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Abstract

The NMDA-type glutamate receptor is involved in synaptic plasticity. NMDA 

receptors are heterooligomers of the NRl together with any of the NR2 (NR2A-D) 

subunit variants. Introduction of the point mutation N598R within the channel-lining 

segment M2 of NRl abolishes voltage-dependent Mg^^-block and Ca^^-permeability 

of the NMDA receptor channel.

The NRl N598R mouse model, which had been obtained earlier in the group 

of Dr. Ralf Schoepfer, carries the N598R point mutation and a floxed neo cassette 

within intron 18 of the NRl gene. This NRl (N598Rneo) allele is essentially inactive. 

However, Cre-mediated excision of the floxed neo cassette yields an active NRl 

(N598R) allele.

The presented work has two parts:

1.) ■ Analysis of mice with global expression of the NRl N598R mutation.

Global activation of the mutation - through breeding with the ‘Deleter’ mouse 

- results in lethality shortly after birth in mice carrying one mutant and one wildtype 

NRl allele. Thus, the NRl N598R mutation is dominant negative lethal.

The impact of the NRl N598R mutation on the formation of the whisker- 

related somatotopic map in the brainstem of newborn mice was investigated. A 

comparative histochemical study involving mice with five different genotypes is 

presented. A part of this work has been published in abstract form (Rudhard et al., 

2000).

2.) Generation of a Cre knock-in mouse line, in which Cre is co-expressed with 

the kainate receptor subunit 1 IKAll.

The targeting vector was assembled in yeast by homologous recombination 

with a Y AC carrying the KAl gene. The following elements were inserted in the 

3'UTR of the native KAl gene: internal ribosome entry site (1RES), followed by an 

EGFP-Cre translation unit, followed by flirted selection markers.

Chimeric mice have been generated (performed by Eurogentec, Belgium) and 

are being bred for germline transmission for further analysis.
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1 Introduction

Glutamate is the main excitatory neurotransmitter in the mammalian brain and elicits 

rapid neuronal responses via glutamate receptors. Glutamate receptors participate in 

several physiological and pathological processes in the brain, including synaptic 

plasticity and excitotoxicity.

1.1 The NMDA receptor

The NMDA receptor is a glutamate receptor. Glutamate receptors fall into two 

functional groups, metabotropic and ionotropic receptors. Metabotropic glutamate 

receptors transduce signals via coupled G-proteins and are slow-acting, whilst 

ionotropic glutamate receptors transduce signals via cation-flux through the intrinsic 

receptor channel and are fast-acting.

The NMDA receptor is an ionotropic glutamate receptor. Ionotropic 

glutamate receptors can be divided into three subtypes according to their sensitivity 

to the agonists AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid), 

kainate (a structural analogue of glutamate) or NMDA (A-methyl-D-aspartate). 

AMPA and Kainate (AMPA/KA) receptors are collectively called non-NMDA 

receptors.

NMDA receptors are blocked by a variety of substances, for instance 

competitively by APV (AP5), and noncompetitively by MK-801, ketamine and PCP.

1.1.1 Special properties of the NMDA receptor

Among the ionotropic glutamate receptors, the NMDA receptor is unique in four 

respects: First of all, opening of the NMDA receptor channel is both ligand- and 

voltage-dependent (Mayer et al., 1984; Nowak et al., 1984). Second, the NMDA 

receptor demonstrates a high Ca^Wa"^ permeability ratio (MacDermott et al., 1986, 

Bumashev 1995; Mayer and Westbrook, 1987). Third, the NMDA receptor requires

17



glycine as coagonist (Johnson and Ascher, 1987). And fourth, NMDA receptors have 

slow activation and inactivation kinetics (msec to sec range) compared to the rapidly 

activating and desensitising AMPA/KA receptors (msec) (Hestrin et al., 1990; Ishii 

et al., 1993).

Activation of the NMDA receptor, unlike non-NMDA receptors, requires 

depolarisation of the membrane, in which the NMDA receptor is embedded. In 

physiological ion conditions (containing ImM extracellular Mĝ "̂ ), Mĝ "̂  ions, for 

which the channel is impermeable, are held in position in the channel mouth by the 

electrical field across the membrane and block the channel. If postsynaptic 

depolarisation, typically mediated by AMPA/KA receptors, is sufficient to relieve 

the voltage-dependent Mg^  ̂-block, then NMDA receptors serve as a gate controlling 

entry of the second messenger Câ "̂ . Moderate increases in intracellular Câ "̂  mediate 

a variety of physiological processes in developing and mature neurons, whereas 

immoderate increases resulting from excessive NMDA receptor activation can be 

neurotoxic (Choi, 1994; McDonald and Johnston, 1990).

1.1.2 Molecular diversity of NMDA receptors

Ionotropic glutamate receptors are formed from a heterooligomeric complex of 

subunits, which are coded for by individual genes. Up to date, six gene families have 

been defined by sequence homology: a single family for AMPA receptors, two for 

kainate receptors and three for NMDA receptors. Two orphan subunits, for which no 

agonists are known, have also been cloned, i.e. GluR delta 1 and delta 2 (Lomeli et 

al., 1993; Yamazaki et al., 1992b). Figure 1-1 shows an alignment of the members of 

the ionotropic glutamate receptor family.

The NMDA receptor gene (NR) family consists of one NRl gene, four 

variant NR2 genes (NR2A-D) and the NR3A gene.

The NRl cDNA was the first NMDA receptor subunit to be cloned and was 

identified through expression cloning in Xenopus oocytes (Moriyoshi et al., 1991). 

Subsequently, the four NR2 subunits were found in rat brain, NR2A-C (Monyer et 

al., 1992) and NR2D (Ishii et al., 1993). The respective mouse NMDA subunits were 

named Ç1 and 61-64 (Ikeda et al., 1992; Kutsuwada et al., 1992; Meguro et al., 1992; 

Yamazaki et al., 1992a).
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on am ino acid  se q u en ce -h o m o lo g y  (adap ted  from (D a s et al., 1998)). Pharm acological 
classification s of subunits are show n under the alignm ent, and correlate well with groupings 
b ased  on se q u e n c e  similarities.

NR2 subunits share -50% identity with one another but only -15 to 20% identity 

with NRl (Ishii et ah, 1993).

An NRl like subunit shares an average identity of 27% with the NRl and 

NR2 subunits and 23% to non-NMDA subunits and has been renamed NR3A (%-l) 

(Ciabarra et ah, 1995; Sucher et ah, 1995).

The primary NRl transcript is subject to alternative splicing. It was found 

that eight possible NRl subunits arise through alternative splicing of three exons 

(Hollmann et ah, 1993). Figure 1-2 A gives a graphical overview of the NRl- 

splicing. The alternatively spliced exons are: exon 5, which encodes a 21 amino acid 

sequence in the extracellular amino terminus, designated as the N1 cassette; and 

adjacent C-terminal exons 21 (37 amino acids) and 22 (38 amino acids), designated 

as the Cl and C2 cassettes, respectively. In NRl variants lacking the C2 cassette, the 

segment of exon 22 that is spliced out includes a stop codon. This creates a new open 

reading frame that adds 22 amino acids to the carboxy-termini of these variants, and 

is designated C2’ cassette. NRl-variants are distinguished by the presence or absence 

of these exons (Hollmann et ah, 1993; Zukin and Bennett, 1995). According to 

Hollmann’s nomenclature, NRl-1 is the full-length clone containing both Cl and C2, 

NR 1-2 lacks exon 21, NRl-3 lacks exon 22, and NRl-4 lacks both. The lower case 

letters a and b denote presence (a) or absence (b) of exon 5.
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F igu re 1 - 2  S ch em atic  representation o f NMDA receptor subunits. (A) N R l sp lice  variants, 
(B) NR2 subunits and the NR3A subunit. H ydrophobic s e g m e n ts  are indicated a s  black  
b o x es  within the g en e , num bered M l, M2, M3 and M4. T he N-terminal insertion of 21 am ino  
acid s is indicated by a triangle ab o v e the g en e , C-terminal d e le tion s are sh ow n  with arabic 
num bers (deletion 1: 37  am ino acid long 0 1  c a s se t te , deletion  2: 38  am ino acid long 0 2  
c a s se tte ) . N ote that splicing out o f the 0 2  c a s s e t te  p rod u ces a  n ew  o p en  reading fram e 
( 0 2 ’). Peptide lengths are indicated (aa). This diagram is not to sca le!

The most common variant, N R l-la consists of 920 amino acids (predicted molecular 

mass of 103 kDa) and has been estimated to have a relative abundance of 67% in 

brain (Sugihara et al., 1992). Among the NR2 subunits, only NR2D is known to exist 

in two isoforms (Ishii et al., 1993). The NR2A-D subunits have amino acid sequence 

lengths of 1445, 1456, 1220 and 1296 (predicted molecular masses of 163, 163, 134 

and 141 kDa) respectively. NR3A encodes a protein of 1115 amino acids with 

calculated molecular weight of 125 kDa. Figure 1-2 schematically shows the relative 

sizes of the NMDA receptor subunits.
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1.1.3 Expression patterns of NMDA receptor genes in the CNS 

during development

Expression of NMDA receptor subunits is subject to developmental regulation. 

Changing subunit composition of NMDA receptors during development was 

revealed using subunit-specific antibodies (Laurie et al., 1997; Sheng et al., 1994), 

in-situ hybridisation studies (Laurie and Seeburg, 1994; Monyer et al., 1994; Toile et 

al., 1993; Watanabe et al., 1992), RNase protection assays (Goebel and Poosch, 

1999; Zhong et al., 1995) and immunohistoblots of brain sections (Wenzel et al., 

1997; Wenzel et al., 1996).

In situ studies of mRNAs revealed that from embryonic stages, the NRl gene 

is expressed in virtually all neurons of the cns during development (Monyer et al., 

1994; Toile et al., 1993; Watanabe et al., 1992), as well as in adult forebrain 

(Moriyoshi et al., 1991), cerebellum (Watanabe et al., 1994c), brainstem (Guthmann 

and Herbert, 1999; Watanabe et al., 1994b) and spinal cord (Toile et al., 1993; 

Watanabe et al., 1994a). In contrast, the four NR2 transcripts display distinct spatial 

and temporal expression patterns. N Rl, NR2B and NR2D subunit mRNAs are 

detectable in the CNS as early as E14, whereas NR2A and NR2C appear only around 

birth. (Monyer et al., 1994; Watanabe et al., 1992).

Among the NR2 genes, NR2A expression levels increase after birth to 

moderate levels across the whole brain, with strongest expression in the 

hippocampus. (Monyer et al., 1994; Watanabe et al., 1992).

NR2B is the predominant NR2 variant in juvenile brain but is low in adult 

brain with the exception of the hippocampus where it remains highly expressed. 

Remarkably, NR2B expression ceases in cerebellum. This is complimented by strong 

upregulation of NR2C which remains largely confined to the cerebellum. Thus, there 

appears to be a switch in expression from NR2B to NR2C as the predominant 

subunit in the cerebellum (Monyer et al., 1994; Watanabe et al., 1992).

NR2D is the NR2 variant, which is expressed strongest in the embryonal 

CNS. In the brain, its expression is largely confined to midline structures during 

development and decreases to very low amounts after P12 in the rat. In the spinal 

cord, NR2D is the most prominent NR2 subunit throughout development, but 

decreases to background levels by P21 (Monyer et al., 1994; Toile et al., 1993; 

Watanabe et al., 1994a).
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Similar to the NR2D subunit, the NR3A subunit is expressed primarily during 

development. In contrast to the NR2D subunit however, the NR3A subunit is 

expressed in many regions of the immature brain (Ciabarra et al., 1995; Sucher et al., 

1995).

In situ hybridisation studies have indicated that splicing of the NRl 

transcripts in the brain is regionally regulated (Laurie and Seeburg, 1994). 

Oligonucleotide probes were employed which were specific for the absence of the 

N1 cassette, or for the expression of the four possible carboxy termini, containing Cl 

and C2; C2 only. C l and C2’ and C2’ only. Although each splice variant follows a 

parallel profile of abundance, marked regional differences are observed in splicing at 

both the 5’ and 3’ sequences. For example, whereas N1-lacking receptors show 

prominent labelling throughout the brain, other splice variants are expressed to 

different degree in various brain regions. Relative mRNA expression levels of NRl 

splice variants have also been quantified using RNase protection assays (Zhong et 

al., 1995) and RT-PCR (Winkler et al., 1999).

1.1.4 Structure of NMDA receptors

1.1.4.1 NMDA receptors are heteromeric

In mammalian expression systems functional NMDA receptor channels are not 

formed from any of the NR2 subunits alone. However, when NRl cRNA is injected 

into Xenopus oocytes, NMDA-gated ion channels are formed, which express many 

of the properties characteristic of native NMDA receptors (Moriyoshi et al., 1991). 

In the meanwhile, an endogenously expressed unitary glutamate receptor subunit, 

XenUl, has been discovered in Xenopus oocytes (Soloviev et al., 1996). When co

expressed with NRl in a mammalian cell line, a unitary receptor was expressed 

which showed responses to both NMDA and non-NMDA receptor agonists and 

antagonists (Soloviev et al., 1996).

Nevertheless, non-NMDA receptor agonists do not produce responses in 

oocytes expressing NRl subunit alone. Agonist-induced current responses produced 

by NRl injected into oocytes are very small (10 nA). However, when NRl is co

expressed with either of the NR2 subunits, strong current responses are obtained.
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both in oocytes and in mammalian cells (Ikeda et al., 1992; Ishii et al., 1993; 

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

Co-immunoprecipitation studies with subunit-specific antibodies under 

conditions that preserve the endogenous subunit associations also implied that 

NMDA receptors in brain exist as heteromeric complexes (Blahos and Wenthold, 

1996; Luo et al., 1997; Sheng et al., 1994). The coexistence of NR2A and NR2B, as 

well as of two NRl splice variants, in NMDA receptors in brain was shown directly, 

using a combination of immunoaffinity chromatography and immunoprécipitation 

(Chazot and Stephenson, 1997).

Immunoprécipitation studies revealed that NMDA receptors in some brain 

regions contain the NR2D subunit (Dunah et al., 1998). Thus, NR2D is found in a 

binary complex with NRl in the thalamus but not in the midbrain, where complexes 

contain either NR2A or NR2B together with NRl.

Final proof, that NMDA receptors require the NRl subunit, was gained from 

NRl knockout mouse models (Forrest et al., 1994; Li et al., 1994). In these mice, no 

NMDA mediated current responses can be recorded, indicating that the NRl subunit 

is essential.

1.1.4.2 Transmembrane topology

Ionotropic glutamate receptor subunits have four membrane (hydrophobic) domains 

and were predicted to have large extracellular N- and C-terminal regions. Contrary to 

initial models, however, only three and not four domains are crossing the membrane, 

as shown in Figure 1-3.

In phosphorylation assays with PKC, the C-terminal tail of NRl was shown 

to be located intracellularly, and not extracellularly as was predicted from the 4 

transmembrane model (Tingley et al., 1993). The M3-M4 loop of goldfish kainate 

receptors was shown to be glycosylated, placing it outside the cell (Wo and Oswald, 

1994). The glycine-binding site was also shown to reside in the M3-M4 loop, placing 

it outside the cell (Kuryatov et al,, 1994). Structural conservation between the pore 

regions of voltage-gated K  ̂ channels and glutamate receptors was uncovered, and 

glycosylation data showed that both extremes of the M3-M4 linker of NRl are 

placed extracellularly (Wood et al., 1995). The inverted loop structure of the pore 

regions of voltage-gated K  ̂ channels was proposed for GluRl (Hollmann et al..
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1994) and GluR3 (Bennett and Dingledine, 1995). Taken together, these studies 

supported the hypothesis that the M2 domain forms a re-entrant hairpin loop if M l 

and M3 are a-helical and cross the membrane once.

This model has been confirm ed for NMDA receptors using cysteine- 

substitution methods to map residues contributing to the channel pore. Amino-acids 

in M2 of NRl and NR2C were cysteine-substituted and considered as channel-lining 

if they interacted with sulfhydryl-specific agents (Kuner et al., 1996).

F igure 1 -3  Proposed transm em brane topology of ionotropic glutam ate receptor subunits. 
M em brane-spanning regions 1, 3 and 4 are crossing the lipid bilayer. M2 is shown as a re
entrant loop entering and leaving the lipid bilayer on the cytoplasm ic side. At an analogue 
position within M2 the ionotropic glutam ate receptors display either a neutral glutamine (Q), 
a neutral asparagine (N) or a positively charged arginine (R) (N/Q/R-site). The identity of this 
amino acid controls the cation permeability by constricting the ion perm eation pathway. N- 
and C- terminal regions are located extracellularly and intracellularly respectively.

1.1.4.3 Structural elements determining -permeability and Mg^-block

At an analogous position within M2 the ionotropic glutamate receptor subunits 

display either a neutral glutamine (Q), a neutral asparagine (N) or a positively 

charged arginine (R) (N/Q/R-site) (Figure 1-3). Site-directed mutagenesis has shown 

that an arginine (R) at this position in the GluR2 subunit controls Ca^^-permeability 

of AMPA receptors (Hume et al., 1991; Verdoom et al., 1991). In comparison, NRl
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and NR2 subunits of the NMDA receptor feature an asparagine (N) in this position -  

with the exception of the NR3A subunit which features an arginine (R) at adjacent 

position (Figure 1-4).

_________ M2-region________

m i
NEGA
NR2D
NR2C
NR2B
NR2A

KAl
KA2
GluRS
GluR7
GI11R6

GluRl
GluR4
GluR3
GluR2
d e lta s
deltal

L T L S S A M W F S W G V L L ^ S G I  
F S F S S A L N V C Y A L L F G R T A  
F T I G K S I W L L W A L V F & S V  
F T I G K S V W L L W A L V F T O S V  
F T I G K A I W L L W G L V F M S V  
F T I G K A I W L L W G L V F ^ S V

Y S L G N S L W F P V G G F M ^ Q G S
y t l g n s l w f p v g g f m H q g s

F T L L N S F W F G V G A L M ^ Q G S
F T L L N S F W F G M G S L M 0 Q G S
f t l l n s f w f g v g a l m B q g s

F G I F N S L W F S L G A F m S q GC
f g i f n s l w f s l g a f m ISq g c

f g i f n s l w f s l g a f m S q g c

f g i f n s l w f s l g a f m S q g c

T T L Y N S M W F V Y G S  F v S q GG
a t l h s a i w i v y g a f v Ë q g g

Figure 1 - 4  Peptide seq u en ce  alignment of the M2 region of iGluR subunits. The N/Q/R-site 
is highlighted. Note that in the NR3A subunit there has a glycine (G) residue at the N/Q/R- 
site and an arginine (R) residue in adjacent position.

The N to Q mutation in NR I reduces the sensitivity to Mg^^-block and reduces the 

Ca^^ -permeability of heteromeric receptors, whereas the same mutation in NR2 

strongly reduces the Mg^^ -block but barely affects the Ca^^'-permeability. In contrast, 

the N598R point mutation in N R l alters both key properties of NMDA receptor 

channels in a profound manner. Channels of NMDA receptors carrying this mutation 

are impermeable to Ca^^-ions and are not blocked by Mg^"^-ions (Bumashev et al., 

1992; Mori et al., 1992; Sakurada et al., 1993).

1.1.4.4 Ligand-binding regions

Full activation of the NMDA receptor channel requires both glutamate and glycine 

(Johnson and Ascher, 1987; Kleckner and Dingledine, 1988).

Two regions adjacent to the N-terminal of M l and to the C-terminal of M3 

(SI and S2) of GluR3, which share structural similarities with the ligand-binding site 

of bacterial periplasmic amino acid-binding proteins, were shown to control the
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agonist binding (Stem Bach et al., 1994). Subsequently, the glycine and glutamate 

binding sites of NMDA-receptors were mapped to amino acids within S1 and S2 of 

NRl (Hirai et al., 1996; Kuryatov et al., 1994; Wafford et al., 1995) and NR2 (Anson 

et al., 1998; Laube et al., 1997), respectively. Thus, the glycine binding site resides 

in NRl and the glutamate binding site resides in NR2.

The structure of the glutamate-receptor ligand-binding core of GluR2 in 

complex with kainate as ligand has been elucidated by X-ray crystallography 

(Armstrong et al., 1998). This work confirmed the bilobar structure consisting of the 

SI and S2 regions which had been proposed (Stem Bach et al., 1994). Thus, the 

agonist binding site of glutamate receptors is made of the two globular (SI and S2) 

domains which are forming a clamshell-like stmcture whose closed state is stabilised 

by binding of agonist, as is the case in bacterial proteins.

1.1.5 Functional diversity of NMDA receptor channels

Native NMDA receptor channels have a voltage-dependent Mg^^-block, high Ca^ -̂ 

permeability and characteristically slow gating behaviour. These key properties are 

also observed with recombinant NMDA receptors configured from NRl and NR2 

subunits and differ depending on the particular NR2 subunit co-expressed with NRl 

(Ishii et al., 1993; Kutsuwada et al., 1992; Monyer et al., 1992).

1.1.5.1 Mg^^-block

While all four NR1/NR2 subunit configurations have comparable Câ "̂ - 

permeabilities, they have differences in the strength of voltage-dependent Mĝ "̂ - 

block. In physiological concentrations of 1 mM extracellular Mg^\ the NR1/NR2C 

and NR1/NR2D have weaker Mg^^-block than NR1/NR2A and NR1/NR2B 

receptors, when expressed in mammalian cells (Monyer et al., 1994).

Injection of Xenopus oocytes with mRNA isolated from rat hippocampi 

produced current responses to NMDA application, which are highly sensitive to Mĝ "̂  

in 1-2 day, but low in 14-15 day old hippocampi (Kleckner and Dingledine, 1991). In 

vivo, changes in the extent of Mg^^-block during development have also been 

reported. In rat hippocampal CAl pyramidal cells there is an early postnatal increase
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in voltage-dependence. Mg^^-sensitivity is high around birth but decreases after 4 

days (Kirson et ah, 1999).

The differences in sensitivity to Mg^^-block between different NR2 subunits 

were found to depend on three structural elements (Kuner and Schoepfer, 1996). In 

this study, chimeric NR2 subunits were constructed by replacing segments of the 

least Mg^^-sensitive NR2C subunit with homologous segments of the most sensitive 

NR2B subunit. In this way, three small elements within the M1-M4 segment of the 

NR2 subunit were found to be the major determinants of subtype-specific differences 

of Mg^^-block in heteromeric NMDA receptor channels.

1.1.5.2 Kinetics

The excitatory EPSCs seen at excitatatory synapses in the CNS are made up of 

AMP A receptor and NMDA receptor mediated EPSCs (Jahr and Lester, 1992). 

AMP A receptors activate and deactivate within 3 msec, the AMPA-receptor 

component of EPSC has a 200 p,msec rise time and a 1-3 msec decay time 

(Mosbacher et al., 1994). In contrast, NMDA receptors are characterised by much 

slower activation, the NMDA-receptor component of the EPSC is 20-fold slower and 

decays over hundreds of milliseconds. Experiments with brief application of 

glutamate indicated that free transmitter need only be present in the synaptic cleft for 

short periods. The time course of patch recordings evoked by brief (5 msec) 

glutamate (100 |xM) pulses mimicks the time course of synaptically stimulated 

EPSCs. Both types of recordings show 10-90% rise times of around 8 msec and 

decay phases that can be fitted by two exponentials (90 msec and 260-600 msec) 

(Lester et al., 1990).

The different kinetics of AMP A and NMDA receptors in the presence of the 

same agonist are so far explained by the much higher affinity of NMDA receptors for 

glutamate than AMPA receptors. Low affinity agonists such as aspartate and cysteate 

produce faster NMDA receptor recoveries than glutamate (Lester and Jahr, 1992).

Decay times of NMDA receptor current responses vary with the type of NR2 

subunit expressed. When expressed in mammalian cells, NR2A-containing receptor 

channels differ from the NR2B and NR2C subtypes by considerably shorter offset- 

decay time courses following brief application of L-Glutamate (120 ms for NR2A v̂ . 

-400 ms for NR2B and NR2C). In contrast, receptors containing the embryonally

27



dominant NR2D subunit have extremely long deactivation times (4.8 sec) (Monyer et 

al., 1994), as was also analysed on the single channel level using the Xenopus 

expression system (Wyllie et al., 1998).

