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ABSTRACT

The NMDA type of glutamate receptors plays a crucial role in the induction of long
term synaptic potentiation (LTP) which is believed to be one of the molecular basis
underlying learning and memory. I have generated a new mouse model for the study
of the NMDA receptor function in vivo. This model should allow external (non
invasive) reversible control over the native expression of the NR1 gene, the subunit
common to all NMDA receptors. My strategy is based on modifying the NR1 gene
so that its expression 1s mediated through the tetracycline-regulated promoter
system. This new strategy replaces the NR1 promoter with the Phcpv+ promoter and
uses the NR1 promoter to drive the expression of the tetracycline-sensitive
transactivator (tTA).

The NR1 gene was modified in the E14.1 embryonic stem (ES) cell line by
homologous recombination with a single targeting vector. A =22 kb targeting vector
was designed and cloned to achieve a tetracycline regulatable expression of NR1 and
hence is termed TNR1. Eleven chimeric mice have been produced from 4 of the
TNR1-targeted ES clones. One chimera transmitted the ES genome to 7 offspring of
which 2 harbour the targeted NR1 allele.

Furthermore, a variant of the model was generated where the inserted elements of
the tetracycline-regulated promoter system can be deleted in tissues expressing Cre,
a site-specific recombinase. As a result, the expression of NR1 gene retains a native
tetracycline-independent pattern in Cre expressing tissues. This should allow the
control of expression of NR1 in all tissues but those where the loss of NMDA
receptor activity causes fatality. A second targeting vector identical to TNR1 but
contains two loxP sites, the site for Cre excision, was cloned and is termed TNR1-
lox. Nine chimeric mice were obtained from 3 TNR1-lox-targeted ES clones. Two
chimeras transmitted the ES genome to 5 offspring of which non harbour the
targeted NR1 allele. Breeding of those chimeras is continued to obtained offspring
harbouring the TNR1-lox targeted NR1 allele.
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INTRODUCTION

Overview

This thesis describes the generation of a transgenic mouse in which the formation of
the NMDA receptor is controlled by external non-invasive means. This mouse serves

as a new model for the study of the function of the NMDA receptor in vivo.

I begin by a brief introduction of the NMDA receptor discussing its physiological
significance, molecular and functional diversity. Published investigations of the
function of the NMDA receptor in vivo is based on observing the phenotype
resulting from the loss of NMDA receptor activity. These studies used strategies that
targeted the NMDA receptor at two levels, the protein level by using NMDA
receptor antagonists and the DNA level by knockout of NR1, the common subunit to
all NMDA receptors. I discuss the limitations of using NMDA receptor antagonists
for in vivo studies. This is followed by a brief description of the principles of gene
targeting, the method used to generate knockout mice. Then I discuss the results of
knockouts studies of the cloned NMDA receptor subunits. There are significant
limitations to the knockout approach and in the light of these limitations the use of
the Cre/loxP recombinase system to generate a cell- or tissue-specific NMDA

knockout is described.

As discussed later the use of the tetracycline-regulated promoter system to
genetically control the formation of the NMDA receptor circumvents the limitations
of the conventional and Cre/loxP mediated knockout approaches. The aim of thesis
is to generate a new mouse model where the formation of the NMDA receptor is
reversibly controlled by external non-invasive means. Also, the external control can
be refined to exclude a particular cell or tissue type. Finally I detail my experimental
design to control the NR1 subunit expression by the tetracycline-regulated promoter

system and the strategy to carry out the necessary modifications to the NR1 gene.
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1.1 Classification of glutamate receptors

Glutamate activates ionotropic and metabotropic receptors in the vertebrate nervous
system. The ionotropic receptors constitute the major fast component of excitatory
synaptic transmission in the CNS. Ionotropic glutamate receptors have been
classified into three families (Watkins et al., 1981) based on their pharmacology to
the agonists ol-amino-3-hydroxy-5-methyliosxazolepropoinic acid (AMPA), kainic
acid and N-methyl-D-aspartic acid (NMDA), and the antagonists 2-amino-5-
phosphonopentanoic acid (AP5) (Davies et al., 1981) and 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX). NMDA-activated glutamate receptors are
sensitive to block by APS but not CNQX. In contrast, kainate- and AMPA-activated
glutamate receptors are sensitive to block by CNQX but not AP5. Kainate and

AMPA receptors are collectively referred to as non-NMDA.

1.2 The intriguing properties of NMDA receptor

NMDA receptor channels differ in fundamental ways from the non-NMDA and
other ligand-gated ion channels. NMDA receptor channels are gated in a unique
manner both by ligand and voltage. NMDA receptor channels require glycine as a
co-agonist in addition to glutamate (or NMDA) (Kleckner and Dingledine, 1988).
The voltage dependence is due to block of the ion channel by Mg2+ at normal resting
potentials (McBain and Mayer, 1994; Nowak et al., 1984). The NMDA receptor
channel is highly permeable to Ca2*+ (Ascher and Nowak, 1986; MacDermott et al.,
1986). Furthermore, excitatory postsynaptic currents mediated by NMDA receptor
channels are characterised by a prolonged time course relative to that mediated by
the non-NMDA receptor channels (Dale and Roberts, 1985). In addition, the
function of the NMDA receptor channel is modulated by many endogenous
compounds and second messenger systems (for a review see Collingridge and

Lester, 1989; McBain and Mayer, 1994; Scatton, 1993).
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1.3 Physiological significance of NMDA receptor

NMDA receptors are considered to play an important role in activity-dependent
synaptic plasticity. Due to the voltage-dependent block by Mg2+, NMDA receptor
channels are activated only when the presence of glutamate in a synapse is paired
temporally with depolarisation in the postsynaptic cell. The postsynaptic
depolarisation alleviates the Mg2+ block. Thus the NMDA receptor acts as a co-
incidence detectof of pre- and postsynaptic depolarisations. The activated NMDA
receptor channel is permeable to Ca2+ (Ascher and Nowak, 1986; MacDermott ez al.,
1986) which triggers biochemical processes that result in enhancement of synaptic

efficacy.

1.3.1 Developmental plasticity

A variety of studies have implicated NMDA receptor activation in the experience-
dependent rewiring of the brain that occurs during development (McDonald and
Johnston, 1990). In the developing visual system, chronic infusion of APS into kitten
visual cortex blocks the physiologically determined ocular dominance shift normally
associated with monocular deprivation (Kleinschmidt ez al., 1987). In Xenopus
laevis, NMDA plays a role in the experience dependent establishment of matching
binocular tectal maps (Scherer and Udin, 1989; Scherer and Udin, 1991) and the eye-
specific segregation of retinotectal projections in surgically produced 3-eyed

tadpoles (Cline et al., 1987).

In the cerebellum, in vivo application of AP5 prevents the regression of
supernumerary climbing fibre synapses in Purkinje cells (Rabacchi et al., 1992) It
was reported that NMDA receptor antagonists reduce granule cell migration

(Komuro and Rakic, 1993).

In the superior colliculus, application of NMDA receptor antagonists interferes with

the development of an ordered neural map which occurs during the first two
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postnatal weeks (Simon et al., 1992). NMDA receptor activation may also play a

role in early postnatal olfactory learning in rat (Lincoln et al., 1988).

Mice lacking NMDA receptor activity die shortly after birth indicating an important
réle in development (Forrest et al., 1994; Li et al., 1994). Furthermore, mutant mice
fail to refine the whisker-related neural pattern in the brainstem trigeminal complex
(Forrest et al., 1994; Li et al., 1994). This suggests the involvement of the NMDA
receptor in the refinement of periphery-related neural patterns in the mammalian

brain (Li et al., 1994).

1.3.2 Synaptic plasticity and learning

The prerequisite postsynaptic depolarisation necessary for the alleviation of the
block by Mg?+ enables the NMDA receptor to act as coincidence detector of pre-
and postsynaptic depolarisations. In experimental setups, tetanic stimulation
provides a greater and longer-lasting postsynaptic depolarisation which alleviates the
block by Mg2+ of NMDA receptors. Tetanic stimulation in the hippocampus induces
long-term potentiation (LTP), a persistent and dominant form of activity-dependent
synaptic enhancement of synaptic efficacy (Bliss and Collingridge, 1993).
Hippocampal LTP includes NMDA receptor-dependent (Schaffer collaterals-CAl
synapse) and NMDA-independent (Mossy fibre-CA3 synapse) forms (Bliss and
Collingridge, 1993). Hippocampal LTP is believed to provide a physiological model
for one of the molecular mechanisms underlying learning and memory (Bliss and

Collingridge, 1993).

Administration of AP5 reversibly prevented the induction of LTP in the
hippocampal CA1 layer (Collingridge et al., 1983). Chronic intraventricular infusion
of APS5 resulted in impairment of both hippocampal LTP and spatial learning in rat
(Davis et al., 1992; Morris et al., 1986). These studies therefore, provided some

evidence for the linkage between NMDA receptors, LTP and learning.
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1.3.3 Neuronal cell death

Glutamate is implicated in acute neuronal cell death as a result of various types of
insults to the nervous system, including anoxia, hypoglycaemia, seizure and
mechanical trauma (Choi, 1988; Choi, 1990; Meldrum and Garthwaite, 1990).
Damage occurs through excessive activation of NMDA receptors, triggering
mechanisms leading to neuronal cell death. Excessive activation of NMDA receptors
may also be involved in chronic neurodegenerative diseases such as Alzheimer's and

Huntingdon's (Meldrum and Garthwaite, 1990).

In accord with this, antisense oligonucleotides to the NR1 subunit of the NMDA
receptor prevent the neurotoxicity elicited by NMDA in vitro and reduce the volume
of focal ischaemic infarction caused by occlusion of the middle cerebral artery in rat

(Wahlestedt er al., 1993).

1.4 Molecular diversity of the NMDA receptor

Molecular cloning studies identified multiple cDNAs coding for NMDA receptor
channel subunits. These cDNAs were classified into two gene families, NMDARI1
(NR1) and NMDAR?2 (NR2). Highly active NMDA receptor channels are formed in
vitro by co-expression of members of the NR1 and NR2 families. The cloned
NMDA receptor subunits are characterised by a distinct distribution pattern,

functional properties and regulation.

1.4.1 Cloning of the NR1 subunit

The first cDNA of an NMDA receptor subunit (NMDARI1) was isolated from rat
forebrain poly(A)t RNA by expression cloning in Xenopus oocytes (Moriyoshi et
al., 1991; Nakanishi et al., 1992). The largest open reading frame in the isolated
clone predicted a 938 amino acids polypeptide that has about 20% sequence identity
to cloned non-NMDA receptor subunits (Moriyoshi et al., 1991). Expression of

RNA derived from the isolated clone resulted in very small NMDA-activated
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currents (=10 nA) in the Xenopus oocytes expression system. These currents have
electrophysiological and pharmacological properties characteristic of the NMDA

receptor (Moriyoshi et al., 1991).

The mouse homologue to NR1 was independently isolated from a forebrain cDNA
library using the mouse GluRA and GluRB non-NMDA receptor subunits cDNAs as
probes under low-stringency conditions (Yamazaki et al., 1992). The isolated mouse
clone, designated as {1, codes for a polypeptide with >99% amino acid identity to
that of NR1 with only 2 out of 938 amino acid substitutions (Yamazaki et al., 1992).
The human homologue to NR1, designated as hNMDARI, was isolated using a
probe from NR1 (Karp et al., 1993). The predicted amino acid sequence from the
human cDNA has 99% amino acid identity to rat sequence with 3 amino acids
substitutions in the signal peptide region and 4 amino acids substitutions in the N-
terminal region (Karp et al., 1993). The Drosophila melanogaster homologue to
NR1, named DNMDARI1, shows 46% amino acid identity to NR1 (Ultsch et al.,
1993).

1.4.2 Cloning of the NR2 subunits

To date, four members of the NMDAR?2 (NR?2) family of NMDA receptbr subunits,
designated as NR2A-D for rat or €1-4 for mouse, were identified by molecular
cloning. The NR2A-D, €1 and €4 subunits were cloned through PCR mediated
amplification of brain cDNA using degenerate primers to conserved amino acid
sequences between ionotropic glutamate receptor subunits (Ikeda et al., 1992; Ishii
et al., 1993; Meguro et al., 1992; Monyer et al., 1992). Whereas the €2 and €3

subunits were cloned by probes generated from €1 (Ikeda et al., 1992).

The amino acid identity between the NR2 subunits and other ionotropic glutamate
receptor subunits is only 11-18%. A large C-terminal region is a prominent feature
of NR2 subunits which distinguishes them from other ionotropic glutamate subunits

(Ikeda et al., 1992; Ishii et al., 1993; Meguro et al., 1992; Monyer et al., 1992). The
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overall amino acid identity among NR2 subunits is about 50%. The identity is
highest around the putative transmembrane domains (80-90%), moderate in the N-
terminal region (45-60%) and lowest in the C-terminal region (20-30%)(Ikeda et al.,
1992; Ishii et al., 1993). In general, the size and amino acid sequences more closely
resemble each other between NR2A and NR2B than between NR2C and NR2D
(Ishii et al., 1993).

Expression of one or two members of the NR2 family in the Xenopus oocyte
expression system does not result in functional NMDA receptor channels. However,
co-expression of NR1 and an NR2 subunit resulted in NMDA-activated currents that
are 100 times larger than those obtained from homomeric expression of NR1 (Ishii et

al., 1993; Meguro et al., 1992; Monyer et al., 1992).

1.4.3 Splice variants of NMDA receptor subunits

Shortly after cloning the first NR1 cDNA and as work to identify other NMDA
cDNAs was underway, several laboratories reported cloning of a family of NR1
splice variants. NR2A-C subunits do not have any splice variants whereas NR2D

exists in two isoforms (Ishii et al., 1993).

