fibrillary acidic protein respectively.
This could confirm the detailed localisation of ODNs in specific brain cell types. Nevertheless,
the penetration of the brain tissue by GRASS and the apparent cellular localisation following
ICV administration in vivo, demonstrates their potential to exert biological effects within the

brain and is confirmed by the in vivo efficacy experiments.

The in vivo characterisation of the optimally-effective GRASS5 antisense sequence to the GR in
rat brain was assessed using radioligand binding, quantitative RT-PCR and Western blot
analysis (Chapter 6). These studies, like the in vitro studies, showed antisense ODN specific
reductions in GR expression at both mRNA and receptor protein level in brain areas of frontal
cortex, hippocampus and hypothalamus. It was observed that GRASS treatment significantly
downregulated GR mRNA expression by 26, 35 and 39% in frontal cortex, hippocampus and
hypothalamus respectively. In addition GR protein expression were also significantly
downregulated at the protein level by 67, 69 and 75% in frontal cortex, hippocampus and
hypothalamus respectively, by radioligand binding analysis. Further confirmation of GRASS
mediated GR protein knockdown was shown by 76 and 80% downregulation of its expression
in hippocampus and hypothalamus respectively using Western blot analysis. Furthermore,
changes in 5-HT,s receptor expression in the rat brain were evident following GRASS
treatment. There was a significant upregulation of 5-HT4 receptor mRNA in frontal cortex,
hippocampus and hypothalamus by 13, 7 and 5% respectively. Using radioligand binding, a
significant 21% upregulation of 5-HT,4 receptor protein was observed in frontal cortex, where
5-HT,a receptor density is known to be highest (Chaouloff, 1995). 5-HT,4 receptor density
was not fully determined in other brain regions owing to the unavailability of appropriate

amounts of tissue required to perform binding studies determining 5-HT,» Bmax. The
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significance of these important in vivo findings can be summarised in four ways. Firstly, they
highlight the greatly enhanced ability of GRASS5 to downregulate GR expression in the CNS
compared to other similar antisense studies using GR antisense ODNs (Korte et al, 1996;
Engelmann et al, 1998). This enhancement can be explained by the unique incorporation of
detailed design and delivery strategies (Akhtar, 1995) in these studies as discussed previously.
Secondly, the specificity of the GRAS5 sequence to downregulate selectively GR expression is
supported by the inability of the mismatch sequence (GRMMS) to significantly alter GR and
5-HT>4 expression, and by the fact that an upregulation is seen in 5-HT24 expression following
GRASS treatment, since non-specific antisense effects might be expected to result in the
downregulation of receptors other than GR. Possible future studies to confirming antisense
targeted gene specificity might be to assess in parallel the expression of other receptors related
to the receptor of interest. Suitable candidates for these studies would include other nuclear
hormone receptors such as the mineralocorticoid receptor (MR) and the evaluation of its
expression is something which would have definitely strengthened the findings of this thesis.
However it would have been very difficult to separate findings relating to non-specific effects
of GRASS treatment on MR expression, from any specific effects of GR knockdown on the
regulation of MR expression. Thirdly, as found in the in vitro studies, GRASS treatment
showed GR to have a negative regulatory effect on 5-HT,a receptor expression in vivo and
due to this regulation being shown at both mRNA and receptor protein, it is possible that such
GR modulation of the 5-HT,4 gene occurs at the DNA level by GR preventing transactivation
of 5-HT,, via those mechanisms (protein-protein interactions), as previously discussed for C6
glioma cells, resulting in a repressive effect on 5-HT,s gene transcription. Fourthly, the
findings relating to GR regulation of 5-HT,4 receptor expression and function would suggest
HPA axis modulation of 5-HT2 receptors and thus further involve 5-HT>4 in HPA-axis linked
mood/neuropsychiatric disorders such as stress, depression, anxiety and schizophrenia
(Chaouloff, 1995; Barnes and Sharp, 1999). To evaluate this fully it would have been
appropriate to measure also CRF, ACTH and corticosterone levels in the animals of the in

vivo studies. But as a result of limited time and to an extent resources this was not possible,

although it can be suggested for future studies.
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The studies using DOI-head-shake observations (Chapter 6) further confirmed GR regulation
of 5-HTaa receptors at a functional level. This was shown by a 55% increase in 5-HTaa
mediated DOI headshakes following GRASS treatment, therefore suggesting an increase in
5-HT,a receptor activity caused by antisense ODN knockdown of GR. Thus CNS 5-HTza
receptors are most likely to be under tonic inhibitory control by GR in vivo. GRASS
treatment, when assessed in terms of the HPA axis, which is controlled by a negative feedback
mechanism via the GR and MR (Fink, 1997) would result in obvious downregulation of GR
which would produce decreased GR-ligand occupancy and thus initiate feedback signals
stimulating the central drive of the HPA axis (hippocampus and amygdala). This would be
expected to lead to increased synthesis and release of corticotropin-releasing factor (CRF) and
arginine vasopressin (AVP) from the hypothalamus, which then would result in the generation
of an increased adrenocorticorticotropic hormone (ACTH) signal from the pituitary gland.
This would cause increased synthesis and secretion of glucocorticoids from the adrenal cortex.
As a result GRASS treatment would be expected to increase the total mass of the adrenal
gland by imposing artificially ‘allostatic load” on the animals and overcompensating stress
responsiveness due to GRASS treatment-mediated continued synthesis and secretion of
glucocorticoids (McEwen, 1998). This was not the case in these studies and could be
explained by the fact that GRASS treatment was not continued for a long enough period to
initiate such changes to adrenal gland mass and HPA axis homeostasis to affect stress

responsiveness and body weight.