1.1.5.3 Coincidence detection properties

The difference between AMPA and NMDA receptor kinetics on the one hand and 

the difference in kinetics between NMDA receptor subtypes are important for the 

role of the NMDA receptor in excitatory synaptic transmission. A presumed function 

of NMDA receptor channels is the detection of synchronous pre- and postsynaptic 

depolarisation (coincidence detection) (Bourne and Nicoll, 1993). Functional 

activation of NMDA receptors is linked to the membrane potential by the voltage- 

dependence of the Mg^^-block, allowing these channels to sense coincidence of 

synaptic input. Coincidence detection properties depend on the voltage sensitivity of 

the Mg^^-block and on the gating properties of the channel. Based on their long 

deactivation kinetics, it was predicted that NR1/NR2B, NR1/NR2C and NR1/NR2D 

receptors mediate longer lasting excitatory postsynaptic potentials than the 

NR1/NR2A subtype and would therefore permit the detection of low synchronicity 

of presynaptic activities and postsynaptic depolarisation (Monyer et al., 1994) In 

contrast, NR1/NR2C and NR1/NR2D channels have a relatively weak Mg^^-block, 

and therefore appear to be best suited for detection of synchronicity of presynaptic 

activity causing relatively small postsynaptic depolarisation (Monyer et al., 1994).

Due to its coincidence detection properties, the NMDA receptor is thought to 

play a role in the establishment of input-specific connections during the development 

of the nervous system and in the modulation of neuronal connections during learning 

and memory (section 1.2).

1.1.5.4 NRl splice variants

NRl splice variants also confer distinct functional properties to NMDA receptors, as 

has been shown by expression of heteromeric receptors in oocytes and mammalian 

cells. Briefly, N1-containing receptors give greater maximum currents, have lower 

affinities for agonists, and lack potentiation by spermine at saturating concentrations 

of glycine, and by Zn̂ '̂  (Zukin and Bennett, 1995).
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Phosphorylation of NMDA receptors by PKC has also been linked to NRl splice 

variants. A number of PKC-phosphorylation sites have been mapped to the Cl 

cassette of NRl. However, although splicing-out of the Cl cassette removes most of 

the PKC-phosphorylation sites (Tingley et al., 1993), the splice variant with the 

shortest C-terminus (i.e. lacking Cl), NRl-4, shows maximal potentiation, when 

assessed with the PKC-activator PMA (Durand et al., 1993). Conversely, the splice 

variant with both C-terminal exons, NRl-1, exhibits the least potentiation. Not 

surprisingly then, it was shown recently that protein kinase C potentiation of N- 

methyl-D-aspartate receptor activity is not mediated by phosphorylation of N- 

methyl-D-aspartate receptor subunits but rather by associated targeting, anchoring, or 

signalling protein(s) (Zheng et al., 1999).

Evidence for another possible function of alternative splicing was presented 

recently. In this study, the splice forms with the longest C-terminal cytoplasmic tail 

showed the lowest amount of cell surface expression, and the splice forms with the 

shortest C-terminal tail showed the highest cell surface expression. Hence it was 

suggested that the splicing of the C-terminal domain of the NRl subunit regulates the 

cell surface expression of functional NMDA receptors (Okabe et al., 1999).

1.1.5.5 A role for the NR3A subunit

Co-expression of the NR3A subunit with NRl and NR2 subunits produces NMDA 

receptor channels of smaller unitary conductance, shorter open time, and lower Câ "̂ - 

permeability (Ciabarra et al., 1995; Das et al., 1998; Sucher et al., 1995). The lower 

Ca^^-permeability is consistent with the NR3A subunit featuring an Arginine (R) at 

the (N/Q/R-site). In agreement with the in vitro data, NR3A knockout mice show 

increased NMDA responses, suggesting that NR3A is a regulatory subunit of NMDA 

receptor channels (Das et al., 1998). In NR3A knockout mice, it was also found that 

in neurons, which normally express the NR3A subunit, the number of dendritic 

spines was strongly increased, whereas it was unchanged in neurons, which do not 

normally express the subunit. The underlying pathway linking NMDA receptor 

activity to the modification of synaptic structure remains to be elucidated.
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1.2 Synaptic plasticity and the NMDA receptor

Synaptic plasticity is the activity dependent strengthening or weakening of synapses, 

which entails both changes in synaptic strength and morphological changes in 

synaptic connectivity. Synaptic plasticity is thought to be the cellular basis for 

learning and memory (Bliss and Collingridge, 1993; Bourne and Nicoll, 1993), as 

well as for the reorganization and refinement of developing connections in the 

nervous system (Goodman and Shatz, 1993).

1.2.1 Synaptic plasticity and learning

Donald Hebb proposed a rule for long-term memory on the basis of the strengthening 

of the synaptic connection between two neurons (reviewed in (Bailey et al., 2000). 

The Hebb rule states that the strength of the connection between two neurons is 

increased for a long period of time when the firing of the presynaptic and 

postsynaptic neuron are closely correlated in time.

1.2.1.1 Long-term potentiation (LTP)

An experimental form of synaptic plasticity has been termed long-term potentiation 

(LTP). LTP is a long-lasting increase in synaptic strength (enhancement in synaptic 

transmission), for example as a consequence to repetitive activation of excitatory 

synapses, and can be found at synapses in several parts of the brain, notably in the 

hippocampus where it was originally discovered (Bliss and Lomo, 1973).

1.2.1.2 NMDA-receptor dependent LTP

It is now known that in the hippocampus there are NMDA receptor dependent and 

NMDA receptor independent forms of LTP (Nicoll and Malenka, 1995). It is well 

accepted that the NMDA receptor controls the initiation of LTP at CA 1-synapses of 

the hippocampus by detecting the coincidence of two events: (1) glutamate, released 

from the presynaptic terminal, binds to the receptor which is sitting in the 

postsynaptic membrane, and (2) strong depolarisation of the postsynaptic membrane.
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which is provided largely by permeation of Na"̂  and through AMPA receptors, 

releases the Mg^^-block of the NMDA-receptor (Malenka and Nicoll, 1999). Once 

the NMDA channel opens, Câ "̂  enters the dendritic spine and initiates a cascade of 

locally confined intracellular signalling events, which can ultimately lead to changes 

in gene expression and the reorganisation of the synapse as well as the growth of 

new synaptic connections (Bliss and Collingridge, 1993; Bourne and Nicoll, 1993).

The exact signal transduction mechanism by which the resulting rise in 

intracellular Câ "̂  triggers the enhancement of synaptic strength to express LTP 

remains to be established. Among the few molecules which are thought to form the 

molecular machinery of LTP evidence is strongest for a-calcium-calmodulin- 

dependent proteinkinase II (CaMKIIa) to be a key player. A rise in Câ "̂  induces 

autophosphorylation of CaMKIIa at Thr̂ *® in a CaM-dependent manner, keeping 

CaMKIIa in an active form for a long time after the Câ "̂  signal has returned to 

baseline. Introduction of a point mutation at Thr^^  ̂abolishes autophosphorylation of 

CaMKHa and abolishes LTP in gene targeted mice (Giese et al., 1998). CaMKIIa 

can directly phosphorylate the AMPA receptor subunit GluRl at Ser^^\ Since the 

single channel conductance of AMPA receptors containing phosporylated GluRl 

increases in vitro as well as during LTP, it seems likely that CaMKIIa-dependent 

GluRl phosphorylation is one mechanism that underlies LTP. This is also supported 

by the lack of LTP in GluRl-deficient mice (Zamanillo et al., 1999). CaMKIIa is 

also postulated to influence the subsynaptic localisation of ‘reserve’ AMPA receptors 

such that more AMPA receptors are recruited to the synaptic membrane from vesicle 

pools or surrounding plasma membrane areas. In this way ‘silent’ synapses devoid of 

AMPA receptors might be converted to active synapses (reviewed in (Malenka and 

Nicoll, 1999)).

1.2.1.3 LTP as a learning mechanism

LTP has been used as the primary experimental model for investigating the synaptic 

basis of learning and memory in vertebrates (Bliss and Collingridge, 1993). Since 

LTP is based on artificial stimulation, it merely demonstrates that synapses can 

behave in a given way, but it does not demonstrate that they naturally do behave in 

this way. Nevertheless, direct support for the theory that NMDA receptor dependent 

LTP is a learning mechanism has come from pharmacological studies with the
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NMDA receptor antagonist APV (Davis et al., 1992; Morris, 1989; Morris et al., 

1986) and more recently from NMDA receptor gene targeting studies (Sakimura et 

al., 1995; Tsien et al., 1996b).

Mice lacking the NR2A subunit - which in normal mice is expressed to 

moderately high levels across the adult brain and confers relatively fast deactivation 

kinetics - are viable and show significant reduction of the NMDA receptor current 

and of LTP at the hippocampal synapse in the CAl stratum radiatum. The mice also 

showed moderate deficiency in spatial learning, as determined using the Morris 

water maze (Sakimura et al., 1995).

More evidence for the involvement of NMDA receptor dependent activity in 

hippocampal LTP and in memory comes from a conditional gene targeting study, in 

which the deletion of the NRl gene was limited to the CAl region of the 

hippocampus by use of the Cre/lox P recombination system (Tsien et al., 1996; Tsien 

et al., 1996). In contrast to the lethal global deletion of the NRl gene (Forrest et al., 

1994; Li et al., 1994), CAl-restricted NRl knockout mice are viable and grow into 

adulthood. In these mice, no NMDA receptor mediated synaptic currents and no LTP 

can be detected at CAl synapses, whereas NMDA receptor dependent LTP can still 

be induced in the dentate gyrus. These mice show impaired spatial memory as 

assessed in the Morris water maze (Tsien et al., 1996).

1.2.2 Developmental plasticity in sensory systems

A number of mechanisms are involved in the development of neural connectivity in 

the nervous system (Goodman and Shatz, 1993). During development of sensory 

systems such as the visual system and the somatosensory system, afferent and 

intrinsic axons are first guided by positional cues, such as graded markers, and form 

exuberant but already topographic projections (Holt and Harris, 1998)\ Then, 

activity dependent processes between pre-and postsynaptic neurons are thought to 

refine the synaptic patterning within developing modular representations (e.g. ocular 

dominance stripes, barrels) (Gierer and Muller, 1995).

' The role of afferent activity in target area selection is not discussed here, as the discussion 

focuses on synaptic plasticity during development.
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A modem articulation of the Hebb rule by Stent (Stent, 1973) suggests a two-part 

rule for the activity-dependent modification of young synapses (Constantine-Paton et 

ah, 1990):

1. Synaptic contacts between synchronously active pre- and postsynaptic 

neurons are selectively reinforced.

2. Synaptic contacts between asynchronously active pre- and postsynaptic 

neurons are selectively depressed or eliminated.

The basis for reinforcement and depression of synaptic contacts is thought to be the 

ability of the postsynaptic cell to summate the synaptic potentials from converging 

synapses. Inputs converging on one postynaptic cell are thought to be reinforced if 

they are synchronously or near synchronously active (cells that fire together wire 

together). As coincidence detector, the NMDA receptor has been implicated in this 

process.

1.2.2.1 Critical period plasticity in sensory systems

During the development of sensory systems, developmental plasticity of young 

synapses has been shown to be limited to so-called ‘critical periods’. The term 

‘critical period’ has been coined by Wiesel and Hubei to define the time period 

during development of the visual system in which the connections between afferents 

and their target cells in the primary visual cortex remain plastic. This has been shown 

by manipulations of the natural sensory inputs, such as covering of one eye or 

induction of crossed eyes by cutting an ocular muscle (reviewed in (Constantine- 

Paton et al., 1990)).

Similar to the situation in the primary visual system, plasticity of developing 

synapses can also be induced in the somatosensory system of rodents that is 

described in section 1.3. In the barrel cortex, which is the somatotopic representation 

of the whiskers at the rodent’s muzzle, ablating whisker follicles in neonatals leads to 

anatomical changes in the whisker-related somatotopic map, as first shown by Van 

der Loos and Woolsey (Van der Loos and Woolsey, 1973). Damages to whisker 

follicles at later stages has progressively less effect in the cortex and has no effect 

when done on postnatal day 6 or later, clearly indicating a critical period for 

anatomical plasticity in the somatosensory cortex (Woolsey et al., 1979).
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1.2.2.2 Critical period for LTP in sensory cortex

Work on LTP in the primary visual cortex and in the primary somatosensory cortex 

has shown that LTP in these two systems can be induced during critical periods, 

which closely follow the critical periods for manipulations of the natural sensory 

input (Crair and Malenka, 1995; Kirkwood et al., 1995). Both in the somatosensory 

cortex and in the visual cortex LTP has been shown to be NMDA receptor dependent 

(Crair and Malenka, 1995; Kato et al., 1991; Kirkwood and Bear, 1994). The ratio of 

the NMD A/AMP A currents in the evoked EPSCs decreases with age, and the 

kinetics of the NMDA receptor become faster (Carmignoto and Vicini, 1992; Crair 

and Malenka, 1995). It is intriguing that in both systems these changes occur in 

parallel with the time course for the critical period of synaptic plasticity. For 

instance, in the visual cortex experimental prolongation of the critical period is 

paralleled by delayed changes of NMDA receptor kinetics (Carmignoto and Vicini, 

1992). More recent experiments showed that the shortening of NMDA receptor 

mediated EPSCs in the somatosensory cortex is correlated with upregulation of the 

NR2A subunit (Flint et al., 1997). The time course of the change in the molecular 

composition of NMDA receptors was also investigated in the visual cortex by 

applying sensory deprivation paradigms (Nase et al., 1999). It was found that the 

developmental expression of the NR2A subunit is delayed compared with the 

somatosensory cortex, in agreement with the prolonged critical period. Furthermore, 

upregulation of the NR2A subunit was shown to be activity-dependent as it was 

delayed by dark-rearing, strengthening the correlation between changes in NMDA 

receptor subunit composition and the time course of the critical period.
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1.3 The rodent trigeminal pathway

The rodent somatosensory system consists of the trigeminal pathway and the dorsal 

column pathway, which convey a somatosensory map from the periphery to the 

cortex by relay stations in the brainstem and thalamus. The dorsal column pathway 

carries information from the receptor-dense zones of the paws, whereas the 

trigeminal pathway carries sensory information from the face, in particular from the 

large mystacial whiskers.

In the mouse and in other rodents the whiskerpad on the muzzle is an 

important cutaneous sensory organ that serves the animal to investigate the 

environment in active whisking movements of the entire whisker pad. The receptor 

units of the whisker pad are the whisker follicles, which are organised in a 

characteristic, phylogenetically conserved, pattern of 5 rows, A through E, nearly 

parallel to the bridge of the nose. Each row has 4-7 easily identified large vibrissae, 

the caudal ones being longer and thicker than the more rostral ones, and within each 

row the number of whisker follicles is remarkably constant (Woolsey, 1990). In 

addition, four caudal whiskers ‘straddle’ the rows (a  - Ô).

The whiskerpad is heavily innervated by the infraorbital branch of the 

maxillary division of the trigeminal nerve. The latter conveys a somatosensory map 

from the periphery to the neocortex via relay stations in the brainstem and the 

ventrobasal thalamus (trigeminal pathway). Figure 1-5 shows its principal 

components. At each level of the rodent trigeminal pathway, the distribution of 

whiskers on the snout is reflected in the pattern of afferent axon distribution and the 

clustering of postsynaptic neurons, in the brainstem trigeminal nuclei, the 

ventrobasal thalamic nucleus (VB), and in the face representation region of the 

primary somatosensory (SI or barrelfield) cortex (Woolsey, 1990).
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Figure 1 -5  Diagram showing the principal com ponents of the rodent trigeminal pathway and 
their relative s iz e s  and orientations (modified from (Woolsey, 1990)). On the whiskerpad  
there are 5 rows (A-E) with 4-7 large whiskers each. In addition 4 caudal whiskers (a-S) 
straddle the rows. Sensory information is transmitted to the som atosensory  cortex via relay 
stations in the brainstem and in the thalamus. At each  station, afferents and their target cells  
form units (barrelettes in the brainstem, barreloids in the thalamus and barrels in the cortex) 
that replicate the array of whiskers on the animal’s face. A trigeminal ganglion cell innervates 
only on e  whisker but projects to all four subdivisions of the Brainstem Trigeminal Complex  
(BSTC). In the BSTC, whisker-related patterns can be s e en  in transverse sections, i.e. in two 
of the three subnuclei of the spinal trigeminal nucleus, the subnucleus caudalis (nVc) and 
the su bn ucleu s  interpolaris (nVi), but not in the su bn ucleu s  oralis (nVo). In addition, 
patterning can be detected  in the principal nucleus of V (nVp). HRP-injection into the 
ventrobasal complex stains mostly cells in the nVp and nVi and little cells in nVo and nVc, 
indicated by the thickness of the arrows crossing the midline to the Ventrobasal Complex  
(VB) in the thalamus. In the cortex the large whisker representations form the posteromedial 
barrel subfield (PMBSF). Compass: d = dorsal, m = medial, c = caudal, a = anterior.

1.3.1 Barrels, barreloids and barrelettes

Woolsey and Van der Loos introduced the term barrel to describe the three 

dimensional structure of multicellular units that can be found in layer IV of the 

primary somatosensory cortex of mice (Woolsey and Van der Loos, 1970). Each unit 

shows a dense ring of cell bodies which has roughly the shape of a circle or ellipsoid. 

This ring represents the side of the barrel and surrounds an area of lesser cell density 

named hollow. Each barrel is separated by a clear, cell-sparse area (fewer cells than 

in the hollow) which is the septum. The hollow consists of neuropil made from 

afferent axon arbors and postsynaptic cell dendrites.

In the thalamus and the brainstem there are barrel-equivalent whisker-related 

units which are therefore called barreloids and barrelettes respectively (Belford and 

Killackey, 1979a; Belford and Killackey, 1979b; Ma, 1991; Van der Loos, 1976).
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There is variation in the details of the structure between species and during 

development within one species. In the rat for example, prior to the 20th day, the 

barrels resemble those of the mouse, but mature barrels are relatively indistinct and 

have a uniformly high cell density, i.e. no hollows (Welker and Woolsey, 1974).

1.3.2 Visualizing barrels, barreloids and barrelettes

In adult mice, barrels, barreloids and barrelettes can be clearly seen with Nissl 

staining due to the distinct cytoarchitecture outlined above (Woolsey and Van der 

Loos, 1970). Whisker-related patterns can also be visualised by labelling the afferent 

terminals using neuroanatomical tracing techniques, such as HRP-labelling and 

carbocyanine dye labelling (Arvidsson, 1982; Erzurumlu and Jhaveri, 1990; Senft 

and Woolsey, 1991). These fibres and terminals can be seen to be segregated into 

clusters, each corresponding to the terminals from one whisker. Earlier than with 

Nissl-staining, whisker-related patterns can be visualised by histochemically staining 

for mitochondrial enzymes such as succinic dehydrogenase (SDH) (Killackey and 

Belford, 1979) or cytochrome c oxidase (CO) (Wong-Riley, 1989; Wong-Riley and 

Welt, 1980). Both pre- and postsynaptic elements contribute to the staining by these 

metabolic markers, although there is evidence that CO stains primarily postsynaptic 

structures (i.e. dendritic processes contain very reactive mitochondria) (Wong-Riley 

and Welt, 1980), whereas SDH is reported to reflect the distribution of afferent 

terminations (Bates and Killackey, 1985). An example of whisker-related patterns in 

the brainstem is shown in Figure 1-6.
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Figure 1 - 6  Organization of the large whisker representations in the brainstem of a m ouse at 
age  P5. As described in the Methods section 2.29.1, transversal brainstem sections were cut 
with a freezing microtome and histochemically stained for synaptically enriched cytochrome 
C oxidase (CO). Each barrelette and each barrelette row (A-E) stands in 1:1 relationship to a 
particular large whisker and whisker row on the face, na, nucleus ambiguus, nc, nucleus  
cuneatus, nVi, subnucleus interpolaris of the nucleus trigeminus. S cale  bar: 200  pm.

1.3.3 Developm ent of the whisker-pathway

1.3.3.1 Development of the whiskerpad

In the mouse embryo, the whiskerpad evolves through the mergence of the lateral 

nasal fold with the maxillary arch. At day 11 of gestation ( El i )  five horizontal ridges 

appear in the whiskeipad region. Simultaneously, individual follicles start to develop 

along the ridges. At E14 the complete pattern of the mystacial follicles on the 

whiskerpad is established, consisting of five horizontal rows of them, plus four 

follicles adjacent to, and straddling, the caudal elements of each row (reviewed in 

(Woolsey and Van der Loos, 1970).
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1.3.3.2 Pattern formation in the developing vyhisker-pathway

Whisker-related patterns in the rodent trigeminal system are consolidated during the 

first postnatal week. Pattern formation can be divided into two distinct phases 

(Jhaveri and Erzurumlu, 1992). In the first phase, the axial framework of the 

trigeminal neuraxis is laid down in an orderly fashion without guidance from the 

periphery (Erzurumlu and Jhaveri, 1992). This organisation is hardwired by spatial 

arrangement of the developing sensory afferents. In the second phase, sensory inputs 

guide the modular patterning of neuronal elements within the constraints of this axial 

framework.

Through labelling of fixed rat embryos with carbocyanine dyes (Dil and DiA) 

it was shown that the peripheral and central processes of trigeminal ganglion cells 

are spatially ordered when they reach their peripheral target nuclei in the brainstem 

(Erzurumlu and Jhaveri, 1992). This spatial order is evident before vibrissae rows 

appear and before the brainstem trigeminal nuclei differentiate, suggesting that 

trigeminal afferents to the brainstem and whisker pad organise topographically, 

independent of peripheral or central influences. Thus, in the rat trigeminal ganglion 

cells are differentiating after E9.5. Their peripheral processes start growing out as a 

circular bundle of fascicles on E l l  and reach the rudimentary whisker field on E l3 

where they fan out. Already at this time point the peripheral processes become 

labelled with Dil or DiA when applied to the presumptive whisker pad which at this 

time is still void of follicles. Central processes of the trigeminal ganglion cells enter 

the CNS on E12 and E l3 at the level of the brainstem where they bifurcate into 

ascending and descending branches of the central trigeminal tract. At E14, these 

axons emit radial collaterals at right angles to the pial surface, to invade all of the 

newly formed brainstem trigeminal nuclei at roughly the same time. Radial 

collaterals also emit branches to form axon arbors, and although the arbors have not 

yet segregated into the disjunctive patches (barrelettes), they are focalised, at least 

with respect to the dorsonventral axis of the face (Erzurumlu and Jhaveri, 1992).

Finally, afferent-target interactions take place in the perinatal period which 

lead to formation of whisker-related patterns.

Evidence for peripheral to central sequence in the development of the 

trigeminal pathway was also drawn from experiments, which analysed the critical 

period plasticity of the patterned projections at different stations along the pathway.

39



This was done by ablating whisker follicles at different postnatal ages, followed by 

looking for alterations in the whisker-related patterns along the pathway in the adult 

animal. Thus, in the mouse follicle damage up to postnatal day 3 alters whisker- 

related cytoarchitecture in the ventrobasal thalamus (Woolsey et al., 1979) and up to 

day 5 in the somatosensory cortex (Woolsey and Wann, 1976). For instance, ablating 

the whisker-follicles of one row causes two major alterations in the thalamus and the 

cortex, namely (1) fusion of the whisker-representations of that row to a more or less 

narrow band and (2) ‘compensating’ increase of the adjacent whisker- 

representations. In the brainstem no changes in size are seen, indicating that the 

critical period ends before birth. Instead, zones corresponding to the damaged 

whiskers are shrunken and pale, regardless of the animal’s age at follicle-damage, 

probably reflecting the degeneration of the primary sensory afferents in response to 

follicle damage (Durham and Woolsey, 1984)

1.3.3.3 Pharmacological blockade of NMDA receptors

Two studies have investigated the effect of pharmacological blockade of NMDA 

receptors on the trigeminal system (Fox et al., 1996; Schlaggar et al., 1993). The first 

study found that chronic treatment with the NMDA receptor antagonist APV in the 

somatosensory cortex did not prevent the emergence of a normal barrel pattern 

(Schlaggar et al., 1993). However, when attemping to prevent the cortical 

rearrangements that result from damage to a row of whiskers, it was found that the 

chronic blockade of NMDA receptors by APV substantially reduced the shrinkage of 

the deprived barrels. Thus, these experiments suggested a partial role of the NMDA 

receptor activity in the plastic events underlying the formation of the somatotopic 

patterns as assessed by histochemical stains. Using electrophysiological techniques, a 

follow-up study investigated whether in the APV-exposed cortex the 1:1 relationship 

between input and functional unit (i.e. between whisker and barrel) was altered (Fox 

et al., 1996). The study found APV-treatment does indeed alter the connectivity in 

the barrel field, i.e. barrel cells responded over a wider distance than normal. Taken 

together these results suggested a partial role of the NMDA receptor in the formation 

of a functional somatototpic map.

Problems affecting pharmacological studies are that receptor blockade is 

likely to be incomplete and that for practical reasons it is limited to the postnatal
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period, a point in time when the system studied is already partially developed. Thus, 

the full picture might not be seen. This is not the case with genetic manipulations.