Seven functional isoforms of the cloned NR1 subunit generated by different splicing
were isolated independently in different laboratories from rat (Durand et al., 1992;
Hollmann et al., 1993; Nakanishi, 1992; Sugihara et al., 1992) and mouse
(Yamazaki et al., 1992). These isoforms were generated by an insertion at the N-
terminal region, deletions at two different C-terminal regions, or combinations of the

insertion and deletions.

Hollmann et al (1993) analysed the structure of genomic rat NR1 gene and mapped
the intron-exon boundaries. His analysis revealed that the N-terminal variant is
generated by alternative use of exon 5 (63 bp long, after nucleotide 516).
Furthermore, three different deletions in the C-terminal region of NR1 arise from

alternative use of exon 21 and alternative use of a splice-acceptor site in exon 22.
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The first deletion is generated by alternative use of exon 21 (111 bp long, nucleotide
2536-2646). The second deletion is generated by alternative use of a splice-acceptor
site in exon 22 resulting in a 356 bp deletion (nucleotide 2647-3002). The second
deletion removes the original stop codon of NR1, leading to the use of a second
previously out-of-frame stop codon occurring at nucleotide 3068 in the 3'
untranslated region. This switch to an alternative stop codon converts 66 bp of non-
coding sequence of NR1 to coding sequence. The third deletion is a combination of
the first and second deletions (467 bp, nucleotides 2536-3002). All nucleotide
positions are numbered starting from the first nucleotide of the first codon of the

mature protein (Hollmann et al., 1993).

Several nomenclature systems were suggested to describe the NR1 splice variants
but that of Hollmann et al (1993) is widely accepted. The size of the C-terminal
deletion is described by a number (from 1-4). The NR1 splice variant with no
deletions has the number 1 (NR1-1), splice variants with the first deletion has the
number 2 (NR1-2), splice variant with the second deletion has the number 3 (NR1-3)
and splice variant with the third deletion has the number 4 (NR1-4). The absence or
presence of the N-terminal insertion in each of the C-terminal variants is denoted by
the letter a and b, respectively. The structure of the eight splice variants of the NR1
subunit are schematically outlined in figure 1.1. The human homologue for NR1-1a,
NR1-2a and NR1-4a have been isolated (Foldes et al., 1993). Also, the isolation of
two human splice variants containing the N-terminal insert, NR1-3b and NR1-4b,

was recently reported (Nash et al., 1997).
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Figure 1.1 Schematic outline of the structure of the eight splice variants of the NR1 subunit.

The structures shown start as in the mature protein. NR1-1a is equivalent to the NR1 of (Moriyoshi et
al., 1991). Black boxes represent the four membrane domains. Stippled bars represent the 3'
untranslated region of the cDNA clone. The presence of the N-terminal insertion (exon 5) is indicated
by an open box in NR1-#b variants. The different C-terminal deletions are indicated by a line. C-
terminal deletion 1 involves exon 21. C-terminal deletion 2 involves exon 22 and an alternative stop

codon in the 3" untranslated region.

1.5 Expression of NMDA receptor subunits mRNAs

1.5.1 Expression in the brain

The NR1 subunit is ubiquitously expressed in the brain throughout development.
Only the NR2B and NR2D subunit mRNAs are expressed in the embryonic brain.
NR2B is distributed widely, in contrast to NR2D subunit mRNA which is
predominately found in the diencephalon and the brainstem. Transcripts encoding
the NR2A and NR2C are not detectable during the entire embryonic period (Monyer
etal., 1994; Watanabe et al., 1994a; Watanabe et al., 1994b; Watanabe et al., 1994d;
Zhong et al., 1995).
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During the first two weeks after birth, the expression of the NR2 subunits changes
drastically. The NR2A subunit mRNA starts to appear in the whole brain with the
highest level of expression occurring in the cerebral cortex, the hippocampal
formation and the cerebellar granule cells (Wenzel et al., 1997). The NR2B subunit
mRNA becomes restricted to the forebrain with high levels of expression observed
in the cerebral cortex, the hippocampal formation, the septum, the caudate-putamen,
the olfactory bulb and the thalamus. The NR2D subunit mRNA expression is greatly
decreased with low levels found in the thalamus, the brainstem, the olfactory bulb
and non-pyramidal neurones in the hippocampus (Monyer et al., 1994). The NR2C
subunit mRNA appears strongly in the cerebellum with weak expression detected in
the thalamus, the olfactory bulb and non-pyramidal neurones in the hippocampus

(Monyer et al., 1994; Watanabe et al., 1994d; Zhong et al., 1995).

1.5.2 Expression in the spinal cord

At embryonic stages, The NR1, NR2B and NR2D subunit mRNAs are expressed
widely in the spinal cord. In addition, restricted expression of the NR2A subunit
mRNA is reported in the developing ventral horn (Watanabe et al., 1994c). Reports
on the expression patterns in the adult spinal cord are controversial. The NR1, NR2A
and NR2B subunit mRNAs are the predominant transcripts in the cervical cord
(Watanabe et al., 1994c). Whereas the NR1, NR2C and the NR2D subunit mRNAs

are found in the rat lumbar cord (Tolle et al., 1993).

1.5.3 Expression of the splice variants

The distribution of NR1 splice variants shows regional and developmental
heterogeneity (Laurie and Seeburg, 1994; Luque et al., 1994; Zhong et al., 1995;
Zukin and Bennett, 1995). The relative abundance of the variants is about 67% for
NR1-1a, 18% for variants with the COOH deletions but without the NH? insertion
(2a, 3a and 4a) and 15% for variants with the NH? insertion (1b, 2b, 3b and 4b)
(Sugihara et al., 1992; Zhong et al., 1995).
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1.6 Functional heterogeneity of NMDA receptor

Functional NMDA receptors from homomeric expression of NR1 subunit has only
been observed in the Xenopus oocyte expression system (Moriyoshi et al., 1991).
Homomeric expression of the NR1 subunit does not yield functional NMDA
receptor channels in mammalian cell lines (Monyer et al., 1992; Sucher et al., 1993).
Active NMDA receptor channels are only produced when the NR1 subunit is
expressed together with at least one of the four NR2 subunits. In accord with this,
most brain regions express both NR1 and NR2 subunits mRNAs. No functional
NMDA receptor channels have been reported for mature cerebellar Purkinje cells
which express the NR1 subunit mRNA but none of the NR2 subunits (Monyer et al.,
1994; Watanabe et al., 1993; Watanabe et al., 1994c).

Heteromeric assembly of the NMDA receptor channel subunits is also suggested
from biochemical and immunoprecipitation studies (Chazot and Stephenson, 1997;
Luo et al., 1997; Sheng et al., 1994; Tingley et al., 1993). Anti-NR1 subunit
antibodies immunoprecipitated not only a =120 kDa protein (NR1) but also
significant amounts of the NR2A and NR2B subunits from the rat cerebral cortex. In
addition, the anti-NR2A subunit efficiently co-immunoprecipitated the NR2B
subunit and conversely, the anti-NR2B subunit antibodies co-immunoprecipitated

the NR2A subunit.

Each of the NR2 subunits confer variable electrophysiological and pharmacological
properties upon the NMDA receptor channel. These include offset decay time
constant, the affinities for agonists, sensitivity for competitive and non-competitive
antagonists (Ishii et al., 1993; Kutsuwada et al., 1992; McBain and Mayer, 1994;
Monyer et al., 1992). The functional diversity of native NMDA receptors channels,
therefore, is determined by the differential association of the NR1 subunit with the

NR2 subunits.

The Ca2* permeability of the four NR1-NR?2 subunit configurations are comparable

(Monyer et al., 1992). A clear difference in the strength of the voltage-dependent
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block by extracellular Mg2+ is observed for different NR1-NR2 subunit
configurations (Kuner and Schoepfer, 1996). At physiological concentrations of 1
mM extracellular Mg2?+ the NR2A and NR2B channels are characterised by a
stronger sensitivity to Mg2+ block than NR2C and NR2D channels (Kuner and
Schoepfer, 1996; Monyer et al., 1992).

The excitatory postsynaptic potential mediated by NMDA receptor channels displays
a prolonged time course relative to that mediated by non-NMDA receptor channels
(Dale and Roberts, 1985). The offset decay time constant of recombinant NR1-
NR2A channels (118 ms) is approximately 3-4 times faster than that of either NR1-
NR2B (400 ms) or NR1-NR2C (382 ms) channels. NR1-NR2D channels are
characterised by a particularly long offset decay time constant of 4.8 s, which is 10-

40 fold longer than that for the other subunit combination (Monyer et al., 1994).

Differential RNA splicing of the NR1 subunits alters the physiological and
pharmacological properties of NMDA receptor channels (Zukin and Bennett, 1995).
Recombinant NMDA receptors containing NR1 variants lacking exon 5 (N-terminal
insertion) show marked potentiation by polyamines (Durand et al., 1993; Durand et
al., 1992). Whereas recombinant NMDA receptors containing NR1 variants lacking
exon 5 show high sensitivity to inhibition by protons (ICs59 40 nM, pH 7.4)
(Traynelis et al., 1995). Recombinant NMDA receptors containing NR1 variants
lacking exon 22 (the second deletion) showed a marked potentiation by protein
kinase C (PKC) (Durand et al., 1993; Durand et al., 1992). It has been suggested that
NMDA receptor complexes can contain more than one NR1 splice variant (Blahos

and Wenthold, 1996; Chazot and Stephenson, 1997; Hollmann et al., 1993).
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1.7 Transmembrane topology of NMDA receptor subunits

Cloned glutamate receptor channel subunits posses four hydrophobic segments that
were initially believed to form four transmembrane domains homologous to other
ligand-gated ion channels (Moriyoshi et al., 1991). However, phosphopeptide
analysis suggested that the C-terminal region of the NR1 subunit is phosphorylated
in vivo (Tingley et al., 1993). In addition, the C-terminal region of the NR2A subunit
is responsible for the activation of the NR1/NR2A channel by a protein kinase C
activator, 12-O-tetradecanyoly-phorbol 13-acetate (TPA) (Mori et al., 1993). These
findings are in contradiction to the initial predication since they suggest an

extracellular rather than intracellular location of the C-terminal region.

Furthermore, mutational analysis of the glycine-binding and redox modulation sites
of the NR1 subunit suggests that the region between segments 3 and 4 exist
extracellularly (Kuryatov et al., 1994; Sullivan et al., 1994). It was found that the
exchange of the first 150 amino acids upstream of the M1 and the putative
extracellular M3-M4 loop were required to switch agonist selectivity between the
AMPA and kainate receptor (Stern Bach et al., 1994). In addition, site-directed
mutagenesis has identified amino acid residues found on NR2 subunits that control
glutamate potency in recombinant NMDA receptors (Anson et al., 1998; Laube et
al., 1997). The identified residues are located in the NR2 subunit at positions

homologous to those on the NR1 subunit that control glycine potency.

These findings can be explained by a three transmembrane model as proposed for
kainate binding proteins and the GIluR1 subunit based on the analysis of engineered
N-glycosylation sites (Hollmann et al., 1993; Wo et al., 1995; Wo and Oswald,
1994; Wo and Oswald, 1995), in which the putative channel-lining segment M2,

loops into the membrane without traversing it.

This model was further supported by recent work where the residues contributing to
the channel pore were mapped by the cysteine-substitution method. The amino acid

residues in the M2 segment of NMDA receptor subunits (NR1 and NR2C) were
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individually substituted with a cystein residue. Residues contributing to the channel
pore were then identified by their ability to interact with sulfhydryl-specific reagents.
This work suggested that the M2 segment forms a channel-lining loop originating
and ending on the cytoplasmic side of the channel (Kuner et al., 1996). The current
model of transmembrane topology of glutamate receptor subunits is schematically

represented in figure 1.2.

N-terminal

Extracellular

Intracellular

C-terminal
)

Figure 1.2 Schematic representation of the transmembrane topology model of glutamate receptors
subunits. The three transmembrane domains are represented by filled cylinders. The membrane
region 2 forms a loop originating and ending on the cytoplasmic side. The position of the asparagine
(N) crucial for Ca2+ permeability and sensitivity to block by Mgz"’ of NMDA receptor (Burnashev et
al., 1992b) is marked by a circle.
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1.8 Molecular determinant of Ca2+ permeability and Mg2+ block

Site-directed mutogenesis revealed that arginine at position 586 in the putative
membrane segment M2 of the GluR2 subunit determines the Ca2+ permeability of
the AMPA receptor (Burnashev et al., 1992a; Hume et al., 1991; Mishina et al.,
1991). The corresponding position of the NMDA receptor channel subunits, position
598 for rat and mouse NR1 (Moriyoshi et al., 1991; Yamazaki et al., 1992), is
occupied by asparagine. Site-directed mutogenesis revealed that this asparagene
critically controls the Ca2+ permeability and sensitivity to block by Mg2* of NMDA

receptor channels (Burnashev et al., 1992b; Mori et al., 1992; Sakurada et al., 1993).

1.9 Agonists binding sites

Site-directed mutagenesis revealed that the glycine binding site is controlled by
residues on the NR1 subunit (Hirai et al., 1996; Kuryatov et al., 1994; Wafford ez
al., 1995; Williams et al., 1996). These residues are located in two areas termed S1
and S2, S1 is N-terminal of the putative TM I and S2 is C-terminal of the TM III
(Stern Bach er al., 1994). Site-directed mutogenesis also revealed that the glutamate
binding site is controlled by residues in the NR2 subunit. These residues are
conserved throughout the NR2 subunits and exist in similar areas to those of the

glycine binding site (Anson et al., 1998; Laube et al., 1997).