Another interesting finding of the in vivo studies is the differential effect of GRASS treatment
on 5-HT,x expression at both the molecular and functional level ie. 5-13% mRNA
upregulation, 21% protein receptor binding upregulation, and 55% functional DOI-head-shake
upregulation. This may be accounted for by the fact that not all copies of mRNA expressed
translate directly to protein on an equal ratio. Likewise not all receptor protein within a given
receptor pool are directly involved in producing functional activity and therefore result in this
magnitude discrepancy between receptor expression and function (Qin et al, 1995). Other
explanations such as individual factors governing mRNA and protein turnover, and differences
in the individual sensitivities of each assay used to measure the components of mRNA,

protein, and function may account for these observations made on 5-HT,a expression and

function.
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In vivo studies incorporating antisense and non-antisense methods of investigation have
looked at the relationship between the HPA axis and 5-HT,a receptors and support the
findings of this thesis as regards GR-dependent modulation of 5-HT:4 receptors (Pertouka and
Snyder, 1980; McKittrick er al, 1995; Kuroda er al, 1992 and 1993; Barden, 1999).Other
studies also report this relationship, but unlike our findings suggest GR to have a positive
regulatory effect on 5-HT,s receptor expression, as shown by increased hippocampal GR
density following 5-HT,a receptor stimulation (Meaney ef al, 1994; Mitchell er al, 1990).
Such conflicting findings may be explained by the mediation of other HPA-axis related effects
which have not been fully investigated and by brain regional variations which are indicative of
cell-type specific effects. One such HPA-axis related variable is the expression and function of
the MR. The study and characterisation of this receptor has somewhat been ignored with
regards to its role in stress responsiveness of the HPA axis and its possible regulation of the
CNS serotonergic system. One recent study investigated the role of MR in the regulation of
neuroendocrine and behavioural responses during stress, by applying antisense ODN
knockdown to enhance responsiveness of ACTH to stressful situations, which was
accompanied by reduced sensitivity of the adrenal gland to ACTH thus producing lowered
circulating corticosteroid concentrations (Reul ez al, 1997). Such studies investigating the role
of the MR within the HPA axis are essential for the detailed understanding of the mechanisms
controlling the neuroendocrine and behavioural response to stress. Other variables such as the
circulating levels of corticosteroid and serotonin may have specific effects due to their direct
interactions, as yet unknown, which can co-ordinate GR regulation of 5-HT»a receptors in

vivo under circadian and stress conditions (Lopez et al, 1997).

In summary, the experiments described in this thesis have shown the application and
characterisation of an antisense ODN sequence targeting the GR in the rat. The antisense
sequence (GRASS) has been shown to inhibit specifically GR expression in appropriate brain
areas following novel CNS delivery using biodegradable polymer microspheres. This antisense
directed inhibition has resulted in consequent upregulation of CNS 5-HT;a receptors in terms
of both expression and function, confirming GR modulation of 5-HT,a receptors. Since

elevated levels of 5S-HT,4 receptors, measured in blood platelets and in frontal cortex, have

been implicated in the pathophysiology of psychiatric disorders including depression and
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schizophrenia (Hrdina ef a/, 1993; Pandey et al, 1990; Stanley and Mann, 1983; Yates e al,

1990), it would seem that treatments producing specific increases in CNS GR density or

antisense-based strategies inhibiting 5-HT,x receptor expression may provide a novel

approach to treat these conditions. This is analogous to current pharmaceutical approaches

with 5-HT,anc antagonists for treating anxiety and depression.

Several interesting lines of investigation are suggested by the findings obtained during the
course of these studies. These include further experiments to assessing MR expression during
GRASS knockdown of GR expression, in order to conﬁrm both antlsense specificity and also
to_determine any possible GR-mediated effect on MR expressxon MR knockdown using
antisense. ODNs and assessment of 5-HT,a receptors would also characterise the role of MR
in the regulation of the serotonergic system and possibly suggest further mechanisms which
may be involved in cellular regulation of 5-HT,4 receptor transactivation. Another antisense-
based approach would be to knockdown 5-HT,4 receptor expression in rat brain and evaluate
both GR and MR expression to further study the rélation:siﬁp’between the HPA axis and the
serotonergic-system. Further investigation into the neﬁréchemical effects of antisense-to the
5-HT,4 receptor, and comparison with 5-HTa4 receptor antagonists and antidepressant drugs
using an animal model of depression, will provide a better understanding of the role of 5-HT2a
receptor downregulation in depression and related conditions. Furthermore, to fully evaluate

GRASS treatment in terms of stress related behavioural responses it would be beneficial to

subject such animals to behavioural testing using models such as the elevated plus maze test

(Handley and Mithani, 1984).

s
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