1.3.3.4 NMDA receptor mutant mice with impaired trigeminal patterning

Knockout mice of five NMDA receptor genes have been described. Of these, NRl 

and NR2B knockout mice show impairment of trigeminal patterning (Kutsuwada et 

al., 1996; Li et al., 1994). NRl knockout mice lack functional NMDA receptors and 

die within hours after birth, probably due to respiratory failure and defective suckling 

response (Forrest et al., 1994; Li et al., 1994; Poon et al., 2000). It was found that in 

these mice synaptic transmission expectedly lacked the NMDA-receptor dependent 

component, but was otherwise not changed. However, CO-staining did not reveal 

any whisker-related row or patch formation in NRl knockout mice (Li et al., 1994). 

Life-prolonging measures were taken to rule out the possibility that developmental 

retardation was the cause for homogenous staining of the trigeminal nucleus 

although these mice did not differ otherwise (e.g. in weight and in gross 

neuroanatomy) from wildtype littermates. Pharmacologically delaying the birth of 

NRl knockout mice together with respiratory stimulation of newborn pups allowed 

analysis of the whisker-related patterning in these pups at an age equivalent to 

postnatal day 2 (P2) but no whisker-related patterning emerged in these older pups 

either. Furthermore, it was shown that pathfinding, initial targeting and crude 

topographic projection of trigeminal axons in the brainstem of NRl knockout mice 

are unaffected.

A limitation of the knockout approach is the possibility that the knockout 

affects normal development of the nervous system. Hence, attempts were taken to 

rescue the lethal phenotype by introducing the NRl transgene. This resulted in two 

viable mouse lines with low and high ectopic expression of N Rl, respectively 

(Iwasato et al., 1997). In NRl knockout mice with high NRl transgene expression 

somatotopic patterning is normal at all stations of the pathways. In contrast, in NRl 

knockout mice with low NRl transgene expression (i.e in the brainstem, 

diencephalon and cortex) the whisker-related patterning was almost completely 

absent along the trigeminal pathway whereas the adjacent forepaw-related patterning 

was present along the dorsal column pathway. Detailed analysis of NRl mRNA 

expression in the brainstem revealed extremely low NRl levels in nVp of mice with
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low transgene expression, while nVi and Cu showed relatively high levels of NRl, In 

line with these differential NRl mRNA expression levels, mice with low transgene 

expression did not show whisker-related patterning in nVp even at 4 weeks of age 

and showed a rudimentary barrelette pattern in nVi. Thus, it can be concluded that 

lack of NRl subunit does not merely delay whisker-related patterning but that a 

sufficient level of NRl (transgene) is required for pattern formation in the brainstem.

Cortex-restricted disruption of the NRl gene was also achieved (Iwasato et 

al., 2000). In these mice, deletion of the NRl gene was restricted to the cortex by use 

of the Cxdlox P recombination system. The Cre gene was inserted into the EMX-1 

locus, a homeobox gene, which is expressed from embryonic stages on to adulthood 

in the dorsal telencephalon. EMX-Cre mice were mated with floxed NRl mice to 

exclusively delete the NRl gene in the cortex. Whisker-related neuronal pattern 

formation in the barrel cortex of these mice was shown to be impaired without 

affecting pattern formation in the thalamus and brainstem. More specifically, in these 

mice, which do not show general deficits in cortical development (layers, 

thalaniocortical projections), thalamocortical afferents do form whisker-related 

patterns and display critical period plasticity, as revealed by Dil-staining and CO- 

staining. But the CO-patches are less distinct than in wildtype mice, and the barrels 

can not be seen by Nissl staining. As cortical cell migration is not impaired in NRl 

knockout mice (Messersmith et al., 1997), it must be concluded that NMDA 

receptors are crucial for the construction of barrels, possibly involving cell 

displacement around axonal and dendritic clusters and synaptic plasticity.

Another strategy, namely of altering NMDA receptor function was taken with 

the NR2 subunit knockouts. From embryonic stages to after birth the NR2 subunit 

variants, which are predominantly expressed in the brainstem, are NR2B and NR2D. 

NR2B knockout mice have a lethal phenotype due to a defect in suckling response 

but survive for a few days when fed through a tube passed into the stomach 

(Kutsuwada et al., 1996). Interestingly, gene targeted mice, in which ‘only’ the 

carboxy-terminal region of the NR2B subunit is deleted (NR2BdC), also fail to 

develop whisker-related patterns, possibly due to disturbed synaptic localisation of 

functional NMDA receptor channels in these mice (Mori et al., 1998). Despite the 

expression of the NR2D subunit in the brainstem, formation of whisker-related 

patterns in NR2B and NR2BdC mice is impaired. Indeed, NR2D knockout mice live
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to adulthood and have normal whisker-related somatotopic patterns (Ikeda et al., 

1995). Given the reduced -block and very slow channel kinetics of NR1/NR2D 

receptors as compared to NR1/NR2B receptors, it seems that the NR1/NR2D 

receptors cannot compensate for the lack of the NR2B subunit. Thus, it can be 

concluded that NR2B subunit containing NMDA receptors are crucial for 

developmental plasticity.

In summary, studies on NMDA receptor knockout mice have demonstrated a 

role for the NMDA receptor in the brainstem and in the cortex. In the brainstem, 

trigeminal afferents fail to form whisker-related patterns in mice lacking NRl or 

NR2B subunit and stained postsynaptic neurons are distributed evenly throughout the 

trigeminal crossection. In the cortex of mice with cortex-restricted NRl deletion, 

thalamocortical afferents form a less distinct whisker-related pattern and 

postsynaptic neurons fail to assemble the barrel structure.

A qualitatively different strategy for addressing NMDA receptor dependent 

synaptic plasticity in the developing somatosensory system and beyond would be to 

generate a mouse model in which the NMDA receptor remains intact but has had its 

subunit structure engineered to eliminate Ca^^-permeability. The N598R point 

mutation in the NRl subunit offers this possibility as it abolishes Mg^^-block and 

Ca^^-permeability in recombinant expression systems (Bumashev et al., 1992; Mori 

et al., 1992; Sakurada et al., 1993). Such a mouse should allow us to investigate how 

important coincidence detection by NMDA receptors really is for synaptic plasticity.

Introduction of a point mutation into an endogenous allele can be achieved by 

similar means as for generating a knockout, namely by gene targeting.

1.4 Gene targeting

When a fragment of genomic DNA is introduced into a cell it can locate and 

recombine with endogenous homologous sequences. This type of homologous 

recombination is known as gene targeting. Thus, gene targeting can be used as a 

strategy for manipulating endogenous genes. To this end, a genomic DNA fragment 

covering the chosen gene is subcloned and modified, e.g. a central sequence stretch 

is deleted or/and additional (foreign) DNA sequences, such as a selection marker
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cassette is inserted. Such a modified genomic DNA fragment can recombine as a 

targeting vector with endogenous sequences, provided that the DNA deletion or 

DNA insertion is flanked by arms which are 100% or close to 100% identical to the 

endogenous sequence. These ‘homologous arms’ of flanking DNA can direct 

recombination with the matching endogenous DNA. The result is site specific 

deletion or/and addition of (foreign) DNA, respectively, at the target locus.

Gene targeted mice differ from transgenic mice in that the latter are generated 

by random integration of additional whole genes into the genome.

The genetic manipulation of the mouse genome through gene targeting has 

become possible due to the development of culture techniques for embryonic stem 

cells (ES-cells). ES-cells are pluripotent cells derived from inner cell mass cells of 

mouse blastocysts (Evans and Kaufman, 1981; Martin, 1981). Their genome can be 

manipulated in vitro by gene targeting (Capecchi, 1989). ES cells can remain 

undifferentiated under suitable tissue culture conditions (Evans and Kaufman, 1981; 

Martin, 1981). They behave like normal embryonic cells if they are returned to the 

embryonic environment through injection into a host blastocyst or through 

aggregation with a blastomere stage embryo. An embryo manipulated in such a way 

can be introduced into a surrogate ‘foster’ mother mouse. The resulting offspring 

will be derived from four instead of two parents whereby a given tissue will originate 

either from the one or the other parent pair. Such offspring is called chimeric. ES- 

cells have the potential to differentiate into all tissue types including germline tissue. 

Thus the genetic modification is transmittable to the offspring of the chimeras 

(Bradley et al., 1984).

The most common application of gene targeting is the generation of a null 

allele, often termed ‘knockout’. Gene knockout is a targeted gene deletion mediated 

by homologous recombination. The resulting loss of gene activity is complete and 

irreversible.

The other application of gene targeting is the generation of genetically 

engineered mouse mutants by homologous recombination, so-called ‘knock-in’ mice. 

This method is suitable for analysing the effects of an altered gene (Bronson and 

Smithies, 1994).
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1.5 The N R l N598R mouse model

As detailed in section 1.1.4.3, the N598R point mutation within the channel-lining 

M2 region of the N R l subunit of the NMDA receptor abolishes Mg^""-block and 

Ca^^-permeability of the NMDA receptor in heterologous expression systems 

(Bumashev et al., 1992; Mori et al., 1992; Sakurada et al., 1993). It can be assumed 

that N R l N598R mutant NMDA receptors cannot serve as coincidence detectors in 

vivo. Hence, an N Rl N598R mouse model could serve to elucidate the role of the 

NMDA receptor as a coincidence detector in vivo.

Using gene targeting in ES-cells an N R l N598R knock-in mouse model has 

been established previously in this group by M atthias Kneussel (Figure 1-7) 

(Kneussel, 1997).
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Figu re  1 - 7  The allele (top) and the NR1^ allele (bottom). The mutation of
asparagine 598 to arginine (N598R) is located within exon 15. The neo gen e ,  flanked by lax 
P sites, is inserted in intron 18. Presence of a polyadenylation signal (poly A) within the neo  
g en e  leads to truncation of the modified NRl transcript. The neo ca s se t te  can be excised by 
Cre recombinase yielding full length NRl ^-transcript.

The knock-in is characterised by the N598R amino acid codon replacement 

as well as by the addition of a neo gene that is flanked by two lox P sites in the same 

orientation (floxed). This allele is called N R 1^^\ see Figure 1-7 top). In total, 5 base 

pair positions are mutated in the coding sequence of the N Rl gene. At position 598
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of the peptide sequence the Arginine codon CGG replaces the Asparagine codon 

A AC, the Leucine codon CTG replaces the adjacent upstream Leucine codon CTC, 

and the Serine codon TCC replaces the adjacent downstream Serine codon TCT. 

These basepair changes allow identification of the point mutation by in situ 

hybridisation with oligonucleotide probes and by RT-PCR. No protein-tag was added 

to the mutant NRl sequence.

1.5.1 Cre recombinase can activate the NRl N598R mutation

The C idlox  P recombination system originates from the bacteriophage PL Cre- 

recombinase catalyses recombination between two of its recognition sites, lox P. One 

lox P site is a 34 bp long sequence, which consists of two 13 bp long inverted repeats 

separated by an 8 bp long spacer region (Hoess et al., 1982). Cre will excise any 

DNA sequence of choice that is flanked (floxed) by two of its recogintion sites, lox 

P, in the same orientation. This has been shown to work in yeast (Sauer, 1987), 

mammalian cell lines (Sauer and Henderson, 1988) and in mice (Orban et al., 1992; 

Schwenk et al., 1995; Tsien et al., 1996a).

In the the floxed  neo gene resides within intron 18 of the

mutated NRl allele. Due to a polyadenylation signal (poly A) at the end of the neo 

gene, the primary transcript can become truncated in front of exon 19, representing 

loss of full length NRl-RNA (Figure 1-7 A). Consistent with this design, mice 

homozygous for the R-neo mutation, behave like NRl knockout mice,

NRl'^', and die within hours after birth, whereas mice heterozygous for the R-neo 

mutation, NR1^®°̂ ' ‘̂, are viable. This means that the engineered mouse carries the 

mutation in an inactive state. However, the mutated allele can be activated by Cre- 

mediated excision of the floxed neo gene (Figure 1-7 B). Cre-mediated excision of 

the floxed neo gene from the targeted endogenous NRl allele was initially 

demonstrated in ES-cell clones (Kneussel, 1997).
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1.6 The aim of the project is twofold

The aim of the project is twofold. The first part of the project is concerned with 

global activation of the N598R point mutation in the NRl subunit of the NMDA 

receptor and is of analytical nature, whereas the second part is concerned with 

regionally restricted activation and consists primarily in genetic engineering.

1.6.1 Global activation

Global activation of the NRl N598R mutation is achieved by mating NRl̂ ®®̂ "̂  mice 

with the Cre ‘Deleter’-mice, which carry an X-chromosomally linked Cre-transgene 

and are expressing Cre-recombinase globally (Schwenk et al., 1995). We have found 

that global activation of the NRl N598R mutation is dominant negative lethal. By 

employing the NRl knockout allele in addition, it is possible to generate mice with 

five different NRl genotypes. I have investigated the effect of altered NMDA 

receptor function in the developing somatosensory system of the mouse, which is a 

suitable model for the study of developmental synaptic plasticity. I find that the 

N598R mutation in the NRl subunit affects the formation of whisker-related patterns 

(barrelettes) in the brainstem of newborn pups.

1.6.2 Regionally restricted activation

The aim of this line of the project is to generate a mouse model with restricted 

expression of Cre in order to become able to investigate the effect of altered NMDA 

receptor function in subregions of the brain. The dominant negative effect of the 

NRl N598R mutation implies that the mutation must not be activated in regions of 

the brain that are essential for the viability of the mice.

1.6.2.1 Gene targeting strategy

I attempt to couple the expression of Cre, fused with EGFP (EGFP-Cre), to the 

expression of the endogenous gene for the kainate receptor subunit KAl (Figure 

1-8). The KAl gene was chosen, because it is expressed to a very limited extent in
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the brain. More specifically, it is predominantly expressed in CA3 pyramidal cells of 

the hippocampus, and to some extent in dentate gyrus granule cells (Werner et al., 

1991), regions of interest for the study of synaptic plasticity as well as learning and 

memory. In the targeted locus, the EGFP-Cre coding sequence is inserted into the 3 ’ 

untranslated region (3’UTR) of the K A l gene, fusing its transcription with the one of 

KAl .  The resulting mRNA is bicistronic. Translation of EGFP-Cre is initiated at an 

internal ribosome entry site (1RES) which allows initiation of translation independent 

from a 5 '-cap structure (Mountford et ah, 1994; Mountford and Smith, 1995).

A
ribosome

V
capyW

KA1-mRNA  ̂
( m i )

STOP

3’UTR
lAAAAAAAAAA

B

iribosome
STOP t

KA1/Cre 
-mRNA ( kaT)

i

Figure 1 -8  The g e n e  targeting strategy. (A) Translation of the wildtype KAI-mRNA is 
initiated at the 5 ’-cap and terminates at the stop codon. (B) Translation of a modified, 
bicistronic KA1/ EGFP-Cre mRNA. Translation of EGFP-Cre is initiated by an Internal 
Ribosom e Entry Site (1RES). The targeting e lem en ts  are inserted into the 3' untranslated 
region (3’UTR) of the endogenous KA1-gene using homologous recombination in ES-cells.

A relatively new technical aspect of the strategy is that the targeting vector 

for modification of the K Al-gene in ES-cells is assembled using a combination of 

conventional cloning in bacteria and cloning by homologous recombination in yeast 

(Figure 1-9). Therefore, the targeting vector contains genes for selection in ES-cells 

and in yeast. In addition, the selection markers are flanked by frt-sites and hence can
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be removed using the Flp/frt recombination system (Dymecki, 1996; Rodriguez et 

al., 2000).

Once the selection cassette is removed by Flp-recombinase, the control of the 

expression of the engineered K A l-Cre fusion transcript should be the same as of the 

wild-type KAl gene, i.e. expression should be restricted to KAl-expressing tissues. 

After analysis of the expression patterns of Cre and K A l, this mouse will eventually 

be crossed with the mouse to activate the dominant negative mutation in a

KAl-tissue-specific manner.

STOP
Targeting site

K A l-gene on YAC
polyA-signal

— U — — #

his31RES EGFR-C neo

frt frt

B
STOP

polyA-signal

his31RES neo

cenf1 (+)ori Ieu2

Figure 1 -9  Strategy for cloning of the ES-cell targeting vector. (A) Insertion of the targeting 
c a sse t te  into the KA1-3’UTR in a KA1-YAC: In E.coli the targeting e lem en ts  are cloned - 
internal ribosome entry site (1RES) followed by an EGFP-Cre translation unit, followed by 
selection markers neo, for positive selection in ES-cells, and his3, for selection in yeast. The 
selection markers are flanked by frt-sites (frt, Flp recognition target) and can be removed by 
Flp-recombinase. A targeting c a s se t te  is isolated from the cloning vector a s  a casse t te  
consisting of the targeting elem ents flanked by KA1-homology arms for integration into the 
K A l-3 ’UTR by double crossover in yeast.  (B) The final ES-cell targeting construct is 
obtained from the YAC as  a shuttle vector using a yeast  episomal vector. This vector also  
carries the HSV thymidine kinase gen e  (HSVtk) for negative selection in ES-cells.
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2 Materials and Methods

2.1 E. coli bacterial strains

DH5a: (Clontech): deoR, endAl, gyrA96, hsd R17(r,,' m^), recAl, relAl, supE44, 

thi-1, A(lacZYA-argFV169), ((>800lacZAM15, F , Ô

XLlOGold (Stratagene): TetR A (mcrA)183 A (mcrCB-hsdSMR-mrr)173 endAl 

supE44 thi-1 recAl gyrA96 relAl lac Hte [F’ proAB lacV^ZDMlS YnlO 

(TetR) Amy CamR]

2.2 S. cerevisiae yeast strains

J57D (Haldi et al., 1996): MAT a, leu2-3,-112, ura3-52, trpl, his3-2,-15, ade2, canl

YPH925 (gift from A. Roopra, LMP) (Spencer et al., 1993): MAT a, ura3-52, lys2- 

801, ade2-101, his3 A200, trpl A63, leu2 A l, cyh2, karl A15

2.3 Mice

Mice were kept at the Biological Services Unit, UCL, and regulated procedures on 

mice were carried out according to the Animal Scientific Procedures Act 1986 and 

under licence of the Home Office.

Wildtype mice were purchased from Harlan UK. C57B1/6J inbred mice were 

used for backcrossing and test breeding. ICR and NMRI outbred mouse strains were 

used for test breeding.
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The following mutant mouse lines were used in this study:

1. Mice carrying the NRl N598R mutation as a silent allele were maintained 

as heterozygotes, NRT^^®°, and backcrossed with C57B1/6J to at least F6- 

generation. This mouse model had been established by Matthias Kneussel 

(Kneussel, 1997).

2. Mice carrying a NRl knockout allele were maintained as heterozygotes, 

NRl^^', and backcrossed with C57B1/6J to at least F6-generation. This 

mouse model had been produced by Mohammed Nassar (Nassar, 1998).

3. ‘Deleter’-Mice carrying an X-chromosomally linked transgene for the 

recombinase Cre from bacteriophage P I, were maintained as 

homozygotes, Cre'̂ '̂̂ , and heterozygotes, Cre"̂ '̂ (Schwenk et al., 1995), and 

were backcrossed with C57B1/6J to at least F6-generation.

2.4 Cell lines

Human Embryonic Kidney cells (HEK 293 TSA201) were obtained from Dr. Neil 

Millar, University College London.

ES-cells (Ref.: TG-ESOl-02 Eurogentec, Belgium) are derived from the 

C57/Bl/6NtacfBr mouse strain (Taconic, USA).

2.5 Mouse Genomic library

The WI/MIT mouse Yeast Artificial Chromosome (YAC) library was used (Haldi et 

al., 1996). This library is constructed from genomic DNA of the C57BL/6J mouse 

strain using vectors pRML-1 and pRML-2 as YAC arms (Spencer et al., 1993) and 

provides 10-fold coverage of the genome with an average insert size of 820 kb. 

YACs are maintained in the J57D yeast strain and are selected for by growth in 

medium lacking tryptophane and uracil. This library was provided by the UK HGMP 

Resource Centre.
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2.6 Antibodies

monoclonal antibodies
name species note specificity reference
anti a-tubulin mouse IgGl ch, r, m, h, b Sigma T-9026

polyclonal antibodies
name species note specificity reference
anti NRl rabbit affinity- rat aa 918-938, Sigma G-8913

purified same in m and h
anti NR2B rabbit affinity- rat aa 439-453, (Herkert et al..

purified 1998)
anti NR2D rabbit “semm 23” rat aa 1046-1062 M. Herkert and

C.M. Becker, Uni
Erlangen, Germany

conjugated antibodies
name species note specificity reference
anti rabbit goat affinity- Fc Jackson 111-035-
HR? purified 003
anti mouse goat affinity- Fc Jackson 115-035-
HR? . purified 003

2.7 Biochemicals

General laboratory chemicals were purchased from BDH/Merck, Sigma and from 

GIBCO/BRL.

Agaroses were from FMC® Bioproducts.

2.8 Drugs

Ampicillin

Kanamycin

Pentobarbitone

Tetracycline

(Sigma)

(Sigma)

(SagataF^, Merial) 

(Sigma)
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2.9 Radioisotopes

Radioisotopes were purchased from Amersham Pharmacia Biotech. 

(a^^P)-dATP specific activity: 37 TBq/mmol (1000 Ci/mmol),

concentration: 370 MBq/ml (10 mCi/ml) 

(y32p)_ATP specific activity: 37 TBq/mmol (1000 Ci/mmol),

concentration: 370 MBq/ml (10 mCi/ml)

2.10 Oligonucleotides

Oligonucleotides were synthesised in house using an ABI 392 DNA/RNA 

Synthesizer (Applied Biosystems) or were ordered from SIGMA/Genosys. Primers 

used for cloning and diagnostic purposes are listed. Lower case letters in the DNA 

sequences denote overhangs (for cloning) and mismatch bases.