1.10 Studies of NMDA receptor in vivo

Synaptic plasticity, represented by LTP in the hippocampus, has been thought to
underlie learning and memory (Bliss and Collingridge, 1993), but the experimental
evidence is limited. The role of NMDA receptor channel-dependent synaptic
plasticity in cognitive processes has been examined by two independent approaches.
The first approach relies on blocking the function of NMDA receptors using
competitive antagonists and channel blockers (e.g. AP5 and MK801 respectively).
The other approach involves manipulation of candidate genes in transgenic mice

which are then examined for structural and behavioural changes.
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Chronic intraventricular infusion of APS5 resulted in impairment of both hippocampal
LTP and spatial learning in rats (Davis et al., 1992; Morris, 1989; Morris et al.,
1986). However, there are important limitations to the use of NMDA receptor
antagonist to study the function of NMDA receptors in vivo. The administered
antagonist should be reasonably permeable to cross the blood-brain-barrier, non-
toxic and specific. AP5 does not cross the blood-brain-barrier and thus is
administered through cannula inserted in the ventricles. This invasive method is

inappropriate for use with small animals, e.g. young mice and rats.

MKB801 is a non-competitive use-dependent blocker of the NMDA receptor channel
(Cotman and Iversen, 1987) that readily crosses the blood brain barrier and therefore
can be administered by intraperitoneal injection. Systemic administration of MK801
fail to block LTP in vivo or impair spatial memory in the rat (Halliwell and Morris,
1987). Furthermore, MK801 did not induce a delay-related impairment in spatial
working memory in rats as observed with intrventricular administration of APS

(Tonkiss and Rawlins, 1991).

CGP-37849 is an analogue of AP5 designed for systemic administeration (Fagg et
al., 1990). Systemic administerstion of CGP-37849 produced non-specific
impariment in a working memory task, an effect that does not reseble those of APS
administration and lesions of the hippocampus (Gutnikov and Rawlins, 1996). This
implyies that other neural mechanisms are equally or more sensitive to NMDA

blockade (Gutnikov and Rawlins, 1996).

As learning is not observed directly but inferred from behaviour, antagonists should
not create side effects that could interfere or contribute to the observed behavioural
changes. It was suggested that systemic administration of NMDA antagonists may
affect a broad range of anatomical structures and interfere with neural mechanisms
of motor performance (Gutnikov and Rawlins, 1996). Indeed, disruption of
sensorimoter functions is the most obvious behavioural effect of NMDA antagonists.

These include hyperactivity, ataxia and muscle flaccidity (Cain et al., 1996; Dai and
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Carey, 1994; Hargreaves and Cain, 1992). Also observed are alteration in receptor
gene expression and release of neurotransmitter in the motor system (Healy and
Meador Woodruff, 1996a; Healy and Meador Woodruff, 1996b). Furthermore,
normal coding and transmission of information in the visual, somatosensery,
auditory and pain modalities require NMDA receptor activity (Binns and Salt,

1996a; Binns and Salt, 1996b; Fox et al., 1990; Sillito et al., 1990).

1.11 Gene targeting

Methods of reverse genetics involve regulating the activity of endogenous proteins
by controlling their genetic expression, hence the name. Genetic modifications in the
mouse genome greatly benefited from the development of two techniques in the
1980s (Bronson and Smithies, 1994). These are the mouse embryonic stem (ES) cell

system and gene targeting techniques.

ES cells, isolated from mouse blastocysts (day 3.5 embryos) or teratocarcinomas, are
an undifferentiated and pluripotent cell type. ES cells can be maintained in vitro and
remain undifferentiated under suitable culture conditions (Evans and Kaufman,
1981). ES cells can be reintroduced into the blastocyst stage of mouse embryos.

Introduced ES cells differentiate into all tissue types including gonads.

Desirable modifications of the mouse genome are carried out in ES cells through
gene targeting. Gene targeting uses homologous recombination between DNA to
alter a gene of interest in a predetermined way (Capecchi, 1989). The desired genetic
modification is engineered in a targeting vector in vitro. The targeting vector is then
introduced in ES cells by a suitable method of transfection. Homologous
recombination between the targeting vector and ES genome incorporates the

modification into the ES genome as outlined in figure 1.3.

A gene targeting vector consists of three functional components; a designed genetic
modification (mutation, deletion or insertion), selection markers and two stretches of

mouse genomic DNA (5-8 Kb each) known as the arms of homology. The arms of
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The positive selection marker allows the selection of ES cells where the targeting
vector has integrated in the ES genome. Independent of homologous recombination,
the targeting vector can also randomly integrate into the ES genome. Therefore, not
all the selected ES cells possess the desired genetic modification. Unlike random
integration, correct homologous recombination does not result in the integration of
the negative selection marker in the ES genome. Therefore, the combination of
positive and negative selection of transfected ES cells enrich for clones harbouring

the correctly targeted locus of interest (Capecchi, 1989).

Since random integration of the targeting vector occurs at a higher probability
(290%) than the correct homologous recombination. An additional screening scheme
has to be devised to differentiate between correct homologous recombination and

random integration events.

Correctly modified ES cells are then used to generate chimeric mice. ES cells
carrying the desired modification are introduced into the blastocyst stage of mouse
embryos. Blastocysts are then implanted into surrogate mice. ES cells are potentially
capable of differentiating and contributing to all tissue types in embryos including
gonads. The most frequently used ES cell/blastocyst combination is ES cell lines
from the 129 mouse strain and blastocysts from the C57BL/6 strain. Mice derived
from both blastocyst and ES cells are identified from patches of agouti colour (129
derived) in their black coat (C57BL/6 derived). ES contribution to the gonads of
chimeric mice allows germ-line transmission of the genetic modification to their

offspring (Bradley et al., 1984).

From all the above, the major advantages of using ES cells in genetic modifications
includes the ease to culture, it is readily manipulated by homologous recombination
in vitro and are amenable for a variety of screening schemes to select the desired site

specific modification.
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Pronuclear injection is another method of generating genetically modified mice. In
this method, a DNA fragment known as the transgene is injected in fertilised mouse
eggs where it may integrate in the genome. The injected eggs are implanted into
surrogate mice. Resulting mice are then screened for the presence of the injected
transgene. The transgene integration is random, therefore, this method is suitable for
introducing dominant negative and gain of function mutants of a gene of interest.

This method can not be used to generate site specific modifications (e.g. Knockouts).

1.12 Gene knockout

The first and most frequent application of gene targeting is gene knockout. Gene
knockout is a genetic modification of a gene of interest which results in its
disruption. The modification is achieved through homologous recombination
between the gene of interest and a "replacement” targeting vector (Thomas et al.,
1992). Correct integration of the vector replaces part of the gene of interest with the
positive selection marker, figure 1.3. Thus the product of the gene of interest is
irreversibly lost in all tissue types and at all developmental stages. Therefore, gene
knockout may reveal the effect of the complete loss of the disrupted gene on the

development and normal physiology of the mutant animal.

The approach of gene knockout greatly contributed to the understanding of
biological functions of many proteins in vivo. The following is a brief description of

the result of gene knockout studies of the NMDA receptor subunits.

1.12.1 NR1 subunit knockout

Mutant mice defective in the NR1 subunit of the NMDA receptor channel died 10-
20 hours after birth (Forrest et al., 1994; Li et al., 1994). Pathological evidence
suggested that respiratory failure was the ultimate cause of death (Forrest et al.,
1994). New born mutant mice were not feeding, as indicated by the absence of milk

in their stomach, due to a defect in the suckling response (Forrest et al., 1994; Li et
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al., 1994). Additionally, mutant mice were severely ataxic and could not support
their body weight on their hindlimbs (Li ez al., 1994). However, the overall

neuroanatomy of the mutant mice appeared normal (Forrest ez al., 1994).

The development of the whisker-related pattern in the brainstem trigeminal complex
(BSTC) was examined in NR1 mutant mice (Li et al., 1994). Whiskers and sinus
hairs on the snout of mice are arranged in a discrete array. Peripheral and central
processes of the trigeminal ganglion connect the whisker pad with the BSTC.
Central axon arbors of trigeminal ganglion cells and their postsynaptic target

neurones in the BSTC replicate the topographic arrangement of the whiskers.

In the NR1 mutant mice, the pathfinding, initial targeting and crude topographic
projection of the trigeminal ganglion central axons in the BSTC were unaffected (Li
et al., 1994). However, the refinement of the crude topographic projections into a
representation of the whisker-related pattern failed (Li et al., 1994). These results
suggest that the development of the whisker-related patterns is dependent on NMDA
receptor channel activity. This is in contrast to studies where the role of neuronal
activity in general, and NMDA receptor channel activity in particular, in the
development of the whisker-related pattern has been studied using activity blockers,
such as TTX and APS respectively (Chiaia et al., 1992; Henderson et al., 1992;
Schlaggar et al., 1993). This contradiction further highlights the limitations of the

use of functional blockers for study of NMDA receptors in vivo.

1.12.2 NR2A subunit knockout

Mutant mice defective in the NR2A subunit of the NMDA receptor channel showed
significant reduction of the NMDA receptor current (about 50%) and LTP (about
30%) at the hippocampal CAl synapse (Sakimura et al., 1995) The mice also
showed moderate deficiency in spatial learning in the Morris water-maze task. The
lack of the NR2A subunit did not appreciably affect the growth and mating of the
mutant mice. This is probably due to the fact that NR2A subunit mRNA is expressed

30



only postnatally and thus may exert little effect on development (Sakimura et al.,

1995).

The fact that LTP was not completely abolished by the knockout of the NR2A
sﬁbunit implies that the NR2B subunit plays a role in NMDA-dependent LTP in the
CAl region of the hippocampus. Both subunit mRNAs are expressed in the adult
hippocampus and share similar functional properties such as Mg2+ blockage and

modulation (Meguro et al., 1992; Monyer et al., 1992).

1.12.3 NR2B subunit knockout

Mutant mice defective in the NR2B subunit of the NMDA receptor channel died
shortly after birth. Similar to NR1 knockout, mutant mice lacked the suckling
response but survive by hand feeding (for up to 6 days in one case)(Kutsuwada et
al., 1996). This suggests that the primary cause of death is the lack of nutrition
caused by the defect in suckling response, not due to respiration abnormality as

proposed for the NR1 knockout mice (Forrest et al., 1994; Li et al., 1994).

No significant histological difference was observed in the brain structure or
development between the mutant and wildtype mice at PO and after 2 days of hand
feeding (Kutsuwada et al., 1996). Similar to NR1 knockout, NR2B knockout
hindered the formation of the Whisker-related neuronal barrelette structure and the
clustering of primary sensory afferent terminals in the brainstem trigeminal complex

(Kutsuwada et al., 1996).

Although the NR2D subunit mRNA is expressed in the BSTC, the NR2D subunit did
not compensate for NR2B. It is not known whether this is for quantitative,
qualitative differences or both (Kutsuwada et al., 1996). Another possible
explanation is the existence of a difference in the inter-synaptic composition of
NMDA receptor channels in a single neurone in the BSTC. Evidence for such a case
has been recently presented for neurones of the hippocampal CA3 region which

expresses NR2A and NR2B subunits (Ito et al., 1997).
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In the CA1 region of the hippocampus of PO-P3 knockout mice, synaptic NMDA
responses were abolished, indicating the absence of functional synaptic NMDA
receptors (Kutsuwada et al., 1996). Unlike NMDA receptor channel-dependent LTD,
LTP in neonatal wildtype mice (PO-P3) can not be induced in the hippocampus, in
accordance with previous reports (Izumi and Zorumski, 1995; Kutsuwada et al.,
1996). LTD in NR2B knockout mice was abolished (Kutsuwada et al., 1996). The
result of the study of the NR2B knockout suggests that NMDA receptors containing
the NR2B subunit play an essential role in both neuronal pattern formation and

synaptic plasticity (Kutsuwada et al., 1996).

1.12.4 NR2C subunit knockout

Mutant mice defective in the NR2C subunit of the NMDA receptor channel
displayed normal fertility and developed normally without obvious disturbances of
health, motor activity or behavioural problems (Ebralidze et al., 1996). However,
examining single NMDA receptor channels in granule cells of the cerebellum, where
NR2C mRNA is abundant, revelled the disappearance of the low-conductance
NMDA receptor channels ( < 37 pS) normally expressed in mature cells (Ebralidze
et al., 1996). In addition, the non-NMDA receptor component of the EPSC was
significantly smaller in mutant mice. The net result of the elimination of the NR2C
subunit is a composite EPSC which is similar to that of immature wildtype granule

cells (D'Angelo et al., 1993).

1.12.5 NR2D subunit knockout

Mutant mice defective in the NR2D subunit of the NMDA receptor channel grew
and mated normally. Furthermore, they exhibited no obvious histological
abnormalities in the various brain regions and develop whisker-related neuronal
patterns in the BSTC where they are expressed. However, they exhibited reduced

spontaneous activity in an open field test (Ikeda ef al., 1995).
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1.13 Limitations of the gene knockout approach

The NR2 subunits, with distinct patterns of expression and functional properties, are
major determinants of the NMDA receptor channel diversity. Therefore, the
molecular composition and functional properties of NMDA receptor channels differ
depending on brain regions and developmental stages. The results of NR2 subunit
knockouts suggest that their molecular and functional diversity may underlie the

various physiological roles of the NMDA receptor channel.

However, the gene knockout approach suffers from significant limitations. First, the
onset of gene knockout can not be temporally controlled. When the gene of interest
is crucial for development its knockout may lead to severe developmental defects or
premature death. Thus, nothing can be learnt about the gene's role in adults. This is

certainly the case for the NR1 and NR2B knockouts.