AD ApaLI-SacI TGCAAGCT 

AD Xbal-SacI CTAGAGCT

Cre-PCRl-s gcgtccggactgcagATGTCCAATTTACTGACCGTAC 

Cre-PCR2-a gcggtaccgcgggtcgactcaCTAATCGCCATCTTCCAGCAGG 

Cre-Seql-s AGATGTTCGCGATTATCTTCTA

D1 lMit236-Seql-s TGCCACTTCTTTAATACATGCG 

D1 lMit236-Seq2-a AATTTCCTTCTACTCCTCTCTGAGC 

D16Mit5-Seql-s CGGGGATCATCCCTAAAAAC 

D16Mit5-Seq2-a TCCCCAATTCCTCTTGTGTC 

D 17Mit 16-Seq 1 -s CC AGA AG AC AGC ATTCC AC A 

D 17Mit 16-Seq2-a GTATGTCAGGGCTAGTTGACAGG 

DlMit308-Seql-s GAGGCTATGAGTCAAATGGACC 

DlMit308-Seq2-a TTTATGAGGTGCTGAGATGCA 

D3Mit49-Seql-s CTTTTCTCGCCCCACTTTC 

D3Mit49-Seq2-a TCCTTTTAGTTTTTGATCCTCTGG 

D5Mit79-Seq 1 -s ATGCTAAAAAAAAGGCTAAGTTC A 

D5Mit79-Seq2-a CAGTAAATAGCAGGTGTTCATGG 

D6Mitl02-Seql-s CCATGTGGATATCTTCCCTTG 

D6Mitl02-Seq2-a GTATACCCAGTTGTAAATCTTGTGTG 

D9Mitl 8-Seql -s TCACTGTAGCCCAGAGCAGT 

D9Mitl 8-Seq2-a CCTGTTGTCAAC ACCTGATG 

eERES-Seql-a GCACACCGGCCTTATTCCAAGC
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FLP-PCR3-S

FLP-PCR4-a

FLP-PCR5-S

FLP-PCR6-a

FLP-Seql-s

FLP-Seq2-a

FRT-Nl-s

FRT-N2-a

mKAl-PCRlO.l

mKAl-PCRlO-s

mKAl-PCRll.l

mKAl-PCRll-a

mKAl-PCR12-s

mKAl-PCR13-a

mKAl-PCR18-s

mKAl-PCR19-a

mKAl-PCR20-s

mKAl-PCR21-a

mKAl-PCR6-s

mKAl-PCR7-a

mKAl-Seq27-a

mKAl-Seq30-a

mKAl-Seq31-s

mKAl-Seq5-s

mNRl-Seql03-s

mNRl-SeqlO-a

myc-Nl-s

myc-N2-a

Neo-Seq3-a

Neo-Seq4-s

PL-N39-S

PL-N40-a

PL-N42-a

PL-N43-S

PL-N44-a

PL-N45-S

rKAl-SeqIO-a

rKAl-Seqll-s

rKAl-Seql2-a

rKAl-Seql8-a

gcttcgaattcaTTTGGTATATTATGTAAAACACC

TGCTTAcGcgtTATTATAGCTCATGAATGTGGCTC

TACCAggatccAAAGATAACTTAGTCAGATCGTAC

tgaattcgaagcGAAGTAGTGATCAGGTATTGCTG

AGTTAGCGTGTTTGAATACTGCAAG

GATATTGGATCATATGCATAGTACC

ctagcGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCg 

ctagcGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTCg 

■s CAGTgagctcTTGACTCCATAGGCTCAGTGTTCCG 

ACAAGctCgagAACAGCAGCGAGCCCGAGTAGTGGC 

a GACTctcgagATACCGACTGGCATGCCAATCCCAT 

ACGTGGaattcGTGTCTCATCTCGGATAGGCCGTTC 

AGATGgGAtcCTGCACCCACGTGGCAGAAACGCTG 

TTTTTaTCgatTAAGAACTAGACCCAGGGTACAATG 

TATGCaagcttTCGACAGCTGTGTTTGAAGGrrCA 

tgcgttaactatggatccagcAGCACTGCTATATCCCATGATTCTC 

gctggatccatagttaacgcaTCTGGAAGCTGAGGCTTCCTATGAG 

agtctctagaAGTGAAGTTGTTGACCACCCGGTTC 

GCTTCactagtAGTCTACCATGAATGAGTACTACCGG 

TactagtGAAGCATCTCCAGGCGGTTGTTCTCCTGCA 

GAAACCCAGTGCACCTGCAACTC 

AAAGAGTATGCCCAAGGTCTGGC 

GTCTGGGAATGATAAGAAAGGTCTG 

GACGCTCAGCAATGGCAAGC 

GTCCATACTCAAGTGAGTCTGCCC 

CAGGGGCATTGCTGCGGGAGTC

ccggtATGGAGCAAAAGCTCATTTCTGAAGAGGACTTGAATGAActgca

gTTCATTCAAGTCCTCTTCAGAAATGAGCTTTTGCTCCATa

GAAGGCGATAGAAGGCGATGCGC

GCTGCATACGCTTGATCCGGCTACC

agcttATCGATTCCGGAAGTACTGTTAACcgc

gGTTAACAGTACTTCCGGAATCGATa

cACTAGTGCTAGCGTCGACg

ggccgcGTTAACAGTACTACGCGTc

tcgagACGCGTAGTACTGTTAACgc

aattcGTCGACGCTAGCACTAGTggtac

TTGGCACAGATGAGGCAGGCGGTGG

TCTCCTCTCTGGACCCCTTTTCTCC

TTAACCGAGCCACCAGGAAGAGGAC

ATCTCCAGGCGGTTGTTCTCCTGCA
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rKAl-Seql9-s AACTGCAACCTCACTCAGATTGGGG

rKAl -Seq21 -s ATGGACTCTCAGAC ACTC AG AAGC A

rKAl -Seq22-a CCACTACTCAGGCTCGCTGCTGTTG

rKAl -Seq25-s CAGGGTGTTGAATTCCAACTACGCC

rKAl -Seq26-a CCTTGGGAC ATTTTCCCCCTTCCC A

rKAl-Seq29-s CCCGGAGCGTTATGTCATGCCCAG

T3-Seq2-s CGCGCAATTAACCCTCACTAAAGGG

T7-Seq2-s GCGTAATACGACTCACTATAGGGCG

TK-Seql-s CATGGGGAATGGTTTATGGTTCGT

yADE2-Seql-a GTTAAAGATGTCAGTGTTATGTTGG

yfflS3-Seql-s AGCGTTAATATCACCAGCACACTGG

2.11 Vectors

plasmid source

pAMA Dr. Fred Sablitzky, UCL, London

pAAMA Dr. Fred Sablitzky, UCL, London

pl049-wt Dr. William Wisden, MRC-LMB, Cambridge

pACYC177 NEB

pACYC184 NEB

pBIuescript® n  SK (+/-) Stratagene

pBluescript® n  KS (+) Stratagene

pBK-CMV Stratagene

pEGFP-Cl Clontech

pGEM®-T Promega

pl2-neo^ Prof. Klaus Rajewski, University of Collogne, Germany

pMC-Cre Prof. Klaus Rajewski, University of Collogne, Germany

pRS303 Dr. Avtar Roopra, University of Leeds

pRS403, 404, 405, 406 Stratagene

pRS6007, pRS6008 Dr. Ralf Schoepfer

pGalileo Dr. Avtar Roopra, University of Leeds
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2.12 Restriction enzyme endonucleases

Restriction enzymes for site specific digestions of plasmid and genomic DNA were 

purchased from Roche Molecular Bioproducts and from New England Biolab (NEB) 

and used according to the supplier’s instructions.

2.13 Buffers and solutions

10 X PBS for 1.0 1: 87,75 g NaCl, 5.52 g NaH^PO, x H20, 22.72

g Na2HP04, pH 7.4

0.1 M PB for 1.0 1: 77.4 ml 1 M Na^HPO^, 22.6 ml 1 M NaH^PO^,

pH 7.4

Ix TE 20 mM Tris-HCl, 10 mM EDTA, pH 8.0

Ix TAE 40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, pH

8.3

Ix TBE 89 mM Tris HCl, 89 mM boric acid, 2 mM EDTA, pH

8.3

20 X SSPE for 1.0 1: 876.5 g NaCl, 138 g NaH^PO^ x  H20, 37 g

EDTA, adjust pH 7.4 with 10 M NaOH 

50 X Denhardt’s reagent for 1.0 1: 10 g Ficoll type 400, 10 g polyvinylpyrrolidine

MG 10,000, 10 g BSA (fraction V)

2 X Hybridisation solution 12 x SSPE, 10 x Denhardt’s reagent, 100 jitg/ml yeast

total RNA

2.14 Media

2.14.1 Media for bacterial culture

All media were autoclaved.
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TB-medium (Terrific Broth) (12 g/1 Bacto-tryptone, 24 g/1 Bacto-yeast 

extract), was used for standard plasmid amplification.

LB-medium (Luria-Bertani medium) (10 g/1 Bacto-tryptone, 5 g/1 Bacto-yeast 

extract, 10 g/1 NaCl) was used for standard plasmid amplification and large plasmids.

LB w/o NaCl (as LB, but without NaCl) was used for amplification of 

plasmids containing enhanced green fluorescent protein (EGFP) coding sequence.

SOC medium (20 g/1 Bacto-tryptone, 5 g/1 Bacto-yeast extract, 0.5 g/1 NaCl, 

20 mM Glucose) was used for recovery growth of electrotransformed bacteria:

For bacterial plates, LB-solution containing 1.2% Agar was prepared and 

autoclaved.

2.14.1.1 Antibiotic selection

Ampicillin, tetracycline and kanamycin were used for antibiotic selection. Ampicillin 

was used at 50 or 100-200 jttg/ml for low copy number plasmids (p i5A origin of 

replication from pACYC177) or high copy number plasmids (ColEI origin of 

replication from pUC19 and related) respectively. Tetracycline and kanamycin were 

used at a concentration of 10 -15 jLtg/ml.

2.14.2 Media for yeast culture

All media were autoclaved.

YPD, or YEPD (Yeast Extract Peptone Dextrose) (10 g/1 Bacto-yeast extract, 

20 g/1 Bacto-peptone, 2% (w/v) Glucose): rich medium for non-selective growth.

DOB (Drop Out Base) (5 g/1 Ammonium Sulfate, 1.7 g/1 Yeast Nitrogen Base 

w/o amino acids. Complete Supplement Mixture (GSM, BIO 101) as indicated on 

pack, 2% (w/v) Glucose): synthetic medium for selective growth. A given DOB 

medium will allow only growth of yeast cells which harbour a functional copy of all 

genes involved in the biosynthesis of the omitted component.

2.14.3 Medium for HEK cell culture

HEK cell culture medium was made from 435 ml Dulbecco’s Modified Eagle 

Medium (DMEM)-glutamax-1 (# 61965-026, Gibco/BRL), supplemented with 50 ml
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Foetal Calf Serum (Gibco BRL), 5 ml lOOx non-essential amino acids (Gibco BRL), 

5ml 100 mM sodium pyruvate (Gibco BRL) and 5 ml 10,000 U/ml 

Penicillin/Streptomycin solution (Gibco BRL).

2.15 Preparation of genomic DNA

2.15.1 Small-scale preparation of yeast-DNA

2 ml of rich medium culture or 8 ml of minimal medium culture were inoculated 

with a single colony and grown to early stationary phase. Cells were harvested by 

centrifugation at 6000 rpm for 3 min, and the supernatant was discarded. Cells were 

resuspended in 1 ml sterile water, transferred to a microfuge tube, vortexed and 

centrifuged as above. Cells were resuspended in 200 /xl protoplasting buffer (10 

/ll/ml 2-mercaptoethanol, 100 mM Tris-HCl, pH 7.5, 10 mM EDTA, pH 7.5, 200 

U/ml lyticase (stock solution 10 U//il in 50 % Glycerol, stored at -  20 °C)) by 

vortexing. Tubes were incubated at 37 °C for 1-2 hrs with occasional inversion of the 

tube to prevent sedimentation of the cells. Next, 0.2 ml lysis solution (0.2 M NaOH, 

1% SDS) were added, the mixture was incubated at 65 °C for 20 min and then 

chilled on ice. 0,2 ml 5 M potassium acetate were added and samples were mixed 

and incubated on ice for 15 min. Samples were centrifuged at 13,000 rpm for 3 min, 

supernatants were transferred to new tubes, and DNA was precipitated by adding 360 

jLtl Isopropanol. The mix was incubated at room temperature for 5 min prior to 

centriguation at 13,000 rpm for 30 sec. DNA pellets were washed with 500 fi\ 10% 

Ethanol for 5 min. DNA-pellets were air-dried and resuspended in 50 -  70 /xl TE.

2.15.2 Preparation of mouse genomic DNA from tail biopsies

Genomic DNA was prepared from 0.3 cm long mouse tail biopsies or, in the case of 

killed newborn mouse pups, from whole tail biopsies. Biopsies were transferred to 

microfuge tubes, 500 /xl tail lysis buffer (0.1 M Tris-HCl, pH 8.5, 5 mM EDTA, 0.2 

% SDS, 0.2M NaCl, 100 /xg/ml Proteinase K) was added and incubated at 55 °C o/n 

while slowly rotating. Lysates were vortexed for 15 sec and centrifuged at 15,000
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rpm for 5 min. Supernatants were decanted into new microfuge tubes and 500 fx\ 

were added. Tubes were shaken vigorously and centrifuged for 3 min at 15,000 rpm. 

DNA pellets were washed by adding 500 fi\ 10% ethanol followed by incubation at 

room temperature for 5 min. Ethanol was taken off and tubes were centrifuged to 

collect residual ethanol. Finally, ethanol was taken off completely and 50 - 200 fi\ 

TE were added. DNA was dissolved by incubation at 65 °C for at least 3 hrs, 

followed by vortexing for 15 sec and incubation at 4 °C o/n. If not dissolved 

completely, DNA was sheared by passing through a P I000 tip several times using a 

pipetman (Gilson).

2.15.3 Preparation of mouse genomic DNA from ES-cells

500 /tl-lysates were received from ES-cells grown to confluence in 48-well plates (1 

well / prep) (performed by Eurogentec, Belgium). ES-cell DNA was precipitated 

from lysates with isopropanol as described above for tail-DNA and resuspended in 

200 fil total volume.

2.16 Agarose gel electrophoresis

DNA-fragments were separated electrophoretic ally, using agarose gels submerged in 

running buffer and contained in electrophoresis tanks. Voltage was supplied by a 

Power Pac 300 power supply (Biorad). Different agaroses (FMC® Bioproducts) were 

used for various applications. DNA-samples were supplemented with 5 - 10% DNA 

loading buffer (15% (w/v) Ficoll (Sigma), 0.25% Xylencyanol FF (BDH/Merck), 

and - optionally - 0.25% Bromphenol Blue (BDH/Merck)).

Agarose solutions were prepared in Ix TAE, and gels were run in Ix TAE at 

maximally 4 V/cm. Genomic digests, however, were run o/n in Ix TBE and at 1 

V/cm.

Molecular size of DNA fragments was determined by running digests of 

bacteriophage X DNA (Pharmacia Biotech) and of pBS KS^ plasmid:

1. pBluescript II KS(+)-MspI digest for fragments between 100 bp and 720 bp

2. À-Styl digest for fragments between 0.4 kb to 7.7 kb
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3. À-ABS digest (1:1 mixture of À-ApaI/Bsu36I double digest and X-Smal 

digest) for fragments between 6.2 kb and 28 kb.

To visualise DNA bands, 3 /xl 10 mg/ml ethydium bromide was added to 100 ml 

agarose solution. In addition, 5 - 10 /xl ethydium bromide (10 mg/ml stock) were 

added to the buffer reservoir at the anode side of the tank. Gels were viewed under 

UV-light and images were documented as video prints using a gel documentation 

system (UVP).

2.17 Polymerase Chain Reaction (PGR)

specific DNA sequences were amplified by Polymerase Chain Reaction (PCR). 

Reactions were made in 25 /xl final volume and contained 10 pg to 10 ng plasmid 

DNA or lOng to 1/xg genomic DNA, Ix polymerase buffer (Taq-buffer or Pful- 

buffer respectively), 10 pmol each of sense and antisense primer, 10 nmol each of 

dNTPs, and 0.5 U Taq polymerase (and 0.5 U Taq-Extender, if required).

PCR-mixture and PCR-tubes with template DNA were prepared on ice. 

Negative PCR controls were carried out in the absence of template DNA.

PCRs were performed in a UNO-Thermoblock© thermocycler (Biometra) 

under the following conditions:

1) Initial dénaturation 95 °C, 5 min

2) Dénaturation 94 °C, 30 sec

3) Annealing 50-60 °C, 15-30 sec

4) Polymerase extension 72 °C, 30-180 sec (generally 1 min /I kb)

repeats of steps 2) through 4) 25 to 35 cycles.

5) Halt of reaction 10 °C

Some optimisation was performed to improve specificity and yield of PCR 

products, either by altering the annealing temperature and / or the duration of the 

extension. Alternatively, a Touch Down PCR protocol consisting of two consecutive 

cycling blocks was used. For the first block an initial high annealing temperature is
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chosen to lie above the estimated melting temperatures for the primers used 

(generally 6 8  °C) and is decreased gradually with every cycle (generally by 0.5 °C, 

30 cycles). A second block with fixed annealing temperature (52 °C) is used to 

further amplify the PCR product.

2.17.1 Yeast colony PCR

For screening of yeast colonies, a small amount of a yeast colony was picked with a 

sterile toothpick from a fresh yeast plate and resuspended in 25 fi\ PCR-mixture kept 

on ice,

2.17.2 RT-PCR

For performing RT-PCR, pre-mixed, pre-dispensed reaction mixes were used (Ready 

To Go RT-PCR-beads, Amersham Pharmacia Biotech, No. XY-073-00-03). Total 

RNA, prepared from whole brain using TRI reagent™ (Sigma), was used as template. 

Beads in PCR-tubes were dissolved on ice in up to 46 /d H 2 O (final reaction volume: 

50 /xl). 20 ng to 2 /xg of total RNA, 0.5 /xg oligo d(T)i2 .i8 first strand synthesis primer, 

as well as 1 0  pmol each of gene specific sense and anti sense primers were added. 

Final reactions contained 2U Taq polymerase, 10 mM Tris-HCl (pH 9.0 at room 

temperature), 50 mM KCl, 1.5mM MgCl2 , 200 /xM of each dNTP, Moloney Murine 

Leukemia Virus (M-MuLV) Reverse Transcriptase, RNAguard™ Ribonuclease 

Inhibitor (porcine) and stabilizers, including RNase/DNase-free BSA.

First strand synthesis was carried out at 42 °C for 30 min, followed by a PCR 

program as described above. Next, the double-stranded RNA: cDNA heteroduplex 

made during first strand synthesis is heat-denatured to allow the cDNA strand to be 

used as a template for polymerisation during the following PCR.

2.18 Pulsed Field Gel Electrophoresis (PFGE)

Yeast chromosomal DNA was separated by Pulsed Field Gel Electrophoresis (PFGE) 

using the Chef DR II system (BioRad).
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2.18.1 Preparation of high molecular weight yeast DNA

Intact chromosomal DNA from yeast was prepared in agarose plugs. Briefly, a 

single yeast colony was inoculated into 50 to 100 ml DOB or YPD and the culture 

was grown with agitation to an OD̂ oo of > 1.0 at 30 °C. Cells were centrifuged at 

5,000 g for 10 min at 4 °C and the supernatant was discarded. Cells were 

resuspended in 10 ml cold 50 mM EDTA, pH 8, and the cell concentration was 

determined using a hemocytometer. Cells were centrifuged again and resuspended in 

Cell Suspension Buffer (10 mM Tris, pH 7.2, 20 mM NaCl, 50 mM EDTA) to a final 

concentration of 6 xlOVml. 630 /xl of resuspended cells were added to 370 /xl 2% 

SeaKem® GTG® melted agarose solution in water, and 200 U Lyticase (Sigma) (10 

U//xl in 50% Glycerol) were added prior to mixing. The cell suspension was 

transferred into plug molds. SoUdified plugs of one yeast clone were transferred into 

one well of 6 well plates containing 2.5 ml lyticase solution (10 mM Tris, pH 7.2, 50 

mM EDTA, 200 U/ml lyticase) and incubated at 37 °C for 2 hrs. Next, plugs were 

rinsed in water and incubated o/n at 50 °C in 2.5 ml Proteinase K solution (100 mM 

EDTA, pH 8.0, 0.2% sodium deoxycholate, 1% sodium lauryl sarcosine, Img/ml 

Proteinase K (Roche Molecular Bioproducts)) in parafilm-sealed 6 well-plates. Plugs 

were then rinsed 4 times in 10 ml wash buffer (20 mM Tris, pH 8.0, 50 mM EDTA) 

for 1 hr. ImM PMSF was included during the second wash to inactivate Proteinase 

K. Finally, plugs were washed once in O.lx wash buffer and stored in O.lx wash 

buffer in sealed 6-well plates at 4 °C for up to 3 months.

2.18.2 PFGE of high molecular weight yeast DNA

Plugs were loaded on 1% SeaKem® Gold agarose gels made in 0.5x TBE. 

Electrophoresis was carried out with 60 seconds switch time at 120° switch angle for 

15 hrs, followed by a 90 seconds switch time at 120° switch angle for 6 to 9 hrs, at 6 

V/cm. After electrophoresis, gels were stained in water containing 20 /xg/ml 

ethydium bromide for 30 min and destained in water for 30 min.
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2.19 DNA sequencing and sequence analysis

2.19.1 Automated DNA sequencing

Plasmid-DNA and PCR-product-DNA was sequenced using an automated version of 

the dideoxy-method (ABI PRISM® BigDye™ Terminator Cycle Sequencing Kit), 

together with an Applied Biosystems 377 sequencer (ABI). 1/xl Maxiprep plasmid 

DNA (500 ng to 1 jLig) or 3 /xl mini-prep plasmid DNA were used.

Mini-prep DNA was further purified by PEG-precipitation prior to 

sequencing by mixing the 3 /xl mini-prep DNA with 5 /xl water, 2 /xl 4 M NaCl and 

10 /xl 13% PEG 6000 (BDH/Merck) in a total volume of 20 /xl. The mix was 

precipitated on ice for 15 min and then centrifuged at 4 °C at 15,800 g for 15 min. 

The supernatant was removed and the DNA pellet was washed with 70% Ethanol. 

The air-dried DNA was resuspended in 5 /xl water.

■ For sequencing PCR-products, bands were cut out from SeaKem® GTG® or 

NuSieve® GTG® agarose gels and extracted using JETS ORB® gel extraction kit 

(Genomed). The eluate was directly used for sequencing with the primers used for 

generating the PCR product and/or with internal primers. For each 100 to 200 bp, 

estimated amounts of 100 ng PCR product were used.

Sequencing reactions were prepared in a final volume of 10 /xl, containing 

water, DNA, 1 /xl sequencing primer of 18 bp to 25 bp length, and 4 /xl of a 1:3 to 3:1 

mixture of BigDye™ Terminator premix : 2.5x BigDye™ buffer (900 mM Tris, 5 

mM MgCl2 , pH adjusted to 9.0 at room temperature). Sequencing reactions were 

carried out in a UNO-Thermoblock© thermocycler (Biometra) using the following 

cycling conditions:

1) Initial dénaturation 96 °C, 2 min

2) Dénaturation 96 °C, 30 sec

3) Annealing 50 -55 °C, 15 sec

4) Polymearse extension 60 °C, 4 min

Repeat Cycles of 2) -  4) 27 x
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Sequencing reactions were precipitated with 1.5 jLtl 2 M NaAc (pH 4.5) and 25 /xl 

100% ethanol. The mixture was incubated on ice for 15 min and then centrifuged for 

15 min at 15,800 g at 4 °C. The pellet was carefully washed with 70% ethanol and 

air dried. Before loading, the pellet was resuspended in 4 /xl sequencing loading 

buffer (5:1 ratio of deionised formamide : 50 mM EDTA), denatured for 2 min at 96 

°C and then kept on ice until loading onto a sequencing gel.

Plasmid clones with a synthetic insert were sequenced along the entire length 

of the insert, and at least in one direction. Clones containing inserts prepared by 

restriction enzyme digestion of previously sequenced plasmids or commercially 

purchased plasmids, respectively, were partially sequenced to verify the cloning sites 

and their vicinity.

2.19.2 Sequence analysis

Primary Sequence analysis was done using Sequencher^*^ 3.1 software (Gene Codes 

Corporation Inc.).

BLAST (Basic Local Alignment Search Tool) was used for sequence 

similarity searching, e.g. to identify homologs to a query sequence.

ExIST was used to find introns and exons, based on genomic vs. 

cDNA/BLAST data.

Clustal was used to generate multiple sequence alignments and display these 

in graphic form.

BLAST, ExIST and Clustal were provided online by the HGMP MRC Resource 

Centre, UK.

2.20 Bacterial Cloning

Overview: a typical cloning procedure consisted of 5 steps:

1. generation of vector backbone fragment and of insert fragment.

2. Ligation of purified fragments.
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3. Transformation of electrocompetent E.coli DH5a, and selection of 

antibiotic-resistant colonies.

4. Preparation of plasmid DNA from bacterial cultures.

5. Analysis of plasmid DNA and amplification of positive clones

2.20.1 Plasmid DNA digestion

A typical restriction enzyme digest of plasmid DNA was made of the following 

components:

Plasmid DNA (2 fig) 2 fi\

HjO (5 jLtl) resp. 6 fi\

l O x  restriction enzyme buffer 1 jLtl

( l O x  BSA, if required) (1 jLtl)

restriction enzyme 1 ( lO U /jL tl)  0.5 jLtl

restriction enzyme 2 QOU/jLtD 0.5 jttl

to ta l 1 0  jLtl

Digestions were incubated for 1 hour at the temperature indicated for the 

restriction enzymes.

Preparative digestion reactions of plasmid DNA contained Ix restriction 

enzyme buffer, 1 to 5 jttg  plasmid DNA (backbone donor or insert donor 

respectively), and 5 to 20 U of restriction enzyme in a final volume of 10 to 50 1̂.

In certain cases, where restriction enzymes worked in incompatible buffers, 

digestions were carried out in separate reactions. Either the low salt buffer preferring 

enzyme was used in a first reaction, and was then heat-inactivated (if possible) and 

supplemented with more salt and the second enzyme, or, if buffers were of 

completely different compositions, two consecutive reactions were carried out, 

separated by heat inactivation (if possible) and an ethanol precipitation step.

DNA fragments were separated by gel electrophoresis in 0.8 - 1.0 % (w/v) 

SeaKem® GTG® agarose gels as described above. The indicated DNA band for 

cloning was excised from the gel and extracted using JETSORB ® gel extraction kit 

(Genomed). The isolated DNA fragment was eluted in water or Ix TE.
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2.20.2 Generation of synthetic DNA inserts by PCR (I) using 2 

primers

Synthetic DNA fragments were generated by PCR to introduce unique 

restriction enzymes sites flanking the target-DNA. Primers were designed to have a 

20 - 25 bp 3’ core with 100% identity to the target sequence and a 5’ appendix 

carrying the restriction enzyme site plus 3 to 5 bp at the end. PCR was done as 

described above, and the PCR product was analysed and purified by gel 

electrophoresis as described above using 0.8-1 % (w/v) SeaKem® GTG® agarose gels 

for resolution of DNA fragments larger than 500 bp and 2-3 % (w/v) NuSieve® 

GTG® agarose gels for resolution of DNA fragments smaller than 500 bp. PCR- 

bands of the expected size were cut out, the DNA was extracted using JETSORB® 

gel extraction kit (Genomed), and the purified DNA product was digested with the 

restriction enzyme(s) indicated for the cloning step. The digested DNA was either 

ethanol-precipitated or purified another time by gel electrophoresis and gel 

extraction.

2.20.3 Generation of synthetic DNA inserts by PCR (II) using 4 

primers

In some cases, two PCR products, A and B, were linked prior to preparative 

digestion using a PCR-based strategy. In a first step the two different PCR products 

were generated in separate reactions, with the antisense (respectively sense) primer 

of PCR A and the sense (respectively antisense) primer of PCR B having 

complementary appendices.