The second limitation is that the knockout can not be spatially controlled. When the
gene of interest is widely distributed in the body or region of the body, a "global"
knockout does not provide information about the gene's role in specific regions or
cell types. Therefore, global gene knockout makes it difficult to attribute abnormal
phenotypes to a particular type of cells or tissues. As an example, the lethality of the
NR2B subunit knockout revealed its role in developing the suckling response
(Kutsuwada et al., 1996). Nevertheless, it hindered the study of the physiological
significance of the dramatic changes in the NR2 subunit mRNA expression during
the first 3 postnatal weeks (Watanabe et al., 1994d). A cerebellar granule cell-

specific knockout of the NR2B subunit may provide the answer.

One of the most significant limitations is the fact that the knockout is irreversible.
Reversible knockouts would allow to study the effect of the loss of the gene of

interest during a particular developmental stage.
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The fourth limitation is that gene knockout allows the loss of the gene of interest to
be studied at two levels only. These are 50% and 0% in the heterozygous and

homozygous knockout mice respectively (Bronson and Smithies, 1994).

1.14 Cre-mediated knockout

One way to partially overcome some of the limitations of the "conventional" gene
knockout approach above is to combine it with a conservative site-specific
recombination system to create "conditional" knockouts. Unlike homologous
recombination, conservative site-specific recombination depends on extremely short
and specific regions of homology. One type of site-specific recombination is
mediated by Cre recombinase, an integrase from bacteriophage P1, which catalyses
recombination between two loxP sites in the absence of any additional co-factors
(Sternberg and Hamilton, 1981). A loxP site consists of two 13 bp inverted repeats
separated by an 8 bp spacer. These repeats are the recognition and binding sites for

Cre.

In the presence of Cre, the intervening DNA between two loxP sites positioned head
to tail is excised along with one loxP site, figure 1.4a. Alternatively, repetitive
inversion of the intervening DNA occurs if the loxP sites are positioned head to
head, figure 1.4b. Cre-mediated recombination has been demonstrated to excise
exogenous DNA in eukaryotic cells in vitro and in vivo (Byme and Ruddle, 1989;
Gu et al., 1994; Gu et al., 1993). Since the LoxP site of the P1 is 34 bp in size, the
natural occurrence of this exact sequence is unlikely in any eukaryotic genome.
However, related sequences may exist in eukaryotic genomes that could recombine

at low efficiency (<1 x 105) with an authentic loxP site (Sauer, 1992).

The exploitation of the Cre/loxP system was pioneered by Byrne (Byrne and Ruddle,
1989) and Rajewsky (Gu et al., 1994; Gu et al., 1993). In their strategy, a target gene
flanked by loxP sites is introduced by homologous recombination into ES cells

(Kuhn et al., 1995). Depending on the nature of the loxP flanked DNA, the targeted
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gene can be activated, inactivated or altered by crossing the resulting transgenic
mouse line with a second transgenic line expressing the Cre recombinase. Under the
control of a tissue specific promoter, Cre recombinase can be used to manipulate the
flanked gene in a specific tissue or cell type during development or in adults. Gu et
al. (1994) were the first to demonstrate that Cre/loxP system can be used to excise
DNA flanked by loxP sites in a tissue- and developmentally restricted fashion in
vivo. Using the Cre/loxP system, gene knockouts can be temporally and spatially
controlled to avoid stages and tissues where the gene under investigation is crucial

for development.
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Figure 1.4. Cre mediated deletion and inversion of loxP flanked DNA.
A) Deletion of flanked DNA when two loxP sites (open arrowheads) are positioned head to tail. B)
Repetitive inversion of flanked DNA when two loxP sites are positioned head to head. The

orientation of the loxP flanked DNA is indicated by the solid arrow.
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1.14.1 Cre mediated subregional and cell type restricted NR1 knockout

The Cre/loxP system was used to generate an NR1 knockout in the pyramidal cells
of the CA1 layer of the hippocampus (Tsien et al., 1996a; Tsien et al., 1996b). Two
loxP sites in a head-to-tail orientation were introduced in the NR1 gene by
homologous recombination. One loxP site was introduced in intron 10 while a
second was introduced 3' of exon 22, thus flanking exons 11-22 (Tsien et al., 1996b).
In this way the introduced loxP sites did not interfere with the expression and correct
processing of NR1 RNA transcripts (Tsien et al., 1996b). In the presence of Cre,
however, the loxP flanked region was deleted. This resulted in production of
truncated NR1 transcripts lacking the coding sequence for the putative membrane

and C-terminal domains (Tsien et al., 1996b).

Tsein et al. (19962) generated several Cre expressing mouse lines by pronuclear
injection of a Cre-expression cassette. Cre expression was driven by the ccCaMKII
promoter which is characterised by a postnatal and forebrain-restricted pattern. One
Cre line showed a strong Cre activity in the CA1 region of the hippocampus and
little activity elsewhere in the brain (Tsien er al., 1996a). Mice lacking the NR1
subunit in the CA1 layer were obtained by crossing the CAl-specific Cre mouse

with the modified NR1 mouse.

The CAl-restricted NR1 knockout mouse grows to adulthood without obvious
pathologies and behavioural abnormalities (Tsien et al., 1996b). However, the CA1-
restricted NR1 knockout mouse suffered some impairment of spatial memory as
tested by the Morris water maze task. The NMDA-mediated EPSCs and LTP in the
CALl layer were absent (Tsien et al., 1996b). These results suggested a role for the

NMDA-dependent LTP of CA1 layer in acquisition of spatial memories.

Although Cre mediated deletions allowed the generation of temporally and spatially
refined gene knockouts, this strategy suffers from some limitations. First the strategy
relies on the availability of a suitable promoter with the desirable temporal and

spatial pattern. Second the knockout is still irreversible.
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1.15 Gene regulation by inducible promoter systems

Gene knockout and transgenic mice expressing constitutively active or dominant-
negative molecules can provide insights into the physiological roles of a gene of
interest. However, interpretations of the phenotypes of such mice are often limited
by several factors. For example, compensation for the hypo- or hyperactivity of the
altered gene by others. Lethality that could result from manipulating many genes is
another example (Spencer, 1996). Therefore, the study of the function of a particular
gene in complex multicellular organisms would greatly benefit from inducible
promoter systems which allow stringent temporal and spatial control of the gene's
expression. Ideally, not only would such systems allow for "On and off" levels of
gene expression but also permit limited expression at intermediate levels. This is
especially desirable when the regulated gene product is cytotoxic, essential for life or

when its effect during development is to be studied.

1.15.1 Eukaryotic inducible promoter systems

Control of gene expression using various inducible eukaryotic promoters responsive
to heavy metal ions (Searle et al., 1985), heat shock (Yoshida et al., 1995) and
steroids hormones (Israel and Kaufman, 1989) has been described. These systems
suffer from major disadvantages, the "leakiness" of expression due to residual
activity of the uninduced promoter (e.g. heavy metal ions), low induction ratios (10-
20 fold) and the pleiotropic effects caused by the lack of specificity of the inducing
agents themselves (e.g. temperature and hormones). Thus conclusions concerning
the physiological consequences of the product of the controlled gene are difficult to

interpret (for review see Spencer, 1996; Yarranton, 1992).

1.15.2 Bacterial inducible promoter systems

Approaches to adapt bacterial transcriptional control systems to eukaryotic cells are
successful alternatives to eukaryotic inducible systems. A major advantage of these

approaches is the greater specificity of bacterial systems and their inducing agents.
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Bacterial inducible systems rely on the interaction of a bacterial protein with its
DNA binding sequence (known as the operator). The operator sequence is unlikely
to occur in promoter sequences of eukaryotic genes, thus non-specific activation or

repression, which may cause pleiotropic effects, is unlikely to occur.

1.16 The tetracycline-regulated promoter system

Gossen and Bujard (1992) developed an eukaryotic inducible system based on the
regulatory elements of the Tnl0-specified tetracycline-resistance operon of E. Coli.
The E. Coli regulatory system consists of a specific operator sequence (zefO) and a
specific repressor protein (tetR) that binds to zefO with high specificity (Gossen and
Bujard, 1992). In E. Coli, the presence of the antibiotic tetracycline results in failure
of the refR to bind to tetO and relieve of the transcriptional repression over the

tetracycline-resistance gene.

Gossen and Bujard (1992) adapted the system for eukaryotic cells by converting the
repressor tefR into a transcriptional activator. The tefR was fused with the activating
domain of VP16 which is essential for transcription of the immediate early viral
genes in herpes simples virus (HSV). The hybrid protein was called tetracycline-

controlled transactivator (tTA).

To produce a promoter responsive to tTA, the enhancer region of the human
cytomegalovirus immediate-early (hCMV IE) promoter-enhancer was deleted. As a
result, the generated minimal promoter has no or little intrinsic transcriptional
activity (Gossen and Bujard, 1992). Multiple fetO sequences were then inserted
upstream of the minimal promoter. Subsequent to binding of the tetR domain of the
tTA to tetO in the minimal promoter, the viral activation domain of the tTA activates
transcription from the otherwise silent promoter. Tetracycline interferes with tTA
binding to zefO and thus inhibits the activation of the minimal promoter. The
tetracycline-regulated promoter system is schematically outlined in figure 1.5.

Insertion of seven retO sequences upstream of the minimal promoter gives the
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highest level of expression upon induction but virtually no expression when low
levels of tetracycline are present (Gossen and Bujard, 1992). The tTA-responsive
promoter was named Phcmv*-1, hereafter it will be referred to as the Phoemv*

promoter.

The usefulness of the tetracycline-regulated promoter system depends on three
factors: the intrinsic (or background) activity of the PhcMmv+* promoter, the efficiency
of activation of the Ppcpmv+* promoter by the tTA; and the extent and efficiency of
de-activation by tetracycline. In the Hela cell line, the Pycpy+ promoter has very
little background activity. Expression of tTA, however, induced the activity of the
luciferase reporter gene under the control of the Phopmy* promoter by up to five
orders of magnitude. Tetracycline concentrations of 1 pg/ml reduced the activity of
the luciferase reporter gene to background levels. This is 10 times lower than the
cytotoxic concentration of tetracycline (Gossen and Bujard, 1992). When
tetracycline is introduced in culture medium, the activity of the luciferase reporter
gene in Hela cells was reduced by >50-fold after 12 hours. On the other hand, when
tetracycline is removed from the medium, the activity of the luciferase reporter gene

is induced to the steady-state levels after 24 hour (Gossen and Bujard, 1992).
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Figure 1.5. Schematic representation of the tetracycline-regulated promoter system. The expression of
tTA gene is driven by an appropriate promoter (not shown).

A) in the absence of the tetracycline, or suitable derivative, tTA binds to its specific target sequence
(terO) in the PhLCMV* promoter. The PhLCMV* promoter consists of seven tetO sequences located
upstream of a minimal promoter derived from the hCMV-IE promoter-enhancer. Binding of the tTA
activates the expression of gene X (indicated by large solid arrow). B) in the presence of tetracycline,
the tTA does not bind to zerO and thus activation of the expression of gene X will not occur (indicated

by crossed small solid arrow).

1.16.1 Tetracycline controlled gene expression in vivo

The tetracycline-regulated promoter system can potentially regulate gene expression
temporally, spatially, reversibly and quantitatively in vivo (Gossen et al., 1994). The
system is particularly suited for use in transgenic animals, as tetracycline
pharmacokinetics and toxicity are well documented (Yarranton, 1992). Since the
development of the system, it was successfully applied in numerous laboratories in
vitro (Fishman et al., 1994) and in vivo (Dhawan et al., 1995; Passman and Fishman,

1994).
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The ability of tetracycline to control gene expression in transgenic mice was
evaluated by Furth et al (1994). They examined the control of the B-galactosidase
and luciferase reporter genes expression by tetracycline in transgenic mice. Separate
mouse lines were generated for the Prcnvyv*-B-galactosidase, Phemv+-luciferase and
hCMV-IE-tTA transgenes. Background activity of the PhcMmy* promoter was
measured in mice transgenic for the reporter genes. No measurable B-galactosidase
activity was observed in mice harbouring the B-galactosidase transgene. However,
measurable levels of luciferase activity were observed in certain tissues from some
mice harbouring the luciferase transgene (Furth et al., 1994). One reason for this
may be the higher sensitivity of the luciferase assay compared to the B-galactosidase
assay (Furth et al., 1994). Also, the background expression from the reporter
transgenes (luciferase or B-galactosidase) may be influenced by the chromosomal

site of integration.

Crossing reporter and tTA mouse lines activated expression from the reporter gene
in doubly transgenic mice (Furth et al., 1994). Luciferase activity was increased to
various extends in many tissues. In the brain, for example, various levels of
induction of luciferase activity was observed (1, 7 and 80 fold) from crossing three
different tTA mouse lines with the same luciferase line. The different levels of
induction of the reporter gene activity by tTA mice lines may arise from two factors
a) the pattern of activity of the hCMV-IE promoter driving the tTA gene in different
tissues and b) the influence of the chromosomal site of integration on the expression
of the tTA transgene. Luciferase activity was abrogated to background levels by
administration of tetracycline through slow-release implants at a dose of 0.7 mg per

day. No toxicity was observed from exposure to tetracycline (Furth ez al., 1994).

Mosaic expression of [-galactosidase was observed in some tissues in doubly
transgenic mice (Furth et al., 1994). This most likely reflects specific properties of
the hCMV-IE promoter in those tissues (Baskar et al., 1996a; Baskar et al., 1996b).

From all of the above, the effectiveness of regulating a particular gene in transgenic
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mice depends on the combination of the promoter used to derive the expression of
tTA, the site of integration of the tTA transgene and the site of integration of the

controlled transgene.

Passman and Fishman (1994) have successfully used the tetracycline regulatory
system to drive tissue specific expression of a gene product in transgenic mice. They
generated a mouse line harbouring Id1, a gene implicated in differentiatioﬁ during
skeletal myogenesis, driven by the Phcpvv+ promoter (Passman and Fishman, 1994).
No expression of the Id1 gene was detected in any tissue of that mouse line
(Passman and Fishman, 1994). They also generated a second mouse line harbouring
the tTA gene under the control of a rat alpha myosin heavy chain promoter. Crossing
of the two mouse lines activated the expression of Id1 but expression was restricted
to heart. They reported a complete repression of Id1 gene expression within 3 days
of administering tetracycline in drinking water at 1 mg/ml. withdrawal of
tetracycline treatment induced full expression of the target gene after a week. They
also showed that an oral dose of 0.1 mg/ml of tetracycline resulted in an intermediate

level of expression of Id1 (Passman and Fishman, 1994).

1.16.2 Activation of gene expression by tetracycline

Gossen et al. (1995) generated by random mutation a variant of tTA, termed
reverse-tTA (rtTA), that requires tetracycline for binding to tetO. Therefore,
tetracycline activates rather than represses the expression of a gene under the control
of the P,cmv* promoter, figure 1.6. This system is particularly useful in situations
where a rapid onset of activation is required. The rtTA has similar regulatory
potentials to the tTA in terms of fold induction, reversibility and kinetics (Gossen et

al., 1995).

Kistner et al. (1996) evaluated the control of luciferase reporter gene expression in
transgenic mice by the tTA- and rtTA-based tetracycline systems. Both

transactivators were driven by the hCMV-IE promoter. Tight control and broad
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range of induction spanning up to five orders of magnitude were observed in some
tissues (Kistner et al., 1996). Doxycycline, a derivative of tetracycline, was
administered in the drinking water at a concentration of 2 mg/ml. In the tTA-based
system, expression of the luciferase gene followed the pattern of the hCMV-IE
promoter activity in mice but doxycycline reduced the reporter expression to
background levels (Kistner et al., 1996). In the rtTA-based system, doxycycline
induced expression of the luciferase gene from background levels. Background
expression was indistinguishable between mice harbouring the luciferase transgene

and mice harbouring the luciferase and rtTA transgenes (Kistner et al., 1996).

X

A. | P, quy- Promoter Gene X |
= Tetracycline + Tetracycline
B. | P, cmy» promoter I Gene X ]

Figure 1.6. Schematic representation of the rtTA version of the tetracycline-regulated promoter
system.

Expression of rtTA gene is driven by an appropriate promoter (not shown). A) in the absence of the
tetracycline, or suitable derivative, rtTA does not recognise its specific target sequence (terO) in the
PheMmv* promoter. The PhLCMV#* promoter consists of seven tetO sequences located upstream of a
minimal promoter derived from the hCMV-IE promoter-enhancer. Therefore, transcriptional
activation of gene X does not occur (indicated by crossed small solid arrow). B) in the presence of
tetracycline, the rtTA binds to terO. Binding of the tTA activates the expression of gene X (indicated

by large solid arrow).

43



1.16.3 Derivatives of tetracvcline

Several tetracycline derivatives were examined for the ability to regulate the activity
of the luciferase reporter gene in Hela cell line (Gossen and Bujard, 1993; Gossen et
al., 1995). Doxycycline and anhydrocycline highly stimulated luciferase activity
whereas tetracycline, chlortetracycline and oxytetracycline were less effective
(Gossen et al., 1995). The concentration at which anhydrotetracycline and
doxycycline abolish tTA mediated expression of luciferase activity was ten fold less
than that for tetracycline. Therefore, the concentration at which the prolonged
exposure of, for example, doxycycline begins to affect the growth rate of cells in
culture is more than a thousand fold above the effective concentration (Gossen et al.,
1993). This is particularly relevant to gene regulation where chronic exposure to a
tetracycline is needed. In addition, since it may be necessary to vary the activity of a
certain gene product around a given value to recognise its true role in vivo. The use
of different tetracycline derivatives, which interacts with tTA and rtTA to different
extents at identical concentrations may facilitate achieving intermediate levels of

transcriptional regulation.
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investigations can not be tackled by infusion of NMDA activity blockers which,

even when locally applied, cannot be restricted to a particular cell type.

Experimental strategy

My experimental strategy involves modifying the native NR1 gene by gene targeting
to a) place the NR1 gene body under the control of the Pycpv* promoter and b)
place the tTA gene under the control of the NR1 promoter. In my experimental
design, the two modifications are achieved in a single step through homologous
recombination in ES cells with a single targeting vector. The targeting vector in
effect splits the NR1 gene at position -124 bp (in exon 1) and inserts the components
of the tetracycline system (tTA and PhcMmy* promoter). As a result, the targeted NR1
gene now contains two transcriptional units, the tTA and the NR1 units. The
experimental design is schematically outlined in figure 1.7. The advantage of using
the NR1 promoter to drive the expression of tTA is that the expression of NR1

subunit from a targeted NR1 gene should retain a native pattern.
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MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals and enzymes

Chemical reagents, bacterial media, tissue culture and transgenic work reagents were
purchased from BDH-Merk, Flowgen, Gibco-BRL, Pharmacia and Sigma.
Restriction endonucleases, modifying enzymes and DNA polymerases were

purchased from Boehringer Mannheim (BM), New England Biolabes and Promega.

2.1.2 Radioisotopes

(0t32P)- ATP and (’y32P)- ATP with specific activity of 3000 Ci/mmol (or 110

TBg/mmol) were purchased from Amersham, England.

2.1.3 Commercial Kit Systems

Dye Terminator Cycle Sequencing Ready Reaction Kit, with AmpliTaq® DNA

polymerase-FS was purchased from Applied Biosystems, United Kingdom.

JETsorb DNA Extraction from Agarose Gels Kit was purchased from Genomed,
through AMS Biotechnology, England.

Prime-It II® Random Priming Labelling Kit was purchased from Stratagene,

England.

Quiagen Nucleotide Removal Kit (for purification of labelled probes) was purchased

from Quiagen, England.

Quiagen DNA purification Kit for large scale purification of plasmid DNA was

purchased from Quiagen, England.
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2.1.4 Bacterial Strain

Strain DHS5a with the genotype: F-» £80d, lacZAu15, A(lacZY A-argF), U169, deoR,
recAl, endl, hsdR17, (rk~, mk™), supE44, thi-1, gyrA96, relAl was obtained from
Dr. Ralf Scheopfer.

2.1.5 Plasmids and DNA Fragments

The plasmid pUHD15-1 (Gossen and Bujard, 1992) containing the tTA gene, and the
plasmid pUHDG1316-8 (Baron et al., 1995) containing the tetracycline bi-
directional promoter and the B-galactosidase reporter gene were generous gifts from

Prof. H. Bujard, Heidelberg.

The plasmid pL2-neo! containing the neomycin selection cassette and loxP sites and
the plasmid pICI9R/MC1-TK containing the HSV-TK selection cassette (Mansour

et al., 1988) were generous gifts from Prof. K. Rajewsky, Koln.

The synthetic polyadenylation signal (Enriquez Harris et al., 1991; Levitt et al.,

1989) was obtained from the pGL3-basic vector (Promega).
The plasmid pBluescript® II SK +/- phagemid was purchased from Stratagene.

The plasmid pRSSP 6008 A3 and 6012 A3 were obtained from Dr. Ralf Schoepfer,
UCL.

Commercial genomic 129/SvJ-mouse libraries (cosmid and phage libraries) were
purchased from Stratagene and screened by Matthias Kneussel. Several NR1 clones

were isolated spanning the whole NR1 gene.

2.1.6 ES Cell Line

ES cell line E14.1 (male, strain 129/0la, Kuhn et al., 1991) was generous gifts from
Dr. Jurgen Roes, UCL.
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2.1.7 Tissue Culture Plasticware

Falcon tissue culture grade plasticware were used for embryonic stem and fibroblast

cell culture.

2.1.8 Mouse strains

The following mice strains were purchased from Harlan, United Kingdom:

a) C57BL6/J: males and females were purchased for mating to obtain blastocysts and

for breeding with chimeras.
b) T145 : sterile males which were used to obtain pseudopregnant fosters.
c) CD1: females were mated with T145 males to obtain pseudopregnant fosters.

d) C57BL/6JxCBA F1: females were mated with T145 males to obtain pseudo-

pregnant fosters.

2.1.9 Superovulation Hormones

Chorulon® and Folligon® were purchased from Intervet, United Kingdom.

2.1.10 Anaesthetic Drugs

Hypnorm®, 10 mg/ml Fentanyl-Citrat and 315 pg/ml Fluanisonwas, was purchased

from Janssen, Oxford/England.

Hypnovel®, 5 mg/ml Midazolam, was purchased from Roche, Basel / Schweiz.
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2.2 Methods

Molecular biology methods and protocols were based on "Molecular Cloning"
(Sambrook et al., 1989). ES cell culture and manipulation protocols were based on
"Gene Targeting" (Joyner, 1993). Generation of chimeric mice and general
transgenic protocols were based on "Manipulating The Mouse Embryo" (Hogan et

al., 1994).

A. Molecular biology methods

2.2.1 DNA Digestion with Restriction Enzymes

Plasmid and A DNA restriction digests were typically carried out in volume of 10 pl
including 5 U of each enzyme, the appropriate buffer and up to 3 pg of DNA.
Digestion reactions were incubated for 1 hour at the optimal temperature for the

enzyme(s) used.

2.2.2 Analysis of DNA Digests

Analysis of the product of DNA digestions was performed through electrophoresis in

agarose or polyacrylamide gels.

Analytical agarose gels were used to resolve DNA fragments in the range of 0.5 to
10 Kb. Gels (0.8% or 0.6%) were prepared from SeaKem/LE® grade agarose
(Flowgen) in Tris-acetate EDTA (TAE) buffer (40 mM Tris-acetate and 1 mM
EDTA, pH 8.0) and contained 1 pg/ml ethidium bromide (Sigma). Prior to loading in
gels DNA digests were mixed at a ratio of 10/1 with DNA loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF and 15% Ficoll). 1.0 ug of A-phage
DNA (Pharmacia) digested with Sty I enzyme was used as a molecular weight
marker. Electrophoresis of gels was performed in TAE buffer at 2.5 to 5.0 V/cm.

Electrophoresis was carried out until the bromophenol blue dye migrated 3/4 of the
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gel length. DNA was visualised and results were documented using the UVP

transilluminator and imagestore 5000 gel documentation system, respectively.

DNA fragments in the size range of 50 to 400 bp were resolved using
;;olyacrylarnide gels. Gels (8.0%) in Tris-borate EDTA (TBE) buffer (90 mM Tris-
borate and 1 mM EDTA, pH 8.0) were prepared from a 39:1 Acrylamide to
Bisacrylamide mix (Gibco BRL). DNA digests were mixed with DNA loading
buffer as for agarose gels. 1.0 pug of Bluescript® KS+ vector (Stratgene) digested
with Msp I enzyme was used as a molecular weight marker. Electrophoresis was
performed in TBE buffer at 15.0 V/cm until the bromophenol blue dye migrated 3/4
of the gel length. After electrophoresis was completed, the gel was stained in 1
pg/ml ethidium bromide solution for 10 minutes. DNA was visualised and results

were documented as for agarose gels.

DNA molecular size markers

Marker Band A DNA digested with Sty I
1 19328
2 7743
3 6223
4 4255
5 3472
6 2690
7 1882
8 1489
9 925
10 421
11 74
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2.2.3 Purification of DNA fragments

DNA fragments of interest were purified from DNA restriction digests or
polymerase chain reactions (PCR) after they were resolved using preparative-grade
agarose (SeaKem/GTG®, Flowgen) or polyacrylamide gels. The band containing the
desired DNA fragment was identified by its size. The band was then excised and the

gel slice stored in a 1.5 ml microfuge tube at -20°C.

DNA was purified from agarose slices using the J etsorb® gel extraction kit (AMS
Biotechnology) according to the manufacturer's protocol. Polyacrylamide slices were
submerged into 100 pl Milli-Q water. DNA was allowed to diffuse into water
overnight. Water was collected into a fresh 1.5 ml tube and the desired DNA
fragment was precipitated by addition of 0.1 volume of 3 M NaAc (pH 5.2) and 2.5
volume of cold ethanol (-20°C). DNA was pelleted by centrifugation at maximum
speed in a bench-top centrifuge (15800 g) for 20 minutes. The supernatant was
carefully removed and the pellet washed with 500 pul 70% ethanol. The pellet was
air-dried and dissolved in 10 pl Tris-EDTA (TE) buffer (10 mM Tris.Cl, pH 8.0 and
1 mM EDTA, pH 8.0).

2.2.4 DNA Ligations
DNA ligations were typically performed in 10 pl reaction containing 0.5 U of T4
DNA ligase (BM) and 50 to 100 ng of each DNA fragment. Ligation reactions were

incubated at 14°C overnight or at room temperature for 4 hours.