In a second PCR, the apendices of A and B serve to link A and B (respectively B and 

A) head to tail. To this end, 1:10 to 1:1000 dilutions of PCR products A and B, as 

well as the remaining non-complementary, outer, primers of A and B are combined 

to amplify the ‘bridged’ annealing products A and B.

This method was frequently used for gene targeting in yeast, where 

homologous arms A and B are cloned into a vector. The resulting targeting vector is 

linearised using a unique restriction enzyme site introduced between A and B.
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2.20.4 Other synthetic DNA inserts

Synthetic complementary oligonucleotides (Genosys) were used to generate dsDNA 

inserts of 20 to 60 bp in length with two identical or two different restriction enzyme 

overhangs, e.g. multiple cloning sites.

2.20.5 Creating blunt ends of DNA

T4 DNA polymerase (Roche Molecular Bioproducts) and Klenow fragment (Roche 

Molecular Bioproducts) were used to blunt end 3’ and 5' overhangs of DNA 

fragments, respectively. Typically, 1 -  2 U Klenow fragment or 5 U T4 polymerase, 

respectively, plus 5 /xmol of a dNTP mixture were added to a heat inactivated 

restriction enzyme digest of 2 fig plasmid DNA and incubated at room temperature 

or 12 °C, respectively. For mixed overhangs, T4 DNA polymerase and 5 /xmol 

dNTPs were added and the reaction was incubated at 37 °C for 20 min, followed by 

12 °C for 10 min.

2.20.6 Phosphorylation / Dephosphorylation

Bacteriophage T4 Polynucleotide Kinase (NEB) was used for phosphorylation of 5’ 

hydroxyl termini of polynucleotides. Typically, reactions were made of Ix T4 DNA 

ligase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl^, 10 mM DTT, 1 mM ATP, 25 

fig/nû BSA) containing 10 U T4 Polynucleotide Kinase and were incubated at 37 °C 

for 30 min. This method was applied for cloning synthetic oligo pairs with identical 

overhangs into a dephosporyrated, hnearised vector backbone.

In order to prevent re-ligation of the plasmid. Alkaline Phosphatase from Calf 

Intestine (CIP) (Promega) was used to remove 5’ phosphate groups from plasmid 

DNA, which had been digested with a single restriction enzyme. Digested plasmid 

DNA (1-5 fig) was diluted threefold in CIP buffer (50 mM NaCl, 10 mM Tris-HCl, 

10 mM MgCl2 , 1 mM DTT, pH 7.9) and incubated with 0.2 U CIP for 15 min at 37 

°C. The reaction was heat-inactivated by incubation at 75 °C for 15 min. This 

method was applied for cloning phosphorylated, synthetic oligo pairs with identical 

overhangs into a dephosphorylated, linearised vector backbone.
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2.20.7 Ligating DNA-fragments

Ligation reactions contained the appropriate amounts of purified backbone (e.g. 200 

ng) and insert DNA (ideally in threefold molecular excess of backbone DNA), as 

well as Ix T4 ligase buffer (66 mM Tris-HCl, 5 mM MgCl2 , 1 mM DTT, 1 mM 

ATP, pH 7.5 (20 °C)) and 5 U T4 ligase (Roche Molecular Bioproducts). The 

reaction was incubated at 14 °C o/n or at room temperature for several hours.

2.20.8 Preparation of electrocompetent E, coli DHScc

Bacteria were made competent for electroporation according to the method described 

(Dower et al., 1988). Briefly, a single E. coli DHScc colony was inoculated into 200 

ml freshly made LB medium and grown o/n for 14 hrs at 37 °C and 300 rpm 

shaking. Next, the preculture was diluted 1 : 15  with 37 °C warm LB medium to 500 

ml final volume in 2 1 Erlenmeyer flasks (usually a total of 6 x 500 ml culture were 

prepared), and cultures were grown further to an ODgoo of 0.5 to 1.0. Cultures were 

transferred to 450 ml Beckman centrifuge tubes for rotor JA-10 and chilled on ice. 

From this step onwards, only chilled materials were used and manipulations were 

done in the cold room. Cells were harvested by centrifuging at 4000 g at 4 °C for 15 

min. The supernatant was discarded and the pellet resuspended in 1 volume of water. 

Cells were centrifuged again and washed twice with 0.5 volumes water. Cells were 

then resuspended in 0.02 volumes sterile cold 10% Glycerol and pooled in one 

centrifuge tube. After a final spin, cells were resuspended in 0.002 to 0.003 volume 

sterile cold 10% Glycerol. Generally, 80 fii aliquots were prepared, snap-frozen in 

liquid nitrogen and stored at -80 °C until use, unless cells were used directly for 

transformations.

2.20.9 Transformation of electrocompetent E, coli D H 5a  and 

antibiotic selection

Transformations were done using aliquots of either freshly prepared cells or frozen 

stocks. The ligation reaction was desalted by osmosis in wells formed from solidified 

1 % SeaKem® GTG® agarose containing 100 mM Glucose according to a method 

described (Atrazhev and Elliott, 1996). The desalted ligation volume was transferred
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to a 1 mm BTX disposable electroporation cuvette (BTX Inc.) on ice. 40 ptl of 

electrocompetent E. coli DH5av/QiQ added and mixed with the ligation volume. 

Bacteria were transformed in a BTX electro-cell manipulator®-600 (BTX Inc.) with a 

resistance of 129 Ohms and a voltage of 1.5 kV. Immediately afterwards, 600 /xl of 

37 °C warm SOC medium was mixed in, and the resuspended cells were allowed to 

recover for 30-60 min at 37 °C shaking at 250 rpm. Cells were then spread on agar 

plates supplemented with the indicated antibiotic. Transformation plates were 

incubated o/n in a 37 °C incubator.

Transformation efficiencies of bacteria were determined by electroporating 

10 to 1000 pg of a frequently used cloning vector, such as pBluescript II SK (-) or 

pRS403. Usually, transformation efficiencies of electrocompetent E. coli DH5a 

ranged between 10  ̂to 10* colonies / /xg plasmid.

2.20.10 Small-scale preparation of plasmid DNA from bacterial 

cultures

Small-scale preparation (mini-prep) of plasmid DNA was based upon protocols for 

alkaline lysis of bacteria (Bimboim and Doly, 1979; Ish-Horowicz and Burke, 1981). 

Liquid cultures of 2 ml TB, 2 ml LB, or 4 ml LB w/o NaCl medium were inoculated 

with single colonies picked from transformation plates and grown o/n for 14 -  16 hrs 

at 37 °C shaking at 250 rpm. 1.5 ml of the cultures were centrifuged at 8,000 g in a 

benchtop centrifuge-5415C (Eppendorf) and the medium was aspirated. In the case 

of 4 ml cultures the process was repeated by adding another 1.5 ml culture to the first 

pellet. After harvesting the cells, the tubes were spun again for 5 sec, and residual 

medium was aspirated. Cells were resuspended in 150 /xl solution 1 (50mM glucose, 

25 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 8.0)) and then lysed on ice by adding 

300 /xl freshly prepared solution 11 (0.2 N NaOH, 1% SDS). The mixture was 

neutralized with 200 /xl solution 111 (3.38 M potassium acetate, 5.6 M glacial acetic 

acid) and incubated on ice for 5 min prior to cenrifugation for 5 min at 15,800 g. The 

supernatant was transferred to new tubes containing 3 -  6 /xl 10 mg/ml RNase A 

(Sigma) and the mixture was incubated at 37 °C for at least 20 min. Protein was 

removed by adding 400 /xl phenol : chloroform : isoamylalcohol (25:24:1) mix 

(Gibco-BRL, BDH/Merck). The mixture was vortexed for 15 sec and centrifuged at
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15,800 g for 2 min. The aqueous phase was transferred to a new tube, and nucleic 

acids were precipitated by adding 900 /xl 100 % Ethanol, followed by mixing and 

spinning at 15,800 g for 5 min. Salt was then washed off by adding 500 /xl 70% 

Ethanol to the pellet. The supernatant was removed after 1 - 5  min, and the DNA- 

pellet was air-dried and resuspended in 20 /xl TE in case of low copy number 

plasmids and 50 /xl TE in case of high copy number plasmids, respectively.

2.20.11 Analysis of plasmid DNA

Plasmid clones were analysed by restriction enzyme analysis. The strategy was based 

on gain and/or loss of one or more restriction enzyme sites in the new plasmid- 

construct as compared to the backbone donor plasmid and to the insert. Digests were 

prepared as described above. In addition, clones were sequenced using the method 

described above, especially when synthetic insert sequences were cloned.

2.20.12 Large-scale preparation and purifîcation of plasmid DNA

For preparation of large amounts of plasmid DNA, large scale o/n cultures were 

inoculated with 5 /xl mini-prep culture grown o/n, or with 1 ml of an over day mini- 

prep culture which had been started with a single colony picked from a fresh streak 

out. For high copy number plasmids, 40 ml TB culture or 100 ml LB culture were 

grown. For low copy number plasmids, 100 ml TB culture or 500 ml LB culture with 

or w/o NaCl were grown. All cultures were supplemented with antibiotica as 

described above. Cells were harvested by centrifugation at 6,000 g (JA-14 rotor, 

Beckman J2-M1 centrifuge). Invariantly, plasmid DNA was prepared by the alkaline 

lysis method as described for small-scale plasmid preparation.

In general, plasmid DNA was purified by passing the aqueous supernatant 

containing the plasmid DNA, RNA and protein over an anion-exchange column 

(Maxiprep kit, Quiagen). DNA was precipitated from eluates with 0.7 volumes 

Isopropanol. DNA pellets were drained well and resuspended in TE. Plasmid yields 

ranged between 200 /xg to 500 /xg for low copy number plasmids and 500 /xg to 1 mg 

for high copy number plasmids. Plasmid DNA purified in this way was used for most 

DNA work, including transfection of HEK293 cells.
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2.20.13 Purification of plasmid DNA by equilibrium centrifugation 

in CsCl-Ethidium Bromide density gradients

Alternatively to purification by ion-exchange chromatography, plasmid DNA was 

purified by equilibrium centrifugation in CsCl-Ethidium Bromide density gradients.

The 23 kb large ES-cell targeting vector YES-1 was purified in this way from a 

500 ml LB w/o NaCl culture. Alkaline lysis was done as described in the small-scale 

preparation protocol. 30 ml chilled solution I, 60 ml solution II and 45 ml solution m  

were used. The precipitate was separated from the plasmid containing aqueous phase 

by centrifugation at 8,000 rpm at 4 °C for 15 min (JA-14 rotor). The supernatant was 

filtered into a sterile 250 ml centrifuge tube through sterile wound medical cloth, and 

125 ml chilled 100 % Ethanol were added. The mixture was centrifuged at 8,000 rpm 

at 4 °C for 15 min, and the supernatant was discarded. The pellet was resuspended in 

7 ml water, transferred into a graded 15 ml screw cap tube, and the volume was 

adjusted to 9 ml. 9 g CsCl were added and dissolved completely. 300 /il ethidium 

bromide solution (10 mg/ml) were added to each of four 3.5 ml Beckman Quick- 

Seal™ tubes and the tubes were filled with DNA solution. Balanced tubes were 

sealed and centrifuged o/n at 80,000 rpm at 20 °C using a Beckman NVT 90 rotor. 

Plasmid bands were collected from the punctured tubes with a needle and a syringe 

and transferred to two new Quick-Seal™ tubes. Tubes were filled with CsCl : water 

(1:1) solution. Sealed tubes were centrifuged again o/n at 78,000 rpm at 20 °C. 

Plasmid bands were collected in a microfuge tube, and ethidium bromide was 

extracted with Isopropanol saturated with water and salt. Last, the DNA solution was 

dialysed against 2 1 TE o/n with one change of buffer.

Total YES-1 plasmid yield from a 500 ml LB w/o NaCl culture was 425 fig. In 

contrast, YES-1 DNA that had been purified in parallel by anion-exchange 

chromatography (Maxiprep kit, Quiagen), yielded about three times less DNA. More 

importantly, YES-1 DNA from a CsCl preparation could be linearised to 

completeness using the restriction enzyme Notl.
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2.21 Cloning in yeast by homologous recombination

Overview: A typical cloning procedure in yeast by homologous recombination 

consisted of 5 steps:

1. Generation of vector backbone fragment and -  dependent on application -  

of insert fragment.

2. Transformation of competent yeast cells and selection of transformant 

colonies.

3. Preparation of genomic DNA from yeast cultures.

4. Plasmid shuttling from yeast into E. coli through transformation of E. 

coli.

5. Analysis of plasmid DNA and amplification of positive clones.

Steps 1, 4 and 5 are principally identical to the bacterial cloning procedure. 

However, YCp-type Yeast-E. coli shuttle vectors are used, and inserts are not 

necessarily derived by plasmid digestion.

2.21.1 Yeast-E.coli shuttle vectors

Yeast integrative plasmids (Yip) and yeast centromere (CEN)-containing plasmids 

(YCp) derived from the pRS series (Sikorski and Hieter, 1989) were used for cloning 

in yeast.

2.21.1.1 Yip vectors were used for Targeted Rescue Cloning

Yip vectors contain a bacterial origin of replication as well as markers for antibiotic 

selection in E.coli and auxotrophic selection in yeast. Since such vectors carry no 

segregation signal, they are only maintained in yeast by integration into 

chromosomal DNA. A double stranded cut in DNA directs a crossing over event 

always into the chromosomal site homologous to the cut site. Thus, insertion of 

genomic sequence into a Yip shuttle vector can be used to integrate the vector into 

chromosomes or YACs. A unique restriction enzyme site between two arms of 

homology, cloned into a Yip vecor, generates recombinogenic free DNA-ends upon
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digestion (Orr-Weaver et al., 1983; Orr-Weaver et al., 1981). YIp vectors were used 

for Targeted Rescue Cloning described in section 2.21.4.

2.21.1.2 YCp vectors were used for plasmid cloning in yeast

YCp vectors were used for cloning of plasmids in yeast, e.g. the ES-cell targeting 

vector YES-1. In comparison to YIp vectors, YCp vectors contain in addition a yeast 

origin of replication (autonomously replicating sequence, ARS) and a yeast 

centromere (CEN). YCp vectors function as true chromosomes and segregate during 

mitosis and meiosis.

Derivatives of the pRS series were cloned, which feature the low copy 

number bacterial origin of replication, pl5A, from pACYC177 instead of the high 

copy number origin of replication, ColEl, and the tetracycline resistance gene 

instead of the ampicillin resistance gene. First, the 1.1 kb Nhel/Bsal fragment from 

pACYC containing the pl5A origin of replication was cloned into the 3.3 kb 

Bsal/partial PvuII fragment from pRS403 to create the low copy number plasmid 

pRSY403. pRSY403 carries the his3 yeast auxothrophic marker. Next, the 1.7 kb 

p AC Y C184-AlwNI/Styl (Klenow-blunt) fragment containing a part of pl5A ori and 

the Tetracycline-resistance gene was ligated with the pRSY403-AlwNI/AatII (T4- 

Pol-blunt) fragment to yield pRSY403tet. A YCp type vector was derived by cloning 

the 2.2 kb pRSY403-NsiI/BsaI fragment into the pRS313-BsaI/NsiI fragment 

containing the centromere CenARSH4 to yield pRSY413.

Further derivatives of the pRS series carrying other auxotrophic markers than 

his3 were made starting with pRSY403. For instance, pRSY405 carrying the yeast 

marker leu2 was cloned from pRSY403-PvuI/Pvul (backbone) and pRS405- 

Pvul/Pvul (insert). Next, pRSY415 was cloned from pRSY405-ApaLI/ApalLI 

(backbone) and pRSY413-ApaLI/ApaLI (CEN-ARSH4-insert).

For plasmid cloning in yeast, sequences homologous to the target insert are 

cloned into a YCp-type yeast-E.co// shuttle vector in bacteria, and the linearised 

construct is used to transform yeast.

The ES-cell targeting vector YES-1 was cloned in yeast from recombinant 

genomic YAC-DNA (YAC 448B7/T5) using pRSY415 fitted with the HSV-tk gene.
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2.21.2 Preparation of competent yeast cells for transformation with 

lithium acetate

One fresh colony of the desired yeast strain was inoculated into 5 ml selective or rich 

medium, respectively, and grown o/n at 30 °C for 20 - 24 hrs with agitation. Next, 

the culture was topped up with 30 ml fresh medium and grown to an OD̂ oo of 0.5. 

The cell number was determined using a 1:10 to 1:20 dilution in water and a 

hemocytometer. Cells were harvested by spinning at 3000 rpm at room temperature 

for 5 min. Medium was carefully taken off and cells were washed by resuspending in 

1 ml water followed by spinning a 10,000 rpm for 30 sec. The wash was repeated 

once and the cells were finally resuspended in 100 mM lithium acetate to a final 

density of 2 x 10  ̂cells/ml. Competent cells were immediately transformed or stored 

at 4 °C until use for up to 24 hrs.

2.21.3 Transformation of yeast cells (lithium acetate method)

The method was communicated by Avtar Roopra, University of Leeds. For each 

transformation, 50 /tl of resuspended competent yeast cells, prepared as described 

above, were transferred into a 0.5 ml PCR tube and incubated at 30 °C for 15 min. 

Cells were centrifuged at 10,000 rpm for 30 sec, and the supernatant was removed. 

240 /xl 50% PEG, 36 /xl 1 M lithium acetate, 15 /xl single stranded salmon sperm 

DNA (2 mg/ ml, boiled for 10 min, then chilled on ice) and 50 /xl of the transforming 

DNA solution (were added to each cell pellet. Cells were resuspended to 

completeness by vortexing and pipetting (PI000 tip, pipetman, Gilson). Next, cells 

were incubated at 30 °C for 30 min, followed by 42 °C for 30 min. Finally, cells 

were harvested by spinning at 10,000 rpm for 30 sec, and the supernatant was 

removed. Cells were resuspended in a total volume of 100 /xl water and 90% and 

10% of the volume, respectively, were plated onto two plates containing DOB-agar 

for selection of transformant colonies media. Plates were incubated at 30 °C for 3 

days.

Transformant colonies were primarily analyzed by single colony-PCR. More 

detailed analysis was done by replica plating and Southern blot analysis.
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Transformation efficiencies were about 10̂  colonies for each fig of transformed YCp 

type vector, e.g. pRS413.

2.21.4 Targeted Rescue Cloning

A new method was devised for subcloning mouse genomic DNA from a Y AC 

through homologous recombination in yeast and transformation of E.coli. 

(communicated by Dr. Avtar Roopra, University of Leeds). This method is similar to 

YAC-end rescue (Hermanson et al., 1991).

Overview: Targeted Rescue Cloning consists of three steps:

1. Site specific integration of a YIp-type yeast-E.coli shuttle vector into a 

defined chromosomal locus by homologous recombination.

2. Digestion of genomic DNA of positive transformants with restriction 

enzyme(s) that does (do) not cut within the cassette comprising the 

bacterial origin of replication and the yeast selection marker of the shuttle 

vector.

3. Re-ligation of the genomic digest and transformation of E.coli.

A targeting cassette comprising two homologous arms to the genomic target was 

assembled by PCR in direction 5’-B->A-3’ and cloned into the YIp-type yeast-E.coli 

shuttle vector pRSY403tet. The use of tetracycline instead of ampicillin resistance 

gene avoids Y AC end rescue from the Y AC end vectors pRMLl and pRML2 

(Spencer et al., 1993). Yeast cells carrying the target Y AC were transformed with 

targeting construct (ca. 4 jLig/transformation) according to the method described 

above. Yeast transformants were screened by PCR.

Genomic DNA was prepared from positive transformants using the small- 

scale protocol described above, and 10 fi\ (15% -20% of yeast mini-prep) were 

digested o/n with a restriction enzyme in 100 ptl total volume. The digest was 

phenol/chloroform-extracted and ethanol-precipitated.

The pellet was resuspended in 30 fil ligation mixture containing 20 U T4- 

ligase, and the reaction was incubated o/n at 14 °C. Freshly prepared E.coli DH5a 

were transformed with desalted ligation mix and plasmid DNA was prepared from
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selected transformants. Rescue-Plasmid-DNA was mapped by restriction enzyme 

digestion, sequencing and Southern blot analysis.

2.21.5 Curing yeast of endogenous 2 lim plasmid

The YAC clone 448B7 harbouring the KAl-YAC was cured of the endogenous Flp- 

encoding 2 pm plasmid prior to transformation with the KA1-T5 targeting cassette. 

This was done to avoid FLP-mediated recombination between endogenous fr t  sites 

on the 2 pm plasmid and/rr sites on the targeting cassette KA1-T5. The protocol 

used was derived from published work, which has shown that curing of endogenous 

2 pm plasmid can be achieved by introduction of complete 2 pm vectors defective in 

Flp function in various yeast strains (Harford and Peeters, 1987).

Briefly, a curing construct was cloned in yeast by transforming YAC clone 

448B7 with the linearised 2 pm targeting construct FLP-Tl -ADE2-GTII followed by 

selection on selective medium (-URA -TRP -ADE). Targeting cassette FLP-Tl (4 

primer PCR product FLP-Tl: arm a: FLP-PCR3s/PCR4a, arm b: FLP- 

PCR5s/PCR6a) containing two FLP-homologous arms, a and b, was inserted into the 

pRS402 like plasmid pADE2-GemT-II as BamHI/MluI fragment. Upon linearisation 

with Sful between arm a and b two free Flp-homologous arms are generated which 

initiate transplacement (deletion) of most of the Flp coding sequence with the ADE2- 

GemT-n sequences in yeast, resulting in the selectable Flp defective curing construct 

FLPT1 -ADE2-2pm. This was verified by diagnostic colony PCR with primers 

flanking FLP-Tl-arm a (FLP-Seql-s/ SP6-Seql-s) and arm b (yADE2-Seql-a/ FLP- 

Seq2-a).

YAC-clone 448B7 transformed in this way was passaged in selective liquid 

medium (-URA -TRP -ADE) twice a week by inoculating 10 ml medium with 2 pi of 

saturated culture from the previous passage. Cells from the 8* passage were grown 

up for transformation with the KA1-T5 targeting cassette.
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2.22 Southern Blot analysis

2.22.1 Genomic DNA digests

Restriction enzyme digests of yeast genomic DNA (2 -  10 /xl of a yeast genomic 

DNA mini prep) and mouse genomic DNA ( 3 - 5  fig, 10 to 20 fil) were made in a 

total volume of 100 fil, containing 10 U (yeast DNA) to 120 U (mouse DNA) of each 

restriction enzyme. Reactions were supplemented with 200 ng RNase A and 

incubated o/n at 37 °C (or the appropriate temperature) in an incubator.

Reactions were precipitated by adding 2.5 vol. 100 % ethanol and by adding 0.1 vol. 

5 M sodium acetate, pH 5.2. Precipitates were desalted with 70% ethanol and air- 

dried prior to resuspending in 15 jLtl of a 2:1 mixture of TE with DNA loading buffer.

2.22.2 Southern Blotting

For depurination, gels were incubated after gel electrophoresis in 0.2 M HCl for 10 - 

15 min if fragments larger than 7 kb were to be transferred. Otherwise, DNA was not 

depurinated.

All gels were denatured (1.5 M NaCl, 0.5 M NaOH) for 1.5 hrs and 

neutralised (1.5 M Na Cl, 0,5 M Tris-HCl (pH7.2), 1 mM EDTA) for 20 min. Gels 

were blotted onto nylon membranes (Hybond-N, Amersham Pharmacia Biotech) 

using either the Posi-Blot 30-30® apparatus (Stratagene) at 75 mm Hg pressure for 1 

hr in the case of plasmid digests, or o/n capillary transfer in the case of genomic 

DNA digests (Sambrook et al., 1989). Transferred DNA was crosslinked with 

membranes in a Stratalinker UV crosslinker 2400 (120,000 fiJ/crn^, Stratagene) and 

membranes were prehybridised (10 ml 2x hybridisation solution, 10 ml formamide 

and 1 ml 10% SDS) for at least 6 hrs at 42 °C.

For generating radiolabeled probes, DNA fragments (PCR or plasmid) were 

isolated by gel electrophoresis in 0.8 % SeaPlaque GTG agarose. The appropriate 

fragment was excised and dissolved by adding 300 fil H 2 O for each 100 mg gel slice 

and boiling for 5 min. A 3’ exonuclease-deficient mutant of E.coli DNA polymerase 

I (Stratagene) was used for fast random oligo-labeling of 24 jLtl DNA solution with
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a[^^P]-dATP (specific activity: 3000 Ci/mmol) according to kit instructions (Prime- 

It® n, Stratagene).

Probes were hybridised to membranes in 3 - 4 ml prehybridisation solution 

o/n at 42 °C, and these were washed the next day in 5x SSPE/0.1% SDS for 30 min 

at 65 °C and twice in 0.3x SSPE/0.1 % SDS for 10 min. Blots were exposed to X-ray 

film (X-OMAT/AR, Kodak) for 10 min to several hours at -80 °C. X-ray films were 

developed using a RGB X-ray film processor (Fuji).

2.23 RNA preparation

2.23.1 Preparation of total RNA

Total RNA was prepared from brain of newborn (PO) mice. Heads were severed with 

a scalpel. Brains were dissected out and flash-frozen in isopentane that had been 

chilled with dry ice pellets. Frozen brains were stored in individual 2 ml microfuge 

tubes at -80 °C for up to 1 month. Total RNA was prepared from single brains (ca. 

100 mg) by homogenising the tissue in 1 ml of a mixture of guanidine thiocyanate 

and phenol (TRI REAGENT'’’'̂ , Sigma), followed by extraction with chloroform and 

precipitation with isopropanol as described. RNA-pellets were washed in 75% 

ethanol. Final RNA pellets were drained well and dissolved in 250 /xl water. RNA 

yields were about 100 -200 /xg/brain.

2.23.2 Preparation of polyA  ̂mRNA

Mouse brain polyA^ mRNA was isolated from total RNA (the total yield from one 

PO brain was taken) by affinity chromatography involving dC^oTjo oligonucleotides, 

coupled to polystyrene-latex particles (01igotex™-kit, Qiagen). To each mRNA 

eluate (100 /xl) 5 /xl Glycogen carrier (2 mg/ml, Invitrogen), 15 ml 2 M sodium 

acetate (Invitrogen) and 300 /xl 100 % ethanol were added, and samples were 

precipitated o/n at -80 °C. Finally, samples were centrifuged at 4 °C at 15,000 rpm 

for 15 min. Pellets were drained well and dissolved by adding 10 /xl RNase-free
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water. Total polyA"  ̂mRNA yield per brain was about 0.5 - 1 [ig, as estimated using 

DipStick™-kit (Invitrogen).

2.24 Northern Blot analysis

Each sample was prepared from 65 °C warm solutions. 11 fil sample buffer mix (1.5 

jLtl 5x MOPS buffer, 2.6 jLtl formaldehyde, 7.5 jLtl formamide) and 2.5 jttl loading 

buffer mix (2.0 jLtl ethidium bromide (1 mg/ml), 2.0 jttl DNA loading buffer) were 

added to 1.5 - 4.5 jLtl polyA^ mRNA. Samples were immediately loaded on RNA 

gels.

RNA gels were made from 60 ml 0.8 % Seakem® LE agarose solution 

containing formaldehyde. Briefly, 0.48 g agarose were dissolved in 37 ml water 

using a microwave oven, 12 ml 5x MOPS buffer were added, and the solution was 

equilibrated to 45 °C. 11 ml 40% formaldehyde were added and the gel was cast in 

the fume hood. For determination of molecular sizes, 4 fil RNA marker (4 fig, 

Promega) was also loaded in marginal lanes. RNA gels were run o/n at 0.67 V/cm 

for 20 hrs.

RNA gels were directly blotted onto nylon membranes (Hybond-N, 

Amersham Pharmacia Biotech) by o/n capillary transfer (Sambrook et al., 1989), and 

membranes were developed as described for Southern blots.

2.25 Membrane preparation from mouse brain

Brains of newborn mice aged PO were dissected out, quickly frozen in dry ice-cooled 

Isopentane and stored individually in 1.5 ml microfuge tubes at -80 °C until use.

Membrane protein fraction was prepared from frozen PO brain of genotyped 

mice essentially as described (Forrest et al., 1994). Briefly, individual brains were 

homogenised in 2 ml buffer containing 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 

0.32 M Sucrose, and 2x Complete™ protease inhibitor cocktail (Roche Molecular 

Biochemicals). The homogenate was centrifuged at 1,000 g for 15 min at 4 °C (3600 

rpm, rotor # 3757, Heraeus Biofuge 13), and the resulting supernatant was then
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centrifuged at 100,000 for 30 min at 4 °C (43,000 rpm, Beckman rotor TLA 

100.4, Beckman Optima™ TLX bench-top Ultracentrifuge). The pellet was 

resuspended in 2 ml of buffer containing 20 mM Tris-HCl (pH 8.0), 4 mM EDTA, 

and Ix Complete™ protease inhibitor cocktail. After incubating on ice for 10 min, 

the resuspended pellet was centrifuged at 65,000 for 20 min at 4 °C (35,000 rpm, 

Beckman rotor TLA 100.4, Beckman Optima™ TLX bench-top Ultracentrifuge). 

Using a P-200 Pipettman (Gilson), the final pellet was thoroughly resuspended in 60 

pil buffer containing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and Ix Complete™ 

protease inhibitor cocktail and transferred to a 1.5 ml microfuge tube. After 

incubating on ice for 15 min, tubes were sonicated for 1 min in a chilled waterbath 

(Transsonic T460, Camlab). Protein concentrations were determined by the Lowry 

method (BioRad DC protein asssay) (Lowry et al., 1951). Samples were then quickly 

frozen on dry ice and stored at -80 °C until used.

2.26 SDS-PAGE

Samples containing 25 fig or 50 fig protein were supplemented with equal volumes 

of 2x protein sample buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% SDS, 20 mM 

DTT, 10% glycerol, and 0.003 % (w/v) Pyronin-Y, and samples were incubated at 50 

°C for 15 min. 8M Urea from in Ix protein sample buffer was then added to the 

samples to a final concentration of 4 M urea. Samples were then subjected to gel 

electrophoresis on 6% SDS polyacrylamide gels (BioRad MiniProtean gels, 40 mA 

constant current).

2.27 Western Blot analysis

Protein gels were blotted electrophoretically (30V constant voltage, o/n) onto PVDF 

membrane (Hybond-P, Amersham Pharmacia Biotech). Blots were blocked for 1 hr 

in Blotto containing 50 mM Tris-HCl (pH 8.0), 2 mM CaCl2 , 80 mM NaCl, 0.2% 

(v/v) Igepal (= Nonidet P40, Sigma), 5% non-fat dry milk (Marvel). Blots were then 

incubated for 1 hr in Blotto containing the appropriate dilution of primary antibody
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(1:400 anti NR2B and anti NR2D, 1:500 anti NRl and 1:5000 anti Tubulin), 

followed by 2 rinses and 3 x 1 5  min washes in Blotto. Blots were last incubated for 1 

hr with HRP-conjugated secondary antibody, diluted 1:10,000 or 1: 20,000 in Blotto, 

followed by 2 rinses in Blotto and 3 x 1 5  min washes in Blotto-Wash, i.e. Blotto w/o 

IGEPAL and w/o milk.

Specific immunoreactivity was detected using enhanced chemiluminescence 

(ECL Plus, Amersham Pharmacia Biotech). Optimal exposure times for 

autoradiography were 5 seconds to 2 min.

Blots were stripped and reprobed several times. To this end, blots were 

stripped by incubating in stripping buffer containing 100 mM 2-mercaptoethanol, 2% 

SDS, 62.5 mM Tris-HCl (pH 6.7) at 50 °C. Blots were then rinsed twice in Blotto 

before continuing as above.

2.28 Cell culture

HEK293 TSA201 cells were maintained in a humidified incubator containing 5% 

CO2 at 37 °C. Cells were grown to subconfluence in 80 cm^ tissue culture flasks 

(Nunc) and split 1:5. Briefly, cells were grown to subconfluence, washed with PBS 

and trypsinised for 30 sec. Next, 5 ml medium was added, cells were harvested by 

centrifugation at 800 rpm for 3 min and resuspended by adding 1 ml of conditioned 

medium (2 parts new medium plus 1 part old medium) to the cell pellet. Finally, 250 

jLtl cell suspension were plated.

2.28.1 Transient transfection

Cells were transfected using the calcium phosphate-DNA coprecipitation method 

(Sambrook et al,, 1989). For each transfection, precipitates were prepared by adding 

50 jLtl 2x BES (50 mM N, N-bis (2-hydroxyethyl)-2-aminoethansulfonic acid, 280 

mM sodium chloride, 1.5 mM di-sodium hydrogenphoshate, pH 6.96) and 50 /xl 0.25 

M calcium chloride to 1-6 jttg  plasmid DNA, (When several related, but differently 

sized, expression plasmids were compared in parallel experiments, total DNA 

amounts were adjusted with empty vector). The mixture was incubated for 20 min at 

room temperature,
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Coverslips (1 cm diameter) were incubated with Poly-L-lysine (10 /xg/ml, 

Sigma) for Ihr at room temperature, washed twice with water and air-dried. Cell 

suspension was prepared as described above, and 25 ill were plated on 3 coverlips in 

1ml medium in a 36 mm culture dish (Nunc). Cells were transfected by adding the 

DNA precipitate and incubating at 5% CO2  and 37 °C for 15-24 hrs. Finally medium 

was replaced with fresh medium, and cells were grown further for another day.

2.28.2 X-gal staining

Two days after transfection, cells were washed with PBS and fixed in 2% 

formaldehyde/ 0.2% Glutaraldehyde for 5 min at room temperature. Cells were then 

rinsed three times in PBS before incubating in X-gal staining solution (Ix PBS, pH 

7.3, 2 mM magnesium chloride, 0.16% potassium ferricyanide, 0.21% potassium 

ferrocyanide, 0.05% X-gal). Plates were incubated at 37 °C for 1 hr, rinsed twice in 

PBS, and coverslips were mounted with Fluosave (Calbiochem).

2.29 Histochemistry

Mice were injected intraperitoneally with an overdose of pentobarbitone, and death 

was confirmed by absence of paw withdrawal reflex. Next, mice were transeardially 

perfused with cold 0.1 M PB, pH 7.4, followed by 4% paraformaldehyde (PFA) in Ix 

PBS. Brains of mice older than three days were removed and postfixed overnight in 

fixative, whereas PO-pups were postfixed in toto. Fixed tissue was stored in Ix PBS 

at 4 °C until use.

2.29.1 Cytochrome C oxidase staining

Cytochrome C oxidase (CO) staining was performed as described (Wong-Riley, 

1979). Fixed brains and whole pups, respectively, were equilibrated in 30% sucrose / 

0.1 M PB, pH 7.4, and cut into 50 fim coronal sections using a freezing microtome 

(Leica, SM 2000 R). Sections were collected in 0.1 M PB, pH 7.4, in 24-well plates. 

Next, sections were transferred into 24-well plates containing CO staining solution 

(0.1 M PB, pH 7.4, 4% sucrose, 0.4% Cytochrome C (type II, Sigma), 0.5%
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diaminobenzidine (Sigma)) and incubated for 2 - 4  hrs in a 37 °C incubator. 

Reactions were stopped by transferring sections into 0.1 M PB, pH 7.4. Sections 

were rinsed in 0.01 M PB, pH 7.4, mounted on gelatinised slides and air dried o/n. 

Dried sections were dehydrated in an ethanol series (70%, 90%, 100%), cleared in 

Histoclear® (National Diagnostics) and coverslipped in DPX (BDH/Merck).

2.29.2 Nissl staining

Brains were cut into 10-15 fim or 50 fim sections with a Cryostat (Leica ) or with a 

freezing microtome (Leica SM 2000 R), respectively, and mounted on gelatinised 

slides. Mounted sections were dried o/n, subbed in tap water for 10 min, stained in 

0.05% Thionine-solution (BDH/Merck), developed in tap water, differentiated in 

95% ethanol, dehydrated in an ethanol series (70%, 90%, 100%), cleared in 

Histoclear® (National Diagnostics) and coverslipped in DPX (BDH/Merck).

2.30 Imaging

2.30.1 Microscopy

Microscopy was done with an Axiophot Photomicroscope for transmitted light and 

incident-light fluorescence (Zeiss), fitted with Plan-Neofluoar objectives. 

Photomicrographs were taken with colour reversal film (Kodak Ektachrome 320T).

2.30.2 Digitising images and image manipulation

Images on colour reversal films were digitised using a SprintScan 35 Plus™ slide 

scanner (Polaroid). Prints were produced using an Epson Stylus Color 900 inkjet 

printer.

Gel documentation video print outs and X-ray films were scanned using a 

Duoscan T1200 flat bed scanner (Agfa).

Digitised images were manipulated using Photoshop™ imaging software 

(Adobe).
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3 Results (I) 

Analysis of whisker-related patterning in 

brainstem of NRl N598R mutant mice

3.1 The N598R mutation is dominant negative lethal

As described in the introduction (Figure 1-6), Cre recombinase from bacteriophage 

PI catalyses the deletion of the floxed  neo gene from the NR1^”®° allele. For this 

study ‘Deleter’-mice were used, which carry an X-chromosomally linked Cre- 

transgene and express Cre-recombinase globally (Schwenk et al., 1995). NRl^^ mice 

expressing one wildtype and one N598R mutant allele were found to die within 

estimated 6 hrs from birth. When touched they react with bursts of body movements, 

with limbs and jaws (gasping?) moving in an apparently uncontrolled fashion so that 

pups do not remain in a seated position but roll over. This phenotype is in stark 

contrast to NRT^ knockout mice, which pass from a phenotypically normal to a 

morbid phase and die only within 12-20 hrs due to respiratory failure (Poon et al., 

2000). Respiratory distress was also seen in NRl^^ mice of different origin than the 

ones studied here, and in contrast to NRT^' mice the suckling response in these mice 

was principally not impaired (Single et al., 2000). However, our NRl^'^ mice do not 

suckle. N R l^ ’̂ mice should also express some amount of wildtype receptors as they 

also express a wildtype NRl allele. Therefore, attempts were taken to prolong 

survival of N R l’'̂ '̂̂  pups by culling phenotypically normal littermates. Although the 

mother did not neglect pups isolated in this fashion, no milk-uptake was observed in 

NRl^^ pups and they died at PO. Thus, the NRl N598R mutation is dominant 

negative lethal.

Ion-permeable NMD A receptor channels do not form in absence of the NRl 

subunit in vivo (Li et al., 1994), whereas in vitro data has shown that ion-permeable 

NMD A receptor channels do form in presence of NRl N598R mutant subunit, when 

no wildtype NRl subunit is expressed (Bumashev et al., 1992). It would be of 

interest to investigate synaptic plasticity and learning behaviour in NRl N598R
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mutant mice. However, the dominant negative effect of the NRl N598R mutation in 

mice with global expression of the NRl N598R mutation constrains the study to 

developmental aspects of synaptic plasticity. In this regard, it is of particular interest 

to compare N R l^ ' mice, in which exclusively Ca^^-impermeable NMD A receptors 

should form, with NRl  ̂ knockout mice, in which no NMDA-induced currents are 

detected (Li et al., 1994).

3.2 Breeding and analysis of NRl mutant genotypes

A breeding scheme was set up, allowing the generation of mice with five different 

NRl genotypes, including animals, which exclusively express NRl N598R mutant 

NMDA receptors, i.e. N Rl^' mice.

An NRl knockout mouse model has been produced in this group previously 

by Mohammed Nassar (Nassar, 1998). The NRl knockout allele is characterised by 

the insertion of an 8 kb large DNA cassette containing a neo gene into exon 1 

upstream of the NRl coding sequence (Figure 3-2 B). This neo cassette is not 

flanked by lox P sequences. In order to generate N R l^' mice, female ‘Deleter’ Cre"̂ "̂̂  

mice were bred with these NRL'" mice to obtain NRHVCre"^ '̂ mice. Backcrossing of 

NRLVCre^^' with Cre"̂ ^̂  mice yielded NRL^' mice homozygous for Cre (Figure 3-1 

A). NRH^VCre'^ '̂^mice were then bred with NRL^®° mice to obtain four different 

genotypes, including N R l^ and NRl^^ (Figure 3-lB ). Apart from mice expressing 

NRl subunits, mice lacking NRl subunit were also bred. NRT^' mice were obtained 

by intercrossing NRL'' mice (Figure 3-1 C). Both matings also generated wildtype 

NRL'"  ̂and heterozygous NRL'' knockout animals.

N Rl^' mice were found to have an even more severe phenotype than NRl^"^ 

and NRT' mice, they hardly move nor breathe, become cyanotic shortly after birth 

and die within an hour.

Mice with NRl^'^, N Rl^' and NRT'' genotypes have normal body weights at 

birth. Newborn pups of all genotypes weighed between 1.2 and 1.8 g, varying with 

litter size rather than with genotype. Phenotypes of all N Rl genotypes are 

summarised in Table 3-1.
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Cre +1̂  
NR1 +/- Cre +/+

■Cre +/+'■ 
NR1 +/- N R l +/-NR1 +/-NR1 +/Rneo

NR1 R/-NR1 R/+ NR1 -/-NR1 +/+ NR1 +/-

F igu re 3 -1  G eneration of N R l mutant m ice. (A) Breeding for NR1^^' m ice h om ozygou s for 
Cre. (B) F em ale NR^ '̂ / Cre^^  ̂ offspring w ere m ated  with m ale NR1'̂ '̂̂ "®° m ice to yield pups  
with four different NR1 gen otyp es, including NRI*^ '̂ and (0 )  In addition, NR* '̂ m ice
w ere  in tercrossed  to g en er a te  m ice lacking NR1 subunit. N ew born m ice with lethal 
p h en otyp es are sh ow n  upsid e down. Fram ed are new born m ice u sed  for the an a lysis  of 
whisker-related patterning in brainstem. For all m atings, only relevant g en o ty p es are shown.

T able 3-1 P henotyp es of N R l gen e-targeted  m ice.

NRl genotypes Phenotypes

+/+
+ /-

+/Rneo
Wildtype

Death within 8 hrs from birth; poor righting reflex, motoric hyperactivity; 
respiratory distress; no feedingR/+

Rf- Death within Ihr from birth; respiratory distress; no feeding

- / -

Rneo/Rneo Death within 12-20 hrs from birth, respiratory distress; no feeding

The genotypes of the mutant mice were verified by Southern blotting using a probe 

‘B’ specific for the N598Rneo targeting locus and a probe ‘A’ specific for the NRl 

knockout locus (see Figure 3-2 and Figure 3-3).

86



10 I

probe B

5.0 kb —

15
i t NR1 +

1 2

E E
probe B

lox P lox P

N598R

6.0 kb

f — i--------- H H ÏlH feW l 1
I

NR1 R neo

10 I
N598R loxP

I.Illlllll IF! 1
15

4.6 kb -
E E —  E

probe B

k b

0 ■ 10 15 20

B
probe A

i 3 1 NR1 +

probe A

9.6 kb

t neo f ti
NRl

3 4

Figure 3 -2  Intron-Exon organisation of g en e  seg m en ts  corresponding to the NRl N598R  
m ou se  m odel (A) and to the NR1 knockout m ou se  m odel (B). (A) Organisation of the 
wildtype allele (N R l”"), targeted allele (NRl'^"®®) and targeted  a lle le  after Cre-m ediated  
resolution of the neo ca sse tte  (NR1^). (B) Organisation of the wildtype allele (NR1^) and of 
the knockout allele (NRT). Boxes represent exon s. Coding regions are in black, the 3 ’UTR in 
grey. The p resen ce of the N598R mutation in exon 15 is marked. Lox P elem en ts are shown  
as filled triangles, the neo g en e  and other DNA elem en ts a s  open b oxes. Arrows indicate the 
5’ and 3 ’ limits of the respective targeting construct. Relevant EcoRV (E) restriction sites and 
DNA fragm ents, a s  well a s  hybridising probes B and A are indicated. PCR primers for 
routine genotyping are indicated by horizontal arrows. N ote that in offspring from NRI"̂ '̂ 
/Cre"̂ '" X NRI""̂  m atings the neo primer pair (primers 3 and 4, N eo -S eq 4-s/N eo-S eq 3-a )  
indicates only the knockout allele, s in ce C re-recom binase has rem oved the floxed  neo gen e  
from the N598R allele.
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Figure 3 -3  S ou th ern  blot of 
E coR V -digested  gen om ic m ou se  
tail DNA from offsp rin g  of  

X m atings
(lanes 1-3) and offspring of NRI""̂ ' 
/Cre*'^ X  NR1'^ ’̂̂ "®° m atings (lanes 
4 -7 ). (A) T he m em brane w a s  
h yb rid ised  with prob e B to 
a n a ly se  th e N 598R  targeting  
locus: w ildtype a lle le  (+, 5 kb); 
targeted  a lle le  ( R \  6 kb); and 
targeted allele after Cre-m ediated  
resolution of the neo ca sse tte  (R, 
4 .6  kb). (B) The m em brane w as  
strip p ed  and hybrid ised  with 
probe A to an a lyse  the knockout 
targeting locus: wildtype allele (+, 
6.9  kb), and knockout allele (-, 9.6  
kb).

Routine genotyping was done by multiplex PCR using primer pairs m N Rl-Seql03- 

s/m NRl-SeqlO-a and Neo-Seq4-s/Neo-Seq3-a (shown as primers 1 -  4 in Figure 

3-2). The N R l-prim er pair amplifies intron 18 including some adjacent exonic 

sequence and yields a 508 bp PCR-product for the wildtype allele, N R T, and a 615 

bp product for the targeted allele after Cre-mediated excision of the floxed  neo gene, 

NRl*^. The increase in size is due to the remaining lox P site and some polylinker 

sequence. The neo primer pair amplifies 414 bp of the neo cassette, which remains in 

the knockout allele. An example of the genotyping PCR is shown in Figure 3 ^ .

m -  + 1 2 3 4 5 6 7 8 9

bp *615b p
489 bp *  508 bp
404 bp *41 4  bp
367 bp 
242 bp

Figure 3 -4  Genotyping of offspring from NRC '̂/Cre'"^"' x NRC^^"®° m atings by multiplex PCR 
using an N R l-specific primer pair (mNR1 -Seq  103-s/m N R 1 -Seq  10 -a , primers 1 and 2, Figure 
3 -2 )  together with a n eo-specific primer pair (N e o -S eq 4 -s /N eo -S e q 3 -a , primers 3 and 4 
Figure 3 -2 ) . Lanes from left: m olecular s iz e  marker KS+/M spl, m; negative control, - 
positive NRl'^ '̂ control, +; sam ples 1 and 6, NRC^'; sam p les 2-4, NR1^^ ;̂ sam ple 5, NRC'"" 
sam ples 7-9, NRl R/-



3.3 Analysis of expression of mutant NRl alleles

mice have a dominant negative lethal phenotype, whereas NRT^ mice 

show no apparent phenotype. Besides, N R l’̂''" mice have a different phenotype than 

N Rl'^' mice. This suggests that the N598R mutant N R l subunit is expressed. 

Expression of the gene-targeted NRl alleles was analysed by Northern and Western 

blots.

N Rl mRNA expression levels were analysed in polyA^ RNA preparations 

obtained from the brains of newborn mice, which were bred according to the mating 

scheme given in Figure 3-1. It was found that the N Rl allele is not expressed 

whereas the Cre-recombined NRl N598R allele is expressed, apparently to wildtype 

levels (Figure 3-5).

+/+ R/+ R/- +/■ ■/■ +/+

NR1 #  #

Figure 3 -5  Northern blot analysis of polyA"" RNA from brains of newborn m ice with NR1 
mutant and wildtype gen otypes. Northern blots w ere probed with a cDNA fragment covering 
NR1 exon 15 to 17, and reprobed for actin a s  an internal control. From left: lan es 1 to 4 
show  litterm ates from the NRI'̂ ^VCre'" '̂" x NRI""̂ ^̂ ®” m ating, and la n es  5 and 6 show  
littermates from the NRI'^^'x NRI^^' mating. The NRT allele is not exp ressed , but the NRI^ 
allele is exp ressed  to wildtype levels.
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Western blot analysis was also performed, using membrane protein fractions from 

whole brains of newborn mice, which were generated according to the mating 

scheme given in Figure 3-1. Figure 3-6A shows that no N R l protein was detected 

with an antibody against the C-terminus of NRl in NRl'^' mutants. Likewise, protein 

levels were reduced to equal extent in NRF^ '̂ and NRl^^ heterozygotes compared 

with wildtype littermates and NRl'^ '̂  ̂ mice, which express one wildtype and one 

N598R mutant N Rl allele. It is unlikely that any residual product was still being 

expressed in N Rl  ̂ mice, since this would probably have been detected with long 

exposure times (Figure 3-6B).