2.2.5 Bacterial Transformation

DNA plasmids were propagated in bacteria. DNA plasmids were introduced into
competent E. coli (DH5a) by electroporation. Introduced plasmids transformed the
ampicillin-sensitive E. coli to ampicillin resistant which were selected by ampicillin
in the growth medium. Typically, 40 pl of competent E. coli were thawed on ice and

mixed with 10 to 25% of ligation reactions. Electroporation was carried out using a
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BTX electro-cell manipulator-600. Resistance was set to 129 Ohms and voltage was
set to 1.6 KV for 1 mm cuvettes (BTX, Inc) and 2.5 KV for 2 mm cuvettes.
Immediately after delivering the electroporation pulse, 600 ml of SOC medium
(2.0% wiv bacto-tryptone, 0.5% w/v bacto-yeast extract, 8.5 mM NaCl, 0.25 mM
KCl, 10 mM MgCl2 and 20 mM glucose) already at 37°C was added to each cuvette.
Cuvettes were then incubated for 20 to 30 minutes in a shacking incubator (200 rpm)
at 37°C. Electroporated bacteria were plated in a 90 mm LB-agar (Gibco-BRL) plate
containing 150 pg/ml ampicillin (Sigma). Colonies of transformed bacteria were

visible after 12-16 hours of incubation at 37°C.

2.2.6 Preparation Competent E. Coli

Competent E. coli. (DH5a)) were prepared by a modified protocol of Dower et al.
(1988). A 6 ml overnight culture was diluted in 1 1 of L-broth (Gibco BRL) and
grown at 379C with vigorous shaking to a density of 0.5-0.7 OD at 600 nm. Cultures
were then chilled on ice for 30-45 minutes and cells harvested by centrifugation at
4000 g for 10 minutes. The pellet was resuspended in 1 1 ice cold sterile Milli-Q
water and spun at 4000 g for 5 minutes. The pellet was resuspended in 0.5 1 ice cold
sterile Milli-Q water and spun at 4000 g for 5 minutes. The pellet was then
resuspended in 20 ml of ice cold sterile 10% glycerol and spun at 4000 g for 5
minutes. The pellet was finally resuspended in 2 ml of sterile ice cold 10% glycerol.
40 pl aliquots were dispensed into chilled 1.5 ml microfuge tubes. Aliquots of

competent E. coli. were stored at -800C.

2.2.7 Purification of Plasmid DNA

Purification of plasmid DNA from bacteria was performed in two scales. Small scale
plasmid preparations, or mini-preps, were purified using an alkaline lysis protocol.
Large scale plasmid preparations, or maxi-preps, were purified using a commercial

kit (alkaline lysis followed by column chromatography).
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2.2.7a Mini-preps

Up to 25-30 pg of high-copy-number plasmid DNA was obtained from a 2 ml
overnight bacterial culture in T-broth (Gibco-BRL) containing 200 pg/ml ampicillin.
Each 2 ml culture was inoculated from an individual bacterial colony. Cultures were
grown with shaking at 379C overnight. Plasmid DNA was purified by a modified
alkaline lysis procedure (Sambrook et al., 1989). Approximately 1.5 ml of each
culture was transferred to a 1.5 ml microfuge tube. Cells were harvested by
centrifugation at 8000 g for 30 seconds. The supernatant was aspirated and cells
were resuspended in 150 pl mini-prep solution I (50 mM glucose, 25 mM Tris.Cl pH
8.0 and 10 mM EDTA pH 8.0). Cells were lysed with the addition of 300 pul fresh
mini-prep solution II (0.2 N NaOH and 1% SDS). Tubes were mixed by inverting
and incubated on ice for 2-3 minutes. 200 pl of mini-prep solution III (3.38 M
Potassium acetate and 5.6 M Glacial acetic acid) were added, tubes mixed by
inverting and incubated on ice for 5 minutes. Cell debris and bacterial genomic DNA
were pelleted by centrifugation at 15800 g for 5 minutes. The supernatant was
transferred to a new tube containing 1-3 pl of 10 mg/ml RNAse A (BM) and
incubated at 37°C for 15 minutes. To each tube 400 pl of
Phenol:Choloroform:Isoamylalcohol (25:24:1) was added. The tube was vortexed
for 1 minute and spun at 15800 g for 2 minutes. The aqueous upper phase was
transferred to a fresh microfuge tube. Plasmid DNA was precipitated by the addition
of 850 pl ethanol (BDH) and pelleted by centrifugation at 15800 g for 5 minutes.
DNA pellets were washed with 500 ul of 70% ethanol, air dried and resuspended in
50 ul TE. DNA purified by this procedure was used in restriction enzyme analysis,

DNA sequencing, PCR and in vitro RNA synthesis.

2.2.7b Maxi-preps

High purity plasmid DNA suitable for transfection of cell lines was obtained using a
plasmid DNA purification kit (Qiagen) according to the manufacturer's protocol.

Approximately 400 ng of purified plasmid DNA was usually obtained from a 50 ml
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overnight bacterial cultures grown in T-broth (TB) and containing 200 pg/ml

ampicillin at 370C with shaking.

2.2.8 DNA Sequencing
DNA sequencing was carried out using the dedeoxynucleotide method of Sanger.
Sequencing reactions were prepared using dye-terminator cycle sequencing Kkit.

Reactions were analysed on an ABI 373-stretch automated DNA sequencer.

About 1 to 2 pg of plasmid DNA was used per sequencing reaction. DNA purified
by mini-prep method was further purified by Polyethyl-glycan (PEG) precipitation.
Briefly, 4 pl of mini-prep DNA was mixed with 2 pl of 4 M NaCl, 10 pl of 13%
PEG and 4 pl Milli-Q water in a microfuge tube and incubated on ice for 20 minutes.
DNA was pelleted by centrifuging at 13600 g for 20 minutes at 4°C. The
supernatant was carefully removed, the DNA pellet was washed with 20 pul of 70%
ethanol and air dried. The pellet was finally resuspended in 8 pl water. DNA isolated
by the Qiagen kit was of high enough purity to be sequenced without the need for

PEG precipitation.

Sequencing primers were typically 24mers designed to anneal 30 bases 5' of the
beginning of the sequence of interest. 50 nM of primer was used for each reaction.
Thermal cycling was carried out in a Biometra UNO-Thermoblock. PCR conditions

were
Denturation 30 seconds at 94°C.
Primer Annealing 15 seconds at 50°C.
Primer extension 4 minutes at 60°C.

Number of cycles 25

Reactions were loaded in a 4.75% denaturing polyacrylamide (19:1 Acrylamide to

Bisacrylamide, Gibco BRL) gel in TBE and run on 373-stretch automated DNA
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sequencer (ABI, Perkin Elmer). Obtained sequence data was analysed by the

software Sequencher™ (Gene Code Corporation).

2.2.9 Southern Blotting

About 10 pg of genomic DNA was digested with 80 U of the desired restriction
enzyme in a 100 pl reaction volume. Digestion reactions were incubated at the
appropriate temperature for a minimum of 4 hours or overnight. Digested DNA was
precipitated with 0.1 volume 3 M NaAc and 2.5 volume ethanol. DNA was pelleted
by centrifugation at 15800 g, the pellet washed with 500 pul 70% ethanol and air
dried. The dry pellet was resuspended in 12 p water and 3 pl DNA loading buffer.
Resuspended DNA was loaded in a 0.6% gel in TBE (SeaKem/GTG®, Flowgen)

and electrophoresed in TBE buffer overnight at 1.25 V/cm.

After electrophoresis was complete, DNA was denatured by incubating the gel in
denaturing solution (1.5 M NaCl and 0.5 M NaOH) for 90 minutes with gentle
shaking. The gel was then incubated in neutralisation solution (1.5 M NaCl, 0.5 M
Tris-Cl, pH 7.2 and 1 m M EDTA, pH 8.0) for 30 minutes with gentle shaking. DNA
was transferred by capillary action to a nylon membrane (Hybond-N) using 10x
SSPE (1.5 M NaCl, 100 mM NaH2PO4-H20, 10 mM EDTA and pH adjusted to 7.4
with 10 M NaOH) as the transfer buffer. DNA was fixed to the nylon membrane
using the "auto cross link" setting of UV stratalinker-2400 (Stratagen) which

delivered 1200 mJ.

2.2.10 Hybridisation and Washing of Southern Blots

Southern blot membranes were placed in hybridisation tubes (Hybaid) and incubated
in hybridisation solution (6x SSPE, 5x Denhardht's reagent, 100 pg/ml Yeast RNA
and 0.5% SDS) plus 50% or 10% Formamide for dsDNA and oligonucleotide probes
respectively, at 420C from 2 hours to overnight. Denhardht' reagent was prepared as

a 50x stock solution containing 1% w/v Ficoll (Pharmacia), 1% w/v Polyvinyl-
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pyrrolidone MG 10000 and 1% w/v Bovine serum albumin (fraction V, Sigma).
Labelled dsDNA probes were denatured at 96°C for 3 minutes before being added to
the hybridisation tube. Hybridisation was carried out at 420C overnight in a roller
oven (Hybaid). Afterwards, membranes hybridised with dsSDNA probes were washed
at 659C by two 15 minutes washes with 5x SSPE plus 0.1% SDS followed by two
10 minutes washes with 0.3x SSPE plus 0.1% SDS. Membranes hybridised with
oligonucleotide probes were washed at room temperature by two 2 minutes washes
with 5x SSPE plus 0.1% SDS. Washed membranes were exposed to Kodak X-AR

autoradiography films at -80°C overnight (or longer).

2.2.11 Labelling DNA Probes by Random Priming
Labelled dsDNA probes were prepared as follows. The DNA fragment to be used as
a probe was obtained by restriction enzyme digestion or PCR mediated amplification
and resolved in a 0.6% low melting point agarose (Flowgen). The desired band was
excised from the gel and placed in a 1.5 ml microfuge tube. 3 ml of water was added
for each gram of agarose excised. The DNA fragment was denatured at 96°C for 3
minutes, vortexed and stored at -20°C. The DNA fragment was labelled with a32p
ATP (3000Ci/mMol) using the Prime-it random priming kit (Stratagen) according
to the manufacturer's protocol. The labelled DNA was purified from the non-
incorporated nucleotides using the QIAquick nucleotide removal kit (Qiagen)
according to the manufacturer's protocol. The specific activity of the purified probe
was estimated from measuring the activity of a 1% sample in a scintillation counter

(Beckman).

2.2.12 Labelling oligonucleotide Probes

Southern blots of the isolated genomic NR1 A clone were probed by labelled
oligonucleotides for NR1 exons 1, 4, 7 and 9. The probes were labelled by transfer
of the y 32phosphate group from 73219 ATP (3000Ci/mMol) using T4-Kinase (BM).

A labelling reaction of 25 pl contained 10 fmol of an oligonucleotide, 25 uCi of
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v32P ATP (2.5 ul), 20 U T4-Kinase. The reaction was incubated at 370C for 30-45
minutes. The labelled oligo was purified from the non-incorporated nucleotide using
the QIAquick nucleotide removal kit (Qiagen) according to the manufacturer's

protocol.

2.2.13 DNA Isolation from Mouse Tail Biopsies

Genomic DNA was isolated from a 0.5 cm tail biopsy according to Laird et al
(1991). Tail biopsies were digested in tail-lysis buffer (100 mM Tris.Cl pH 8.0, 200
mM NaCl, 5 uM EDTA, 0.2% SDS and 0.1 mg/ml Proteinase K) at 550C with
shaking overnight. Tubes were vortexed vigorously for 2 minutes and centrifuged at
15800 g for 10 minutes. The supernatant was poured in to a fresh tube and DNA
precipitated with 0.5 ml of isopropanol. The DNA was transferred to a tube
containing 0.5 ml 70% ethanol and then pelleted by centrifugation at 15800 g for 1
minute. The 70% ethanol was discarded and the pellet air dried. DNA pellets were

resuspended in 100 pl TE.

B. Embryonic stem cell culture

2.2.14 Embryonic Stem Cell Culture Conditions

ES cell line E14-1 which has a high germ-line transmission potential was obtained
from Jurgan Roes, UCL. ES cells were cultured in DMEM medium containing 4.5
g/1 Glucose and no Sodium Pyurvate (Gibco BRL). The medium was supplemented
with 13.3% ES-qualified foetal bovine serum (Gibco BRL), 1x MEM non-essential
amino acids (Gibco BRL), 1 mM Sodium Pyurvate (Gibco BRL), 0.1 mM 2-
Mercaptoethanol, 2 mM L-Glutamine (Gibco BRL), 100 IU/ml penicillin-
streptomycin and 1000 U/ml leukaemia inhibitory factor (LIF; Gibco BRL). ES cells
were grown on monolayers of mitotically inactivated G418-resistant-embryonic-

fibroblasts.
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Mitoticaly inactivated fibroblast monolayers were prepared by treating 80%
confluent fibroblast cultures with 10 pg/ml mitomycin C (Gibco BRL) for 2 hour at
370C and 5% CO2. Traces of mitomycin C in the treated fibroblast cultures will
inhibit the growth of subsequent ES cultures. Therefore, treated fibroblast cultures
were thoroughly washed by the addition and subsequent aspiration of phosphate
buffered saline (PBS; 4 mM NaH2P04.2H20, 16 mM Na2HPO4 and 150 mM
NaCl) 3 times. Mitomycin C treated fibroblast cultures were maintained in ES

medium at 37°C and 5% CO2? and used within one week of preparation.

2.2.15 Passaging of Embryonic Stem and Fibroblst Cell Cultures

ES and fibroblast cultures were passaged twice a week. Cells were harvested and
dissaciotated from confluent cultures by tyrpsin as follows. The culture medium was
aspirated and replaced with PBS. The culture plate was swirled gently for few
seconds and PBS was aspirated. The culture plate was covered with a thin film of 1x
trypsin solution (Gibco BRL). The plate was incubated at 37°C and 5% CO2 for 2-3
minutes. Trypsin treatment was stopped by addition of 2x volume (or more) of the
appropriate culture medium. Cells were dispersed by gentle pipetting. Usually, one

fifth of the cell suspension was used to seed another culture.

2.2.16 Preparation of Embryonic Fibroblast Stocks

Embryonic fibroblast stocks were prepared from day 13-14 embryos as follows.
Embryos were dissected from the uteri of pregnant mice and washed in PBS. The
head and liver were removed. The carcasses were washed with PBS and then minced
with a sterile blade and transferred to a sterile 250 ml flask containing glass beads (4
mm in diameter). S0 ml of 1x trypsin (Gibco BRL) was added and the flask

incubated at 379C with gentle shaking for 30 minutes.

The homogenate and the beads were poured in a sieve and the suspension was

collected in a 150 mm Petri dish. The beads, still in the sieve, were washed with 150
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ml feeder medium (same as ES medium but with only 8.7% FCS and without LIF)
into the same petri dish. The suspension was transferred to 50 ml tubes and
centrifuged at 1000 g for 5 minutes. Cell pellets were resuspended in fresh 20 ml of

feeder medium and counted using a heamocytometer.

5x106 to 107 cells were plated per 150 mm tissue culture dish. Plates were incubated
at 379C and 5% CO2 until confluent after which they were split into two and
incubated until confluent again. Confluent cultures were harvested with trypsin as
above. Cell pellets were resuspended in freezing medium (90% FCS and 10%
DMSO, Sigma) at 107 cells/ml. Cells were dispensed in to 1 ml aliquots and stored

under liquid nitrogen.

2.2.17 Transfection of Embryonic Stem Cells

ES cell transfection was carried out by electroporation. About 25 ug of the targeting
vector was linearised by digestion with Not I enzyme. Digested vector was purified
by Phenol:Choloroform:Isoamylalcohol (25:24:1) extraction. The digested vector
was precipitated with 0.1 volume 3 M NaAc and 2.5 volume ethanol, and
resuspended in 20 pl TE. Approximately 5x10% ES cells were mixed with the
linearised vector and transferred to a 0.4 cm electroporation cuvette (BioRad Gene-
Pulser cuvette) at room temperature. The BioRad GenePulser was set to 0.25 KV,
500 uF and 100 Q. Immediately after the pulse was delivered, 1 ml of ES medium
was added and the cuvettes were left at room temperature for 10 minutes. Finally,
the cells were gently transferred to a 150 mm culture dish covered with a monolayer

of mitotically inactivated fibroblast and containing 15 ml of ES medium.

Drug selection for stable integration of the targeting vector and against integration of
the HSV-TK cassette was started two days after transfection. Selection was carried
out using ES medium supplemented with 175 pg activity/ml G418 and 0.55 pg/ml

gancyclovir (BM). The medium was replaced every day. Transfected colonies were
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visible by the naked eye (1-3 mm in diameter) 10-12 days after selection. About 300

colonies were obtained from each transfection.

2.2.18 PCR Screen of Transfected Embryonic Stem Cells

Preparation of transfected and selected ES colonies for screening by PCR included
two steps. The first was picking and dispersing colonies into a single cell suspension.
A portion of each suspension was cultured. The second step was processing the
remaining portion for the PCR reaction. This involved washing away the culture

medium, lysing cells and digesting the cell lysate with Proteinase K.

ES colonies after 12 days of drug selection were examined under an inverted
microscope with the x10 objective. The position of small ES colonies (1 mm in
diameter) with clear and defined boundaries was marked on the bottom of the culture
plate. The medium was replaced with PBS. Marked colonies were picked-up using a
P200 pipetteman as follows. The pipette was fitted with a disposable tip which was
placed next to the colony to be picked. The colony was then sucked into the pipette
as 25 ul of PBS was rapidly withdrawn. The colony was ejected into a well in a 96-
well plate. The process was repeated with a fresh tip for each colony. After the "best
looking" colonies were picked-up (maximum of 96 processed per session), 30 ul of
0.5x trypsin was added to each well. The plate was incubated at 37°C for 3 minutes.
50 ul of ES medium was added to each well and colonies were dispersed with gentle
pipetting. Half of the cell suspension (50 pl) of each colony was cultured

individually in a 48-well plate containing fibroblast monolayer and ES medium.

The second half of the cell suspension was transferred to strip of 8x 0.2 ml PCR
tubes (Biometera) for screening by PCR. At this step, the cell suspension from two
colonies were pooled in one PCR tube. The next step was to wash the culture
medium away because its high protein content may inhibit the PCR reaction. Cells
were pelleted by centrifugation at 123 g for 5 minutes and the supernatant was

discarded. Cell pellets were resuspended in 100 pl of PBS, centrifuged again and the
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supernatant discarded. After a second wash, cells were resuspended in 30 ul of Milli-
Q water. Cells were lysed by freezing for 10 minutes followed by heating at 94°C
for 10 minutes. 5 pul of a 2 mg/ml Proteinase K (BM) solution was added to each
tube. Tubes were then incubated at 559C, the optimum temperature for Proteinase K,
for 90 minutes. Finally, Proteinase K was heat-inactivated by 20 minutes at 940C. At

this step, processed samples were screened by PCR or stored at -200C.

The screening PCR reaction was performed in a 50 pl final volume. A PCR master
mix was prepared to contain per reaction: 5 pl Milli-Q water, 5 pl of 10x Extender
buffer (Stratagene), 2 pl of 5 mM dNTPs (each, from Pharmacia), 1 pl of 10 uM
sense primer (mNR1-Seq27s), 1 pl of 10 uM antisense primer (TA-Seq2a), 5 U of
Taq Extender (Stratagene) and 5 U of Taq polymerase (Promega). 15 pl of the mix
was added to each tube. To prevent evaporation and condensation during the PCR
reaction, 20 pl of mineral oil (Sigma) was added to each tube. After cycling was
completed, 5 pl of DNA loading buffer were added to each PCR reaction.

Approximately 35 pul of each sample was analysed in a 0.8% analytical agarose gel.

ES clones contributing to PCR positive pools were individually screened by PCR to
identify the individual positive clones. The cultured portion of the picked ES
colonies (in the 48-well plates) was confluent after 3 days. Cultures of ES clones
contributing to positive PCR pools were harvested by trypsin treatment. 90% of
collected cells were used to seed a 6 mm culture dish. The remaining 10% were

processed for the PCR screen as above but without pooling.

2.2.19 DNA Isolation from Embryonic Stem Cells

Southern blot analysis of genomic DNA isolated from the PCR positive ES cells was
used to confirm the correct targeting of the NR1 gene. For preparation of genomic
DNA, about 107 ES cells were harvested with trypsin treatment and transferred to a
14 ml conical tube. Cells were pelleted with centrifugation at 192 g for 5 minutes.

The supernatant was discarded and cells were resuspended in 3 ml of ES cell-lysis
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buffer (10 mM Tris.Cl pH 8.0, 400 mM NaCl, 2 uM EDTA and pH adjusted to 8.2
with NaOH). The cells were mixed with 100 pl Proteinase K (18.6 mg/ml), 30 pl of
20% SDS and incubated at 55°C for 3 hours. Cell debris and proteins were
precipitated by addition of 1 ml of 6 M NaCl, mixing vigorously. Cell debris and
proteins were pelleted by centrifuging at 2400 g for 15 minutes. The supernatant was
poured into a fresh tube and genomic DNA precipitated with 6 ml of ethanol. The
DNA, which appears as a floating white fibrous material, was then transferred in a
minimal volume to a 1.5 ml microfuge tube filled with 70% ethanol. The DNA was
pelleted with short centrifugation, the supernatant removed and the pellet air dried.

DNA was finally resuspended in 100 pl TE.

C. Transgenic methods

2.2.20 Blastocyts Collection

Blastocysts were obtained from four to five weeks old C57BL6 females. Female
mice sexually mature around 8 weeks of age, therefore, mice were induced to
ovulate by hormone treatment. Typically, 15 females were induced to ovulate by
intraperitoneal (IP) injection of 5 U Folligon (in 100 pl) followed by 5 U of
Chorulon approximately 48 hours later. The hormones were usually injected around
12 noon. After the second injection the females were mated (usually around 5 pm)
with C57BL6 fertile males. In the following morning, mated females were checked
for vaginal plugs which result from copulation. The day of the plug was considered
as day 0.5 post coitus (pc). Plugged females, usually about 8, were sacrificed at day
3.5 pc by cervical dislocation. The mouse uterus consists of two uterine horns. The
horns diverge from the vagina like the arms of the letter Y. Each horn is attached to
one ovary. The uteri horns were dissected from (and including) the ovaries down to
just before the vagina. Dissected uteri horns were placed in a petri dish containing 2

ml of M2 medium (Sigma) until all sacrificed females were processed.
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Blastocysts were flushed from uteri horns with M2 medium as follows. The horns
. were placed on the edge of a watch glass with the ovaries laying on the rim of the
glass and the vaginal end of the uterus pointing towards the centre. Around 0.3-0.5
ml of M2 medium was injected using an ultra fine disposable syringe-needle inserted
where the Fallopian tube joined the uterine horn. In this way, Blastocyts were
usually found in the centre of the watch glass. Blactocysts were collected, with
minimum tissue debris, and placed in an M2 drop under paraffin oil (at room
temperature) until all horns were flushed. Flushing 16 horns usually took around 20-
30 minutes. Expanded blastocyst, those with clear blastoceol were kept in M2
medium at room temperature until injected with ES cells. Whereas unexpanded
blastocysts were transferred to a drop of injection medium (feeder medium plus 30

mM HEPS) under oil and left at 379C in 5% CO2 to expand.

2.2.21 Preparing ES Cells for Injection into Blastocysts

A sub-confluent 10 mm well yielded enough ES cells for an injection session. The
ES medium was aspirated and the well was washed once with PBS. ES cells were
harvested by treatment with trypsin as before. 1 ml of feeder medium was added and
cells clumps dispersed by pipetting. Dispersed cells were then transferred to a 30
mm culture dish without a fibroblast monolayer and incubated at 37°C and CO2.
After 45-60 minutes the medium, containing dead or dying cells, was gently
removed and discarded. 1 ml of feeder medium was added. Then, weakly adhering
cells were resuspended by tapping on the edges of the dish. Fibroblast and
differentiated ES cells tightly adhere to the culture dish. Dislodged ES cells were
collected by centrifugation at 123 g for 3 minutes. The supernatant was gently
removed and cells were resuspended in 0.5 ml of injection medium. ES cells were

kept at 49C and used within 8 hours.

68



2.2.22 Blastocyst Injection and Reimplantation

Around 10-20 ES cells were injected into each blastocyst. Injected blastocystes were
incubated in M16 medium (Sigma) at 370C until reimplantation. It is preferable that

injected blastocysts are reimplanted not later than 2 hours after incubation.

Eight weeks old F1 hybrid (C75BL6 x CBA/Ca) females were used as foster
mothers. F1 female were mated with the genetically sterile male strain T145. In the
following morning, mated females were checked for vaginal plugs which result from

copulation. The day of the plug was considered as day 0.5 pc.

Pseudopregnant fosters of 2.5 days pc were anaesthetised with a 200 pl/30g cocktail
of 25% Hypnorm and 25% Hypnovel in water. Surgery commenced 15-20 minutes
after administering the cocktail. The abdominal muscles were exposed by a 2 cm
transverse incision in the skin. The incision position was in the dorsal side just
caudal to the position of the kidneys. On each side of the body, an 0.5 cm incision
was cut in the abdominal muscles just where the fat tissue around the ovary was
located. The ovary, the Fallopian tube and part of the uterine horn were pulled
through the incision and held in position by a crocodile clip. Typically, 5 injected
plus 1 uninjected blastocysts were reimplanted in a volume of 3-5 ul of M 16 in each
horn. After that, the uterine horn was placed back inside the abdominal cavity. The
small incisions in the abdominal muscles were not sutured. The large incision in the
skin was closed by surgical staples. Foster females were allowed to recover form the

anaesthesia in a 30°C air incubator.

Pregnant fosters delivered around 17 to 18 days after reimplantation. Chimeric mice
were identified from their coat colour (which had patches of agouti and black
colour). Chimeras were weaned at 3 weeks of age and housed individually in filter

cages.
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2.2.23 Breeding of Chimeras

Males chimeras were bred at the age of 6 weeks whereas females chimeras were
bred at the age of 8 weeks. Chimeras were bred with C57BL6 mice, the blastocyst
strain. Sexually mature females chimeras were transferred to the cage of a C57BL6

male mating partner.

Mating a male chimera was started with a C57BL6 female. the female was replaced
by a fresh one every 8 days. Female mice are receptive one day in four. Thus, during
the 8 days period there were 2 chances for the chimeric male to mate the female.
After the first 2 or 3 matings, a male chimera was mated with two C57BL6 females

at a time.
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RESULTS

Overview

The strategy of the project is discussed in detail in section 17 of the introduction.
The result chapter is divided into seven main sections. The sections are listed under
three topics which represent the major steps involved in generating a mouse line

with the desired modification to the NR1 gene.
* Cloning of ES targeting vector to modify the NR1 gene.

Section 1 describes the subcloning and mapping of NR1 sequences from a

genomic library clone.

Section 2 describes the design and cloning of two ES targeting and PCR-test

vectors.
* Isolation and conformation of ES clones with targeted NR1 gene.

Section 3 describes the optimisation of the PCR reaction conditions to be used
for screening for correct homologous recombination in transfected ES cells

with the targeting vectors.

Section 4 reports the screening of transfected ES cells for the correct

homologous recombination using the optimised PCR reaction.

Section 5 outlines the confirmation of the structure of the targeted NR1 allele

by Southern blot analysis of PCR-positive ES cells.
* Generation of mice harbouring the targeted NR1 gene.

Section 6 reports the injection of confirmed ES cells into host embryos to

generate chimeric mice.