+/+ R/+ RA +/- -/- +/+

1 5 0 -

1 0 0 -

7 5 -

1 5 0 -

1 0 0 -

7 5 -

2 5 0 -

1 5 0 -

A

NR1

B

NR1

C

NR2B

2 5 0 ^  D

1 5 0 -  mmmmmm  NR2D
m m  wm-m # # #  # 0 #

1 0 0 -  '

kD

Figure 3 -6  W estern blot analysis of m em brane proteins from w hole brains from newborn 
N R 1 T  NRl'^', NR1^^’ littermates and from NR1'^' and NR1^^  ̂ littermates. Blots 

originating from the sa m e  m em brane preparation w ere an alysed  with antibodies against 
NR1 (A and B [sam e blot a s  in A but overexposed]), NR2B (C), and NR2D (D). (C and D) 
The m em brane w as first analysed for NR2B before being stripped and reprobed with an anti 
NR2D antibody. The s iz e s  of bands specifically detected  w ere -  120 kDa for N R l, ~ 170 kD 
for NR2B and ~ 150 kD for NR2D. With the antibody against aa 1046 -1062  of NR2D an 
additional band of -  130 kD is detected (M. Herkert, personal communication).
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To investigate the expression of other members of the NMDA receptor family in the 

mutant mice, immunoblotting was also performed with antibodies against the NR2B 

(Herkert et al., 1998) and NR2D subunits (M. Herkert, personal communication), the 

two NR2 subunit subtypes most prominently expressed at this developmental stage. 

As shown in Figure 3-6C NR2B was detected in all samples, with levels being 

similar in littermates of all genotypes. This finding contrasts with the reported 

downregulation of NR2B in NRT^* mice of different origin, albeit using a different 

antibody (Forrest et al., 1994). Figure 3-6D shows the detection of NR2D subunit 

with an antibody binding ~ 130 aa N-terminally of the C-terminus. Both bands are 

thought to be specific for NR2D with the lower one possibly representing a defined 

truncation of the subunit, since two bands of equivalent size are also detected with an 

antibody against the N-terminal of NR2D (M. Herkert, personal communication).

Together with the analysis of mRNA expression, these results indicate that no 

NRl protein is expressed from the NRT allele, and that in the NRl^ allele the single 

lox P site and polylinker sequences, which remain in intron 18 after Cre mediated 

excision of the neo gene, do not interfere with the processing of either primary 

transcripts or mRNA.

91



3.4 Analysis of the whisker-related patterning in brainstem 

of NRl mutant mice

With NR1^‘ and NRl  ̂ mice now at hand, it is possible to study synaptic plasticity 

phenomena occuring during development. The rodent trigeminal system has become 

a favourite model for the study of synaptic plasticity during development. In 

particular, the synaptic plasticity of whisker-related afferents and their target cells in 

brainstem, thalamus and cortex, has been extensively studied. At PO, the first relay 

station along the trigeminal pathway, the brainstem trigeminal complex (BSTC), is 

partially developed. NRT^' knockout mice have already been shown to lack whisker- 

related patterning in the BSTC (Li et al., 1994). Therefore, the effect of the N598R 

mutation on the synaptic organisation of whisker-related inputs in the brainstem of 

NRl wildtype and mutant PO-mouse pups was investigated. This was done using 

cytochrome C oxidase (CO) histochemistry, which stains for mitochondria enriched 

in afferent terminals and their target cells. (Wong-Riley and Welt, 1980).

First of all, in order to assess the development of the whisker-related patterns 

in mice with the genetic background of our breeding population, brainstem sections 

were prepared from wildtype littermates at age PO, P5 and P24. CO staining of these 

sections revealed an emergent whisker-related pattern in the BSTC at PO (Figure 3-7 

A-C). The patterning was most clearly seen in the subnucleus interpolaris (nVi) 

(Figure 3-7 B). In the subnucleus caudalis (nVc) of wildtype mice some patterning 

was also seen at PO. In contrast, whisker-related patterning could hardly be seen at 

PO in the principal nucleus (nVp), possibly due to its relatively smaller size. By P5 

the clearest patterns could be seen in all three nuclei of wildtype mice, with cell- 

sparse septae delineating the CO-stained barrelettes (Figure 3-7 D-F). Similarly, 

patterns can be seen at P24 in all three nuclei, but septae have narrowed and blood 

vessels disrupt the map (Figure 3-7 G-I). Thus, for the comparative study of mice 

with five different NRl genotypes at age PO, only the nVi and nVc were considered.

In most of the NRL "̂  ̂ (n = 7) and NRL^' (n = 7) pups, 5 emerging whisker- 

row-related stripes of CO staining product could be seen at PO in nVc and nVi. These
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Figure 3 -7  D evelopm ent of whisker representations in the brainstem of mice: CO -stained  
transversal sections are shown at age PO (A-C), P5 (D-F) and P24 (G-I), and at three levels: 
the subnucleus caudalis, nVc (A, D, G), the subnucleus interpolaris, nVi (B, E, H) and the 
nucleus principalis, nVp (C, F, I). At PO, whisker-related rows can be b est se en  in nVi and 
are difficult to s e e  in nVp. At P5, whisker-related patterns are fully d eveloped  at all levels, 
and cell free sep tae betw een barrels are largest. At P24, patterns can be se en  at all levels, 
but sep tae have narrowed and blood v e s se ls  disrupt the map. S ca le  bar: 200 pm
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stripes frequently showed some degree of segregation into whisker-related 

barrelettes. In NRl*^^ mice (n = 8), patterning in the corresponding regions of the 

brainstem was also detectable but seemed less clear.

In contrast to mice expressing at least one wildtype NRl allele (NRr^"". NRT^' and 

NRl*^^), NRl"^ mice only express N598R mutant NRl subunit. In newborn pups of 

this genotype no obvious whisker-related patterning was noticeable (n = 12). In fact, 

CO-staining in NR 1*̂ 'mice looked similar to N Rl  ̂ mice (n = 5), which are known to 

lack whisker-related patterning (Li et al., 1994). However, mice expressing 

exclusively N598R mutant NRl subunit, showed a more patchy, uneven, staining of 

the barrelette field than mice expressing no N Rl subunit at all (Figure 3-8).

B

L u

W

g

&

X

+ / -Figure 3 -8  Cytochrome 0  ox id ase histochem istry in brainstem trigeminal cortex of NR1 
NR1 and N R1^ pups at PO. In mice, which ex p ress  on e wildtype allele of the NR1 g en e , 
em erging whisker rows can be se e n  in trigeminal subnuclei nVc (A) and nVi (D). Mice 
lacking the wildtype NR1 subunit, show  h om ogenou s staining in nVc (B) and nVi (E), 
w hereas m ice which exp ress only mutant NR1 N 598R  subunit, a lso  lack whisker-related  
patterning but show  a more patchy, uneven staining in nVc (0 ) and nVi (F). Staining in nVp 
w as not analysed . S ca le  bar; 200  |jm
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mice were also analysed for gross neuroanatomical abnormalities in 

brainstem and other brain areas by CO-staining and Nissl-staining. No obvious 

congenital defects were detected in brainstem structures of NRl*^ ’̂ mutants, nor were 

histological differences detected compared with NRC^' littermates when stained with 

thionine or stained for CO (Figure 3-9). Likewise, neuroanatomy of other brain areas 

appeared to be normal when revealed with CO-staining or Nissl-staining. Figure 

3-10 shows Nissl staining of hippocampus and cerebellum of NRC^' and NR 1 

littermates. In conclusion, N R l’̂ '̂ mice, like NRl  ̂ knockout mice, appear to have an 

overall normal brain neuroanatomy.

• a *»  . ;

A  '

k

Figure 3 -9  Neuroanatom y in brainstem of N R ^ ' (A, C) and NR1^'' (B, D) mutant pups at 
a g e  PO. 50 pm frozen sections were either N issl-stained with thionine (A, B) or stained for 
CO (0 , D). No obvious congenital d efects w ere detected  in brainstem structures of NRl'^^' 
mutants, nor w ere histological differences detected  com pared with NRI""̂ ' littermates. S ca le  
bar; 200pm.
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Figure 3 -1 0  Neuroanatomy of hippocam pus (A, B) and cerebellum  (C, D) of NRl""'' (A, C) 
and.NRI^'' (B, D) littermates. 15 pm cryostat sections w ere N issl-stained with thionine. No 
obvious differences can be detected  betw een  m ice exp ressin g  only N598R  mutant NRl 
subunit (B, D) and mice expressing only wildtype NRl subunit (A, C). S ca le bar: 100 pm.

In an attempt to quantify differences in whisker-related patterning between 

the five analysed genotypes, two micrographs each were taken at the level of nVi 

from CO-stained brainstem sections of the complete data set. Pairs of pictures 

representing one pup, were then sorted in a blind fashion by five volunteers into 

three groups using to the following sorting criteria:

1. group 1: “Whisker-related patterning is detectable.”

2. group 2: “No whisker-related patterning is detectable but the trigeminal nucleus 

is stained unevenly.”

I. group 3: No whisker-related patterning is detectable and the trigeminal nucleus is 

stained evenly.”

In a first step, group I mice were compared with pooled mice from group 2 and 3 

(Figure 3 - 1 1). The results of the ranking indicated that barrelette formation was
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detected most readily in mice, which express only wildtype N R l subunit, but never 

in mice, which express no wildtype N R l subunit. Furthermore, coexpression of the 

mutant N R l N598R subunit with the wildtype N R l subunit might retard pattern 

formation, as NRl^^ mice are less frequently put into group 1. This is consistent with 

the possibility that in NRl^^ mice malfunctional mixed and pure mutant receptors as 

well as wildtype NMDA-receptors form. The residual population of wildtype 

receptors would be sufficient to trigger the cellular signalling events that cause the 

whisker-related patterns to occur.

Û
CO

100%  -

80% 1

60% -

^  40% -

20%  -

0%

CL
13

2D)
O
C L

C0)O)

■ (+/+) n=7

■ (+/-) n=7

□ (R/-f-) n=8

□ (R/-) n=12

□ (-/-) n=5

Whisker-related patterning (groupl)

Figure 3 -1 1  Whisker-related patterns are em erging at PO in nVi of pups which exp ress the 
wildtype NRl subunit NR1^ '̂, NRl'̂ '̂̂ ) but are lacking in pups which do not exp ress
wildtype NR1 subunit (NR1 NRT'’), w hen m icrographs of CO sta in ed  sec tio n s  are 
subjected to a scoring system  (details s e e  text).

Qualitative differences between mice with lacking pattern formation (group 2 + 3 

mice) were also assessed by ranking, since in these mice the barrelette field was 

found to be stained more or less evenly (Figure 3-12). Mice lacking N Rl subunit 

completely, show a very even staining within Spl, whereas mice expressing 

exclusively mutant N R l N598R subunit show a more patchy stain distribution. 

Whether these differences are biologically significant remains unclear.
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A t

■ (+/+) n=7

■ (+/-) n=7 

0  (R/+) n=8

□ (R/-) n=12

□ (-/-) n=5

No whisker related No whisker related 
patterning, staining patterning, staining 

uneven (Group2) even (GroupS)

Figure 3 -1 2  Qualitative d ifferences of staining in nVi of m ice which had been  sorted in a 
blind fashion a s  m ice that do not show whisker-related patterning.
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4 Results (II) 

Generation of KAl-Cre knock-in mice

4.1 Isolation of mouse KAl-clones from a YAC-library

The first step of the project consisted in finding a primer pair yielding a reproducible 

KAl-specific PCR-product on genomic mouse DNA. This PCR was used for an 

initial screen of the WI/MIT mouse YAC-library.

The only sequence information for the KAl receptor subunit available were 

several cDNA-clones from human (Genbank accession numbers 128953 and S67803) 

and rat brain (X59996, U08257): As homology between rodent species is higher than 

between rodents and mammals, primers were designed on the basis of rat cDNA 

sequence. More than 20 different rat cDNA primers were designed and tested on 

mouse genomic DNA in various combinations. Two primer pairs gave KAl-specific 

PCR products, namely a 97 bp exonic PCR product ‘A’ amplifying sequence 5’ of 

the M3 domain (rKAl-Seql Is/Seql2a), and a 4500 bp, mainly intronic, PCR product 

‘B’ (rKA 1 -Seq 19s/Seq 18a) bridging the third last and second last (M4-containing) 

exon. The identity of the PCR products with KAl genomic sequence was confirmed 

by sequencing and sequence comparison with rat KAl cDNA.

PCR ‘A’ was used for an initial screen of the WI/MIT mouse YAC library 

(Haldi et al., 1996). At the end of the initial screen one YAC-clone, YAC 448B7, 

was confirmed to be positive for KAl by Southern analysis.
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Since YACs can be rearranged, a second screen was conducted at a later time point 

with a primer pair designed on mouse genomic sequence covering the area of the 

Stop codon of translation. The sequence information for this PCR ‘C’ (mKAl-Seq5- 

s/rKAl-Seq22-a; 220 bp product) was acquired from the first positive YAC, #448B7, 

by Targeted Rescue Cloning described in section 4.2.

In total, 11 YAC-clones were found by PCR. These clones were analysed by 

Pulsed Field Gel Electrophoresis (PFGE) and Southern blotting using radiolabelled 

DNA-probes (Figure 4-1). The blot was probed consecutively with the START- 

probe to detect the presence of the beginning of the KAl-coding sequence, the STOP 

(Il)-probe to detect the end of the KAl-coding sequence and the AMP-probe to 

detect the YAC itself by means of the |3-lactamase gene contained in the YAC 

construction vectors pRML-1 and pRML-2 (Spencer et al., 1993):

probe__________ fragment_________________________size

START RT-PCR rKAl-Seq29s/SeqlOa 560 bp

STOP (E) PCRmKAl-Seq5s/Seq27a 854 bp

AMP pGEM-T AlwNl/ApaLl 1.1 kb

Eight clones proved positive for both the start and the end of the coding sequence 

(#144E8, 147G12, 167H12, 168E4, 186B11, 281C1, 307B2, 340D3, and 448B7). 

Two clones are positive only for the end of the coding sequence (#289011 and 

340D3). YAC-clone #369F8 is either very small and runs out of the gel or it is 

instable as no signal is detected on Southern blots with either of the three probes 

used, even if several strongly PCR-positive colonies were grown up in liquid 

medium under selective conditions (Figure 4-1 and not shown).
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Figure 4 -1  Southern Blot analysis of KAl-YAC clones isolated from the WI/MIT m ouse YAC 
library by PC R -screening. (A) Ethidium bromide stained PFG E-gel of chrom osom al DNA 
from 11 K A l-Y AC -clones. The gel w as blotted onto a m em brane, which w as probed with 
radiolabeled DNA-fragments binding to (B) the p -lactam ase gen e , which is contained in the 
YAC arm s and therefore monitors p resen ce  of YACs, to (C) se q u e n c e  covering the Stop 
codon of translation, and to (D) se q u en ce  covering the Start codon  of translation. The 
m olecular s iz e  standard is yeast chrom osom al DNA from S .cerev is ia e  YNN 295  (BioRad); 
fragment s iz e s  are indicated in kb. For details s e e  text.
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4 .2  Subcloning from KAl-YAC by Targeted Rescue 

Cloning

In this Step of the project, sequence information of the mouse KAl-gene was 

acquired. To this end, genomic KAl-sequence covering the targeting area for the 

knock-in was subcloned from the KAl-YAC clone #448B7 by applying Targeted 

Rescue Cloning described in Materials and Methods, a novel subcloning strategy, 

which uses site-specific homologous recombination in yeast. The procedure consists 

of two steps, (1) targeted integration of a yeast-E.coli shuttle-vector into KAl-YAC- 

sequence in yeast by site specific homologous recombination, and (2) rescue cloning 

of chromosomal DNA flanking the vector integration site in E.coli.

4.2.1 Targeted Integration of a yeast-E.coli shuttle vector into KAl- 

YAC 448B7

The yesLSt-E.coli shuttle vector pRSY403tet was derived from pRS403 (Sikorski and 

Hieter, 1989) (see Materials and Methods). pRSY403tet contains a low copy number 

origin for plasmid replication in E .co li,  as well as the tetracycline resistance marker 

for selection in E .c o li,  tet, and an auxotrophic marker for selection in yeast, his3. 

Since this vector carries no yeast origin of replication (ARS) and no centromere, it is 

only maintained in yeast by integration into chromosomal DNA.

Integration of pRSY403tet was targeted to a sequence stretch 5’ of the 

sequence coding for the M3 domain of KAl. To this end, two KAl-homologous 

arms a and b were cloned into pRSY403tet yielding KA1-T4-Y403tet. The 

homologous arms were generated by PCR (arm a: mKAl-PCR6-s/ PC R ll.l-a , arm 

b: mKAl-PCRlO.l-s/ PCR7-a) on the basis of sequence information from the 4.5 kb 

PCR product ‘B’ described in section 4.1 using the 4 primer method described in 

Materials and Methods. A unique restriction enzyme site was fitted between the two 

arms. Linearisation of the plasmid between arm a and b with this restriction enzyme 

generates two recombinogenic free DNA-ends, which target the plasmid to the 

chromosomal site homologous to the cut site and ‘transplace’ KAl sequence with the
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vector sequence of pRSY403tet. Yeast cells of KAl-YAC clone 448B7 were 

transformed with linearised KA1-T4-Y403tet and plated onto medium lacking uracil, 

tryptophane and histidine. Selected yeast transformants were screened by colony- 

PCR using primers flanking the two homology arms (arm a: rKAl-Seq25-s/ T7- 

Seq2-s, arm b: T3-Seq2-s/ rKAl-Seq26-a) to verify site-specific integration of 

Y403tet (Figure 4-2). 2 out of twelve colonies screened proved to be positives.

-H-
KA1-gene on YAC

W '.Rescue-vector

B

■a-

his3

F igu re 4 - 2  Integration of KA1-T4-Y403tet into KA1-YAC by tran sp lacem ent of KA1- 
gen om ic s e q u e n c e s  in KA1-YAC 448B 7. (A ) Two h om ologou s arm s w ere cloned into 
pR SY 403tet in order to target the linearised vector to K A l-sp ecific  se q u e n c e s  on YAC 
448B 7 and induce double crossover. (B) S ite-specific hom ologous recombination is verified 
by PCR using two primer pairs, each  of which flanks on e of the two crossover areas.
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4.2.2 Rescue cloning of KAl genomic DNA

In order to subclone genomic KAl sequence downstream of the integration site, total 

yeast DNA from YAC-clone 448B7/T4, which is positive for the site specific 

integration of pRSY403tet, was digested with restriction enzymes that do not cut 

within the Tetracycline resistance gene or the bacterial origin of replication of 

pRSY403tet (Figure 4-3 A).

The hulk-digests were ligated and E.coli D H 5 a  was transformed with the 

ligation mixtures, Rescue-clones of up to 23 kh insert size were found by restriction 

enzyme digestions and agarose gel electrophoresis (Figure 4-3  B, left part).

EcoRI AçaU
Nsil / ^ l BsiWI PvulKpnl

24 kb

^  /

Kpnl B s W I

B
digest S P  S P  S P  S P  S P  
R C -c l. Pvu BsiW  Kpn Apa ApaL

kb 

19.3

I I
4.3
3.5 
2.7

1.9
1.5

0.9

digest S P  S P  S P  S P  S P  
R C -c l. Pvu BsiW  Kpn Apa ApaL

Figure 4 -3  Targeted R escu e Cloning. (A) Restriction of yeast DNA with en zym es preserving 
the bacterial se lection  marker and origin of replication of the integrated shuttle vector 
pR SY 403tet rescu es genom ic se q u en ce  downstream  of the plasmid integration site upon 
ligation and transformation of E.coli DH5a. Known ex o n s are show n a s  black boxes. (B) 
Restriction- and Southern-analysis of rescue clon es (RC-cl.). Left: Equal volum es of plasmid 
preparation of the five largest RC clones w ere digested  with S a d  (8) and PstI (P), run on an 
a g a ro se  gel, and fragm ent s iz e s  w ere estim ated . Right: The gel w a s blotted onto a 
m em brane which w as then probed with a cDNA fragment (STOP(I)) covering the KA1 stop  
codon. The two largest rescue clones, RC-Pvul and RC-BsiWI, contain the Stop codon.
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4.2.3 Mapping and search for poly-A signals

The two largest rescue-clones, RC-BsiWI and RC-PvuI, with approximately 21 and 

23 kb of KAl-DNA were found to include the Stop codon of translation, when 

analysed by Southern blotting using the STOP (I) probe (rKAl-Seq21-s/ Seq22-a, 

390bp) (Figure 4-3 B). Around 10 kb of DNA sequence information were acquired 

from RC-BsiWI and RC-PvuI through primer walking, subcloning and deletion 

cloning. The mouse genomic KAl sequences were aligned with the rat KAl cDNA 

sequence (Genbank AC: U08257) to delineate the exon-intron structure and the size 

of the 3’UTR. The following exon-intron boundaries and sizes were revealed:

excn (s iz e  unkncwi)

GCm TQQGA.TIQQCATGCOOX]G OIT̂ TOCAOGAAA 

4.5kb intron  

TIGACICCA'im G C T C A G T C Iiai3Q G A T C A !^^

128ip excn 

A3GAGGAGGACCATaGAGCCAAAG ŒWGAOGACC 

11 kb in trm  

J^OTOTCTICCm GCn[a3GAATOGAGAATATIQGIG 

118tp M4 excn 

ŒCCAGACACTCAGAAQ^  ̂ HIMGCriCOCA 

3.2kb la s t  intrcn  

IGICICOOOCm GIGICIGIGŒ GICAGGAGATGGTC

la s t  excn (in c l Step codcn)

In order to find out the size of the 3’UTR, the sequence downstream of the stop 

codon was searched for polyadenylation (poly-A) signals. In mammalian cells 

primary transcripts are usually cleaved 15 to 25 nucleotides past a highly conserved 

AAUAAA hexanucleotide motif or its variant AUUAAA (genomic: AATAAA or 

ATT A A A) and within 50 nucleotides in front of a less conserved U-rich or GU-rich 

(genomic: T- or GT-) downstream element (DSE) (the cleavage site itself, which 

becomes the point of poly(A) addition, is not defined by a sequence motif but is 

usually referred to as the poly-A site) (Zhao et al., 1999).
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F igu re 4 - 4  S e q u e n c e  alignm ent of m o u se  exon ic  s e q u e n c e s , su b clon ed  by targeted  
R escu e cloning from the KA1-YAC, and rat KA1 cDNA. The alignm ent covers se q u en ce s  5’ 
of the end of the fourth-last exon to the end of the rat cDNA clone (U 08257). Additional 
se q u en ce  is shown for the m ouse genom ic subclone. Arrow h ead s depict exon boundaries, 
the M 4-domain is fram ed, the Stop codon is marked by a star, and the polyA-motif is 
highlighted by a greyshaded box. Note that the end of the rat cDNA clone is preceded by a 
poly-A motif (ATTAAA) and that the hom ology to m ou se genom ic se q u en ce  is 100% in this
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area. Furthermore, in the genom ic su bclone the poly-A motif is followed by T- and TC-rich 
se q u en ce s , in front of which a transcript is cleaved  before polyadenylation. The coinciding 
end of the rat cDNA clone is consistent with polyadenylation of the m ou se primary transcript 
at similar position. The ch osen  site  for integration of the targeting e lem en ts is betw een  
position 802 and 803 of the alignment and is indicated by a T .

Using these search criteria two potential poly-A signals were found. The first 

hexanucleotide motif (ATTAAA) lies 382 bp of the stop codon and is followed by a 

ca. 140 bp long DSE. Figure 4-4 shows a sequence alignment revealing that this 

potential poly-A signal coincides with the end of one rat cDNA clone (AC: U08257). 

More recently published mouse ESTs (AV33866, BB089380 and BB391563) also 

terminate within 23 bp around the end of the rat cDNA clone, confirming the first 

poly-A signal (data not shown). The second hexanucleotide motif (AATAAA) lies 

1,800 bp downstream of the stop codon and is followed by a shorter, 74 bp long 

DSE:

Taken together, it is very likely that the first hexanucleotide motif and DSE form part 

of the true poly A signal of the mouse KAl transcript. Thus, to define the targeting 

area, the 380 bp long sequence stretch from the Stop codon to the first 

hexanucleotide motif was chosen. A basepair position in the middle was chosen as 

the target site for the generation of the knock-in allele. The targeting position is 

indicated by the letter T in Figure 4-4.

Figure 4-5 summarises the generation and analysis of KAl rescue-clones.

sequenced

4.5kb subcloned

a g e
EcoRI 

N si I /ûpal Kpnl Ddv A-2 I BsW l Pvul 

18 20 22 24 kb

Figure 4 - 5  Summary of generation and an alysis of rescu e c lon es. E xons are shown as  
black b oxes. The 3 ’UTR is shown a s  a black box of sm aller height. Location of the stop 
codon of translation a s  well a s  of the poly-A motifs are indicated. Restriction enzym e sites  
represent the limits of the RC-clones.
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4.3 Cloning of the ES-cell targeting vector

The targeting vector for the generation of the KAl-knock in by homologous 

recombination in ES-cells was assembled in four steps involving cloning in bacteria 

by the use of restriction digestion and cloning in yeast by homologous recombination 

(Figure 1-8):

1. assembly of a DNA cassette including all the targeting elements for generation of 

the knock-in,

2. integration of the targeting cassette into the KAl-gene in yeast carrying a KAl- 

YAC (Figure 1-9 A),

3. generation of the final ES-cell targeting vector in yeast (Figure 1-9 B), and

4. shuttling the construct into E.coli for amplification.