Section 7 reports the result of breeding chimeric mice and screening their

offspring for germ-line transmission of the targeted NR1 allele.
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3.1 Subcloning and mapping of genomic NR1 sequences.

3.1.1 Southern blot analysis of a A-clone harbouring NR1 sequences.
Purpose:
A A clone (No. 36.1) containing genomic NR1 sequences was isolated by Matthias

Kneussel from a 129/SvJ-mouse library (Stratagene). The clone was identified by a

probe for exon 1.

To determine how much of the NR1 gene the A 36.1 clone contains 3' of exon 1,
restriction digests of the clone were analysed by Southern blots with probes for exon

4,7 and 9.

Results obtained:

A signal was obtained for exon 4, figure 3.1, but not for exon 7 and 9 (not shown).
Therefore, based on the organisation of the rat NR1 gene (Hollmann et al., 1993) the

A 36.1 clone contains about 6 Kb of NR1 sequences 3' of exon 1.
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3.2 Cloning of the ES cell targeting and the PCR-test vectors.

3.2.1 Design of the ES targeting vectors.

Purpose:

To design and clone two ES cell targeting vectors. The design of the targeting
vectors is discussed in detail in section 1.17 of the introduction. These targeting
vectors consist of components common to all ES cell targeting vectors and

components specific to the aim of this project.

The ES cell targeting vectors contain three components common to all ES cell
targeting vectors. The first are two segments of NR1 sequences, known as arms of
homology, flanking the component(s) to be inserted. The arms of homology specify
the site of insertion of the flanked component(s) (by homologous recombination) in
the NR1 locus in ES cells. In general, long arms (5-8 Kb) of homology increase the
chance of homologous recombination. However, one arm of homology is designed
to be relatively small (1.7 Kb) so that a screen for homologous recombination by a
PCR strategy is feasible. The second feature is a neomycin selection cassette (Neofl)
for selection for stable integration of the targeting vector in ES cells. The third is the
Herpes simplex virus thymidine kinase (HSV-TK) selection cassette for selection

against random integration.
Results obtained:

The two designed ES cell targeting vectors, designated as TNR1 and TNR1-lox, are
schematiclly outlined in figure 3.4. In the TNR1 vector, the tTA coding sequence
was placed 3' of the 1.7 Kb NR1 short arm of homology. The NR1 short arm of
homology starts at the Xho I site in the NR1 promoter and ends just before the start

codon of NR1.

The bi-directional Ppcpvv* promoter was placed 5' of the 8.7 Kb NR1 long arm of
homology. The NRI1 long arm of homology starts at the Sac II site in the

untranslated region of exon 1 and ends in intron 4. The bi-directional Ppcpv=*
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promoter drives the expression of NR1 gene body and the B-galactosidase reporter
gene (B-gal). The Neo! cassette was placed 3' of the tTA gene. A transcriptional stop
and polyadenylation signal (PolyA) (Enriquez Harris et al., 1991; Levitt et al., 1989)
was placed 3' of the Neo! to prevent transcription from the Neof cassette affecting

transcription from the bi-directional Ph,cyvy* promoter.

The TNR1-lox targeting vector is basically identical to TNR1 except for the loxP

sites which flank the components of the tetracycline system, figure 3.4.

Due to the complexity and size of the designed targeting vectors it was necessary to

assemble both targeting vectors from smaller intermediate constructs.

—E|> tTA | Neo' |PolyA[ P-Gal JTA -promote jumm—s———— T |

NR1 Short Arm < NRI Long Arm
TNRI1 Targeting Vector

% tTA | Neo' [PolyAl B-Gal [iTA -promoterM
loxP « loxP
TNR1-lox Targeting Vector

Figure 3.4. Schematic diagram of the TNR1 and TNR1-lox targeting vectors outlining their
components (not to scale).

NRI1 genomic arms of homology (in solid bars) flank the inserted heterologous components (open
boxes). Neo! is the neomycin resistance cassette, PolyA is a transcriptional stop and polyadenylation
signal, TK is the Herpes simplex virus thymidine kinase selection cassette and B-gal is the B-
galactosidase reporter gene. LoxP sites are represented by open arrowheads. Transcriptional start sites

are indicated by solid arrows. pBS (open bar) is the pBlueScript™ II SK- bacterial plasmid.
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3.2.3 Assembly of the targeting vectors from their intermediates.

Purpose:

To assemble the two targeting vectors from their intermediate constructs. Figure 3.6
shows the assemblage of the TNR1 targeting vector from its intermediate constructs
in three cloning steps. The first was the cloning of construct IV into construct V to
produce construct IV-V (figure 3.6a). The second was the cloning of construct IV-V
into Construct III, with the loss of =4.5 Kb fragment form the NR1 long arm of
homology, to produce construct IV-V-III (figure 3.6b). The third was the cloning of
the fragment lost in the second step in the correct orientation (figure 3.6c). TNR1-

lox was assembled from its intermediate constructs in an identical fashion.

Results obtained:

The two targeting vectors (=22 Kb in size) were assembled and confirmed
extensively by restriction enzyme digests and DNA sequencing (not shown). The
vectors were maintained in bacteria without deletions or recombination. Each

consequent patch of purified vector DNA were confirmed by restriction enzymes.
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3.2.4 Design and cloning of the PCR-test vectors.

Purpose:

To design and clone a PCR-test vector for each of the targeting vectors. The PCR-
test vectors allow the testing and optimisation of the PCR screen for homologous
recombination in transfected ES cells. The targeting vectors were designed to
contain the site for one primer only (TA-Seq-a). The site for the second primer
(mNR1-Seg-s) was chosen to lay in genomic NR1 sequences not present in the
targeting vectors. Therefore, a PCR product in transfected ES cells is only possible if
homologous recombination had occurred between the NR1 arms of homology and
the corresponding sequences in a native NR1 allele. The PCR-test vectors however,
contain the site for the second primer and thus a PCR product is obtained regardless

of homologous recombination, figure 3.7a.

Results obtained:

A modified construct I and construct IV, named construct I/Bgl II and construct
IV/Bgl 11, were cloned by replacing the Apa I-Xho I genomic NR1 fragment (the
short arm) with the 150 bp-longer Apa I-Bgl II fragment, figure 3.7a. The 150 bp
extension of the short arm contains the binding site for the second primer (mNR1-
Seq-s). A TNR1-lox and TNR1 PCR-test vectors (number 1 and 2, respectively)
were assembled by cloning construct I/Bgl II and construct IV/Bgl II into their
respective neomycin-cassette containing construct (II and V), figure 3.7b. The
neomycin-cassette allows selection for the integration of PCR-test vector in
transfected ES cells. Consequently, the PCR screen conditions can be optimised for
ES cell environment. The two PCR-test vectors were cloned and confirmed

extensively by restriction enzyme digests and DNA sequencing (not shown).
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3.3 Designing primers and optimisation of the screening PCR.

3.3.1 Selection of a pair of primers for the PCR screen.

Purpose:
To select a sense and a antisense primer from the four designed primers. The
designed primers are two antisense primers, TA-Seqla and TA-Seq2a, which bind to

the tTA in the targeting vector and two sense primers, mNR1-Seq27s and mNR1-
Seq28s, which bind to the native NR1 allele, figure 3.7a.

TA-Seqla 5' CGACCTCATTAAGCAGCTCTAATG 3
TA-Seq2a 5' CTAGCTTCTGGGCGAGTTTACGGGT 3'
mNR1-Seq27s 5" ATGGTGCCAGCTCCGGGACTCCTG 3'
mNR1-Seq28s 5' GAAACCACAGATGTCTGGAGATGG 3'

Results obtained:

The four primers were tested in all the possible combination using PCR-test vectors
1 and 2 as templates. The antisense primers performed equally well with any of the
sense primers on both PCR-test vectors 1 and 2 (not shown). The primer TA-Seq2a

was chosen to be the antisense primer in the PCR screen of transfected ES cells.

When using the sense primers with TA-Seq2a, mNR1-Seq27s performed better than
mNR1-Seq28s. The PCR product of the latter is less intense and smears in
comparison to that of the former, figure 3.8. Therefore, the sense primer mNR1-

Seq27s was chosen to be the sense primer in the PCR screen of transfected ES cells.
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3.3.2 Transfection of the PCR-test vectors into ES cells and optimisation of the PCR

conditions on transfected cells.

Purpose:

To optimise the PCR reaction conditions performed using the primers TA-Seq2a and
mNR1-Seq27s in ES cells lysate. To obtain ES cell clones containing the PCR-test
vectors, both vectors were individually transfected into ES cells. ES cells were drug

selected for stable integration of the transfected vector.

Results obtained:

Ten drug selected ES cell colonies were randomly selected and propagated for each
PCR-test vector. Genomic DNA was prepared from each colony and PCR performed
using the primers TA-Seq2a and mNR1-Seq27s. Clones which produced the weakest
PCR band, indicating a lower copy number of vectors integrated in the genome,

were used for further optimisations. The following are the PCR conditions that gave

the optimal signal strength:

PCR conditions.
Reaction volume 50 ul
Primer concentration 0.2 uM (each)
MgCly concentration 2.5mM
Taq DNA polymerase 5.0 U (Promega)
Taq Extender additive 5.0 U (Stratagene)

Cycling parameters.

Step 1: DNA denaturation 940C for 2 minutes
Step 2:DNA denaturation 940C for 30 seconds
Step 3:primer annealing 620C for 45 seconds
Step 4:primer extension 720C for 2.5 minutes
Number of cycles (step 4->2): 30
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3.4 Transfection of the TNR1 and TNR1-lox targeting vectors into ES cells.

Purpose:

To screen transfected ES cell clones by the optimized PCR conditions to identify
clones where homologous recombination between the native NR1 allele and the
targeting vector generated the modified NR1 allele in transfected ES cells, figure
3.10. Transfected ES clones with one (or two) targeted NR1 allels are identified by a
1.8 Kb PCR product in the PCR screen, figure 3.10c.

Results obtained:

ES cells were transfected and selected for stable integration of the targeting vectors.
Initially, ES colonies were screened in pools of two per PCR reaction. Then ES
clones contributing to positive pools were individually screened by PCR. This
reduced the time and amount of reagents needed to prepare and screen large numbers

of transfected colonies.

For ES cells transfected with TNR1 vector, 68 colonies were screened of which
seven were found positive. For ES cells transfected with TNR1-lox vector, 96
colonies were screened of which ten were found positive, figure 3.11. The numbers
of the PCR positive pools and individual ES clones are summarised in table 3.1 for

TNRI1 and 3.2 for TNR1-lox vectors.
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PCR positive pools Colonies in this Pool Positive colony in pool

4 4 and 12 4
6 6 and 14 6
7 7 and 15 7
8 8 and 16 16
33 33 and 41 41
34 34 and 42 42
51 51 and 59 51

Table 3.1. PCR screen of transfected ES colonies with TNR1 targeting vector for homologous
recombination. In the first PCR, colonies were picked and screened in pools of two per reaction. In

the second PCR, clones in positive pools were screened individually.

PCR positive pools Colonies in this Pool Positive colony in pool
1 1and 9 9
3 3and 11 3and 11
5 S5and 13 5
20 20 and 28 20
24 24 and 32 32
86 86 and 94 86
65 65 and 73 73
71 71 and 79 79
72 72 and 80 72

Table 3.2. PCR screen of transfected ES colonies with TNR1-lox targeting vector for homologous
recombination. In the first PCR, colonies were picked and screened in pools of two per reaction. In

the second PCR, clones in positive pools were screened individually.
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3.5 Confirmation of PCR-positive ES clones through Southern blots.

General Purpose:

Southern blot analysis of genomic DNA isolated from PCR positive ES clones
serves the following purposes; (a) it confirms the results of the PCR screen, that is,
the correct integration of the 5' side of the targeting vector (b) it confirms the
integrity and correct integration of the whole of targeted allele including the 3' side
(c) it confirms the absence of the TK selection cassette which otherwise would
interrupt the NR1 gene body in the targeted NR1 allele and (d) it checks for random

integration of the targeting vector elsewhere in the genome.

Four restriction enzyme digests were chosen to meet the above mentioned purposes.
These were the EcoR V-Hind III digest for purpose (a). The EcoR V, Hind III and
Nde I digests for (b). Labelling the Nde I digest with a probe for the HSV-TK
selection cassette for (c and d). The relevant fragments expected for the four digests

are shown in figure 3.12 for the wildtype and the targeted NR1 alleles.
Results obtained:

The results are discussed separately for each digestion in the following subsections.
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3.5.1. Southern blot of PCR positive ES clones digested with EcoRV-Hind IIT .

Purpose:

To confirm the correct integration of the short arm of NR1 homology and the tTA
coding sequence. This is indicated by detecting the Hind III enzyme site at the end

the tTA coding sequence.
Probe used:

Probe: Probe A. 500 bp Bsu36 I-Xho I fragment. Immediately 5' of the short arm in
the targeting vector. It detects the wildtype and targeted alleles but not the targeting

vector.

Expected fragments (see figure 3.12):

Wildtype allele: 6.9 Kb EcoR V-EcoR V fragment.
Targeted allele: 5.0 Kb EcoR V-Hind III fragment.

Results obtained:

The EcoR V-Hind III digest was carried out on the seven TNR1, figure 3.13, and ten
TNRI1-lox, figure 3.14, PCR positive clones. All the seven TNR1 clones had the 5.0
Kb fragment expected for the targeted allele. Only seven TNR1-lox clones had the
5.0 Kb fragment. TNR1-lox clones 11, 72 and 86 did not have the expected fragment
for the targeted allele indicating that they are false PCR-positives. These clones were

dropped from further confirmation.
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