4.3.1 Bacterial cloning of the targeting cassette

A cassette comprising the targeting elements for the modification of the KAl-gene 

was assembled in E.coli. The targeting cassette was made of the following DNA- 

elements: 1RES, followed by an EGFP-Cre translation unit, followed by flirted  

selection markers, neo and his3, for selection in ES cells and in yeast-strain J57D 

respectively. The targeting elements were obtained as restriction fragments, PCR 

fragments, or as oligonucleotide pair:

targeting element cloning sites (5’ to 3’) plasmid/ PCR primer pair/ 
oligonucleotide pair

targeting arm A XhoI/EcoRI mKAl-PCR18-s/19-a

1RES EcoRI/NcoI pl049-wt

EGFP-cds NcoI/SacII pEGFP-Cl

myc tag Agel/PstI myc-Nl-s/N2-a

Cre-cds Pstl/SaH Cre-PCRl-s/PCR2-a

frt site Nhel/Nhel frt-Nl-s/N2-a

neo-gene Nhel/Xhol pl2-neo^

his3-gene ApaLI-SspI pRS403

targeting arm B BamHI/Clal mKAl-PCR20-s/21-a
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Figure 4-6 outlines the four main steps, in which the targeting elements were 

assembled using vector backbones from the pRS600x series of pUC-derived vectors 

(Dr. Ralf Schoepfer):

1. A cassette comprising 1RES, EGFP, myc tag and Cre was assembled in five 

cloning steps, also involving cloning of a designed polylinker.

2. A cassette comprising the selection markers neo and his3 and flanking frt sites 

was assembled in eight cloning steps, also involving cloning of two designed 

polylinker and shuttling of fragments between intermediate constructs.

3. Both intermediate constructs were fitted with targeting arms (arm a: mKAl- 

PCRlO-s/ mKAl-PCR 11-a, 200 bp; arm b: mKAl-PCR 12-s/ mKAl-PCR13-a, 

200 bp) for site specific integration of the final targeting cassette into the KAl- 

YAC (one cloning step each).

4. Figure 4-7 demonstrates graphic restriction maps of expression cassette and the 

selection cassette and how these were merged in one vector to yield the final 

targeting cassette KA1-T5.

The final targeting cassette was released from the vector backbone by restriction 

enzyme digestion with Seal (Figure 4-7) and was purified by agarose gel 

electrophoresis.

1RES

3.

4.
arm

A

1 .

4.

frt

2 .

neo

3.

□
arm

B

frt

Figure 4 - 6  S eq u en ce of bacterial cloning of targeting ca sse tte  KA1-T5. For details s e e  text.
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pYR-7.0 = KA1-T5 construct 

7951 bp

Figure 4 - 7  Final cloning step of the targeting c a sse tte  KA1-T5 in E.coli. The 2.9 kb pYR-6.6- 
Notl/Sall fragment, comprising y ea st targeting arm A, 1RES, EGFP, m yc tag and Cre, is 
cloned into the vector pYR-5.2 to be fused with the flirted  se lection  marker ca s se tte  and 
yeast targeting arm B. The final targeting ca sse tte , KA1-T5, for generating the knock-in into 
a KAl-YAC w as excised  from pYR-7.0 a s  a Scal-fragm ent.

110



4.3.2 Site-specific integration of the targeting cassette KA1-T5 into 

a KAl-YAC by homologous recombination in yeast

To modify the KAl gene with the knock-in targeting elements by homologous 

recombination in yeast, yeast-cells containing KAl-YAC 448B7 were transformed 

with the knock-in targeting cassette KA1-T5 (Figure 4-8A) and selected yeast 

colonies were screened by PCR using a primer pair flanking arm b (yPUSS-Seql-s/ 

mKAl-Seq27-a). Five out of 24 colonies analysed were found to be positive for the 

site-specific integration of the targeting cassette. This was confirmed by Southern 

blot analysis using the 3’probe (868 bp EcoRV-Kpnl fragment) (Figure 4—8).

Xbal 7.1 kb
Kpnl 7.6 kb

1073ECORV 
807 Xba I 

^Kpn\ 1028Xbal 2704Xbo I  

J ___________

IZlZKba  I 
5144 EcoRV 7252 Xpn I

5077 Bam HI 6384 Eco RV
IL I I

KAl-YAC  
7816  bp 3' probe

669 K pnl

KA1-T5 
5409  bp

I I I f  I
1937 Earn HI 2933 Mlu \ 

2131 EcoRV 
2387C/a I 

2644Xba I

3836 Xbo I 4789 Kpn ICpnl
^ 4 9  Xba I
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1073EcoRV 
1028Xba I 

807Xba I 
1 Kpnl

i— 111»

6628Xbo I 
5436Xba I

5179 C/a I
3461 Kpn I 5725 Mlu I 7941 Xba I

2704Xbo I 4923 EcoRV 7581 K pnl
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I

K Al-T5-integ rated 
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frt frt

12357Xbal 
12231 Kpn I

11363 EcoRV 
10123 EcoRV

3' probe

Xbal 4.8 kb

Kpnl 5.0 kb
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g g K  -7 7 kb
H r  Figure 4 -8  Targeted integration of the KA1-T5 ca sse tte  into KA1-

-6.2 kb YAC 44 8 B 7  through h o m o lo g o u s recom bination . (A, see
previous page) Graphic representation of the knock-in. Relevant 
restriction en zym e sites  are shown. (B) Southern blot of y east  
genom ic DNA digested  with Kpnl and analysed  with the 3 ’probe. 

-4.2 kb Two different wildtype KA1-YAC c lo n es (lane 1 and 3) and one
targeted KA1-YAC (lane 2) clone are shown. The targeted KAl- 
YAC (lane 2) w as derived in y east by hom ologous recombination 
of the targeting ca sse tte  with the KA1-YAC clone shown in lane 1.

4.3.3 R etrieval o f the final E S-cell targeting vector in yeast and  

shuttling into E.coli

The ES-cell targeting vector was cloned in yeast by recombination of a YCp-type 

vector-construct with the targeted KAl-YAC 448B7/T5 (Figure 4-9). To this end, 

two homologous arms for recombination with the modified KAl-YAC, as well as the 

HSV-tk gene for negative selection in ES-cells, were cloned into pRSY415 to yield 

KA1-T8-RSY415. These arms were designed to recombine with the modified K A l- 

YAC within 6.5 kb 5’ and 3.7 kb 3’ of the targeting site (arm a: mKAl-PCR 18-s/ 

PCR19-a, 450bp; arm b: mKAl-PCR20-s/ mKAl-PCR21-a, 350 bp).

Yeast was transformed with linearised KA1-T8-RSY415, and selected 

transformants were screened for correct recombination by PCR using primer pairs 

flanking arm a and arm b (arm a: TK -Seql-s/ mKAl-Seq30-a, arm b: T3-Seq2-s/ 

mKAl-Seq31-s). Yeast-DNA was prepared from several positive clones and the 

presence of YES-1 was checked by Southern analysis. 1 out of twelve checked 

clones proved postive for YES-1 (data shown). E.coli XLIO G old  cells were 

transformed with genomi DNA from this clone to amplify the plasmid. Plasmid 

DNA was analysed by restriction enzyme digestions (Figure 4-9) and sequencing.
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T 5-targeted  KA1-YAC STOP polyA

armA

-ff ^ iR E sllG F P ^C re [ neo K h is S  |# ff
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armB

Ieu2 I------ARS H  3 ^ c

YES-1 M lu  I

M lu  I 
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—  H  HSV-tk
p R S Y 4 1 5
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- t -

S T O P  '

4 M lu  I

REsj E-Cre |n e o |  h is 3 ^

KA1 p o ly -A

N otl

6 .0  kb 1 .8  kb 6 .5  kb 2 .5  kb 2 .5  kb 4 .0  kb

- 10.1
- 8.6

Figure 4 -9  Cloning and analysis of the ES-cell construct YES-1. 
YES-1 w as cloned in yeast through hom ologous recombination of the 
targeted KAl-YAC with linearised shuttle vector construct KA1-T8- 
RSY415. YES-1 is fitted with a 6 .5  kB long arm and a 3.7 kb short 
arm. The targeting ca sse tte  con sists of an IRES-EGFP-Cre co 
expression ca ssette  and a neo-his3 selection marker cassette . The 
latter is flanked by frt-sites {flirted) and can be resolved by Flp- 
recom binase. Additionally, the plasmid contains the HSV-tk gen e for 
negative selection in ES-cells, a s  well a s  vector elem en ts for 
m aintenance in yeast and in bacteria. Notl linearizes the ca. 23.3 kb 
plasmid. Digestion with Mlul yields a 12.55 kb and a 10.6 kb 
fragment, the larger of which is split into a 6 .25  kb and a 6.3 kb 
fragment in a double digestion with Notl and Mlul which appear a s  
double band.
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4.4 Testing excision of flirted selection cassette in yeast

A test was devised in yeast to verify that Flp-recombinase catalyses the excision of 

the neo-his3 selection cassette from the modified KAl- sequence in the KAl-YAC. 

To this end, the yeast expression construct pYX1415-Flp was cloned in bacteria. 

From this plasmid, Flp is expressed in yeast under control of the inducible CUPl- 

promoter. The CUP 1-promoter is induced by Cû "̂  ions (Etcheverry, 1990). Yeast 

cells from a targeted YAC clone 448B7/T5^ harbouring the modified KAl-YAC 

were transformed with the Flp-expression construct and equal amounts of 

transformed cells were plated onto media containing increasing concentrations of 

CUSO4  (0 mM, 0.01 mM, 0.03 mM, 0.06 mM, 0.1 mM, 0.3 mM and 0.6 mM, 

respectively) but lacking leucine, tryptophane and uracil. At these conditions, the 

YAC (ura3 and trp2, contained in YAC construction vectors pRML-1 and pRML-2) 

and the expression plasmid (leu2) are selected for. Flp expression is upregulated with 

rising Cu^“̂ concentration (Etcheverry, 1990). To control for spontaneous loss of the 

KAl-YAC in absence of Flp, a related construct, pYX1415-EGFP, which expresses 

EGFP instead of Flp, was transformed in a parallel assay.

To test for excision of the neo-his3 cassette in the presence of pYX1415-Flp, 

colonies were replica-plated 4 days after the transformation onto media lacking 

histidine in addition (-His, -Leu, -Trp, -Ura). It was found that colonies from original 

plates containing CuSO^-concentrations of 0.01 mM or higher did not multiply on 

replica plates containing 0.01 mM CuSO^, indicating that deletion of the neo-his3 

selection cassette was complete on the original plate at the time of replica-plating. 

25% of colonies from original plates containing no CuSO^ did not grow at all on 

plates selecting for the neo-his3 cassette, whereas 75% of replica-plated colonies 

grew to some extent but did not produce round colonies (there was some growth in 

some sectors), indicating slow loss of the his3 marker. In contrast, EGFP- expressing 

colonies grew normally on either plates, indicating that the neo-his3 cassette is not 

lost spontaneously. These results indicate that Flp-expression was upregulated by

 ̂YAC clones 448B7/T5 have lost the endogenous Flp-encoding 2 /xm plasmid as a result of 

curing, as described in Materials and Methods.

114



addition of ions and that low Flp-expression levels are sufficient to mediate 

excision of the neo-his3 cassette in yeast. Flp-expression levels were not quantified.

DNA was prepared from a liquid culture of an excision-positive colony to 

verify deletion of the neo-his3 cassette by Southern blot analysis using the KAl 

3’probe (868 bp EcoRV-Kpnl fragment) (Figure 4-10).
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Figure 4 -10  F lp-m ediated resolution of the n eo -h is3  
ca s se tte  from the targeted KAl-YAC. Y east DNA from a 
wildtype YAC clone, a targeted  YAC clon e (T5) and a 
targeted YAC clone transformed with the Flp-expression  
construct pYX415-Flp (T5 res.), w a s d igested  with Kpnl 
and Xbal and blots w ere probed with the KA1-3’probe. 
Relative fragment s iz e s  are a s  exp ected  ( s e e  a lso  Figure 
4 -8 ) . Note that the Flp-resolved KpnI-fragment is sm aller 
than the wildtype fragment due to a Kpnl site within 1RES, 
and that the Flp-resolved Xbal-fragm ent is identical to the 
T5-fragment due to an Xbal site in the residual frt site.
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4.5 Testing IRES-EGFP-Cre-function in HEK-cells

Expression and function of the EGFP-Cre fusion protein were tested in the genomic 

context of the KAl-knock-in using a Cre-reporter assay. This was done to verify that 

the fusion between EGFP and Cre used in the knock-in, produces active Cre- 

recombinase. Fluorescent light emitted from EGFP served to monitor the localisation 

of EGFP-Cre and to estimate its expression level.

Three constructs were used, pEGFP-Cl (Clontech), pEGFP-Cre and YEST-6 

(Figure 4-11). pEGFP-Cre was cloned on the basis of pEG FP-C l. YEST-6 was 

derived from YES-1-Res in yeast by homologous recombination. (YES-l-Res was 

obtained by shuttling YES-1 into Flp-expressing yeast cells (YPH925, cir^) to 

resolve the neo-his3 cassette). YEST-6 expresses a bicistronic RNA under control of 

the CMV immediate early promoter and consists of the terminal part of the targeted 

K A l gene, beginning with the start of the second-last exon. Thus, expression of 

EGFP-Cre in the genomic KAl-context is mimicked.

SV40 poly A
STOP

I
pEGFP-Cre

B
M4-exon

—  — ------------------- -jcMvj —  ■

YEST-6

"C P

ijlRE!

KA1-poly A

Notl

frt

SV40 poly A
STOP

Hc m vKGFj

pEGFP-C1

Figure 4-11 Constructs for testing exp ression  and function of EGFP-Cre. (A) EGFP-Cre 
exp ression  construct pEGFP-Cre, (B) bicistronic KAl / EG FP-Cre exp ression  construct 
YEST-6 and (0 ) EGFP exp ression  construct pEG FP-C1. In all p lasm ids transcription is 
driven by the CMV immediate early promoter.
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HEK293 cells were cotransfected with the Cre-reporter plasmid pAMA (Zhang et al., 

1996) and one of the three plasmids introduced above (Figure 4-12).

Plasmid pAMA expresses P-galactosidase (p-gal) only after excision of a 

floxed translational stop sequence by Cre. For detection of P-gal activity, cells were 

stained with X-Gal two days after transfection.

Blue staining of cells indicated that EGFP-Cre activates the reporter when 

expressed either from the monocistronic (Figure 4-12 A) or the bicistronic transcript 

(Figure 4-12 B), whereas cells expressing EGFP alone did not activate the reporter 

as indicated by absence of blue staining) (Figure 4-12 C).

Green fluorescent imaging revealed that EGFP-Cre accumulates in the 

nucleus whereas EGFP distributes all over the cell (Figure 4-12 A’ vs. C’). 

Translocation of a similar EGFP-Cre fusion protein has been reported (Gagneten et 

al., 1997). However, IRES-mediated expression of EGFP-Cre from the bicistronic 

KAl/EGFP-Cre construct did not yield fluorescence signals higher than background 

levels, indicating that IRES-mediated translation is less efficient than cap-mediated 

translation. IRES-mediated protein expression is known to be around 10 times less 

efficient than cap-mediated (Attal et al., 1999; Mizuguchi et al., 2000), which is 

consistent with the low fluorescent signals found in the experiment. Also, control 

experiments, in which multiple Stop codons followed by 1RES were inserted in front 

of the EGFP-Cre coding sequence in the plasmid pEGFP-Cre, yielded fluorescence 

signals as low as with the bicistronic KAl / EGFP-Cre construct (data not shown).
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Figure 4 -1 2  EGFP-Cre reporter a ssay . HEK293 cells w ere cotransfected with Cre-reporter 
plasmid pAMA and either of plasm ids pEGFP-Cre (A and A ), YEST-6 (B and B ), and 
pEGFP-C1 (C and O’). Two days after transfection, cells w ere fixed and stained with X-gal. 
Bright field viewing (A, B, C) reveals Cre-m ediated reporter activation in cells expressing  
EGFP-Cre but not in cells expressing EGFP. Green fluorescen ce imaging reveals that 
EGFP-Cre accum ulates in the nucleus (A ), w h ereas EGFP is distributed all over the cell 
(O’). Note that IRES-m ediated expression  of EGFP-Cre from the bicistronic construct is not 
stronger than background fluorescence. Exposure tim es w ere the sa m e  for pictures A-C and 
A '-C  respectively. S ca le  bar; 25  pm.
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4.6 Transfection of ES-cells with targeting vector YES-1 

and screening of antibiotics-selected ES-clones

In order to modify the wildtype KAl-gene, purified Not-I linearised YES-1 DNA 

was sent to Eurogentec, Belgium, for transfection of ES-cells and antibiotic 

selection. The ES-cells used are derived from inbred mouse strain C57/B1/6N. Next, 

ES-cell lysates of drug-selected clones were received from Eurogentec. DNA was 

then prepared from ES-cell lysates and screened by Southern analysis to identify 

correctly targeted recombinant clones.

4.6.1 Transfection of ES-cells with targeting vector YES-1 and 

antibiotic selection for recombinant ES-clones (Eurogentec)

In each assay, 20 [ig linearised YES-1 plasmid were used to electroporate 5.6 million 

ES cells. A total o f 140 pg YES-1 were used. Electroporated ES-cells were treated 

with G418 to select fo r  the neo gene, followed by treatment with Gancyclovir to 

select against the HSV-tk gene.

Drug-resistant clones were picked, dissociated and plated in 96-well plates. 

From these plates replicas were prepared using 96-well and 48-well plates. Frozen 

stocks were prepared from 96-well plates and “first round” ES-cell lysates were 

prepared from confluent cell layers in 48-well plates.

4.6.2 Southern blot screening of first round ES-cell lysates

ES-cell lysates a total of 312 drug-resistant clones were received from Eurogentec. 

DNA from “first round” ES-cell lysates was prepared.

The KAl gene targeting locus of drug-selected ES-cell clones was examined 

by Southern analysis. Several combinations of restriction enzyme digestions and 

DNA probes were set up to detect site-specific and random recombination of the 

targeting vector with the KAl-gene. All digests and probes were designed using 

sequencing data and mapping information gained from KAl-rescue clones as well as

119



from wildtype and targeted KAl-YAC-clones (YACs 448B7 and 448B7/T5). A 1:1 

mixture of wildtype and mutant KAl-YAC-clone DNA was used as positive control 

in the ES-clone screen.

For each lane of a Southern Blot gel, 5% to 10% of the total DNA-yield from 

a one 48-well was digested. The 3’ junction between the targeting cassette and the 

KAl-gene was checked using an Xbal digest and a Kpnl digest in combination with 

the 3’probe (870 bp EcoRV-Kpnl fragment) (Figure 4-13). These blots were also 

screened with a neo probe (680bp EcoRI-PstI fragment) to check for correct 

integration of the targeting cassette and to detect random integration of the neo gene 

as would be indicated by bands with different size (Figure 4-13).

digest_____ probe_______ wildtype_____ mutant

Xbal 3’probe 7.1 kb 4.8 kb

neo-probe - 2.5 kb

Kpnl 3’probe 7.6 kb 5.0 kb

neo-probe - 4.1 kb

The 5’ junction between targeting cassette and KAl-gene was checked using a Hpal 

digest or a Hpal/Clal double digest in combination with the 5’probe, a 1.3 kb 

Apal/HincU-KAl-fragment. The wildtype fragment has no Clal site (Figure 4-13).

digest_____ probe_______ wildtype_____ mutant

Hpal 5’probe ca. 22 kb ca. 27 kb

Hpal/Clal 5’probe ca. 17 kb ca. 22 kb

In addition, a 1.1 kb ApaLI/AlwNI-fragment binding to the |3-lactamase gene (AMP- 

probe), and a 1.0 kb BssHII/MluI-fragment binding to the HSV-tk gene (TK-probe) 

were used to detect random integration of vector backbone DNA.

digest_____ probe_______ wildtype Im) mutant (m)________

any AMP-probe none none, if positive

any TK-probe none none, if positive
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F ig u re  4 - 1 3  G e n e  targeting of K A l-g e n e  with Y E S-1 (A), and g en o m ic  organisation  of 
wildtype (B) and recom binant (C) K A l-allele. T h e 5' and 3 ’ limits o f th e h om ologou s arm s of 
th e targeting vector YES-1 are indicated by arrows. E xon s are sh ow n  a s  black b oxes, the  
3'UTR a s  a sm all black box. Targeting e lem en ts  are sh ow n  a s  op en  b o x es, frt s ites  a s  filled 
triangles. R elevant restriction en zy m e sites , fragm en ts and p rob es are show n: 0 , Clal; H, 
Hpal; K, Kpnl; X, Xbal. N ote that the wildtype se q u e n c e  h as no Clal site.
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The first 90 ES-clones were initially screened using an Xbal-digest and the 3’ probe 

(Figure 4-14). 19 out of 90 clones showed the mutant band in addition to the 

wildtype band. 15 of the 19 candidate clones were further analysed using the digest- 

probe combinations described above (Figure 4-13). Seven out of 15 clones showed 

additional signals to the mutant band when analysed with the neo probe.

At the end of the first round screen, seven preliminary positive clones were

noted.

ES-clone #
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

kb

wildtype

mutant

-  7.7

-  6.2

-  4.2

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
ES-clone #

Figure 4 -14  Southern blot screen  of first round ES-cell lysates. A s an exam ple, the first 30  
drug-selected  ES-cell c lo n es are shown. DNA w as d igested  with Xbal and the blot w as  
hybridised with the 3 ’probe. A 1:1 mix of y ea st DNA from wildtype and targeted KA1-YAC 
clon es w as loaded a s  positive control (YAC Ctrl ). C lones # 1, 8, 13, 14, 17, 20, 21, 28, 29  
and 30 show the mutant 4.8 kb band in addition to the 7.1 kb wildtype band.
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4.6.3 Southern blot screening of second round ES-cell lysates

Eurogentec, Belgium, amplified the seven chosen ES-cell clones from the first round 

screen to provide ‘second round’ ES-cells for the generation of chimeric mice. 

Confluent cells from one 6 cm dish were frozen into 5 cryogenic vials with ca. 2 

million cells each, and ‘second round' ES-cell lysate were prepared from aliquots 

seeded in 24-well plates.

‘Second round’ ES-cell lysates were received from Eurogentec. DNA was 

isolated from these seven selected second round clones and was examined by 

Southern analysis (Figure 4-15 to Figure 4-18). At the end of the screen all seven 

clones were considered positive, as they showed the mutant band as well as the 

wildtype bands. ES-clones # 29, 31, 36 and 81 showed mutant signals, which were 

weaker than the wildtype signals. This is thought to be due to contamination with 

wildtype cells. Therefore, clones # 21, 30 and 77 were taken as first choice 

candidates for the generation of chimeric mice, and clones # 29, 31, 36 and 81 as 

second choice candidates.

Kpn I

ES-clone #
21 29 30 YAC 31 36 77 81

Xba I

ES-clone #
21 29 30 YAC 31 36 77 81

kb

. , 7 . 7  - 
wildtype

6 .2 -

^  m t  ^  wildtype

mutant ^  mutant

Figure 4 - 1 5  Southern blot analysis of Kpnl and Xbal d igests of secon d  round ES-cell DNA 
with the 3 ’probe. All sev en  clon es exam ined show  the sa m e bands a s  the positive control 
(YAC, a 1:1 mix of y ea st DNA from wildtype and targeted KAl-YAC clones). However, the 
relative signal strength of mutant and wt bands is not equal in all c lon es, possibly indicating 
contam ination of the resp ective c lo n es with wildtype cells. C lon es 21, 30 and 77 w ere  
designated prime candidates for generation of chimeric mice.
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Hpa I 

ES-clone #
21 29 30 YAC 31 76 77

H p a l / C l a l  

ES-clone #
21 29 30 YAC 31 76 77

kb

_28_{
24"  ,mutant

wildtype

wildtype

mutant

Figure 4 -16  Southern blot analysis of Hpal and Hpal/Clal d igests of secon d  round ES-cell 
DNA with the 5 ’probe. Band s iz e s  are a s  expected  from the mapping data and are consistent 
with the control (YAC). Relative signal intensities varied from blot to blot in the c a s e  of the 
Hpal/Clal digest. Finally, all 7 clon es were considered correctly targeted. Clone #81 w as not 
included in the analysis shown here.

Kpn I

ES-clone #
21 29 30 YAC 31 36 77 81

Xba I

ES-clone #
21 29 30 YAC 31 36 77 81

kb 

7.7 - 

6 . 2 -

mutant

3.5-

' m m  mutant

Figure 4 -17  Southern blot analysis of Kpnl and Xbal d igests of secon d  round ES-cell DNA 
with the neo probe. All clones show  the bands expected  from the sequencing. Only the yeast 
control (YAC) sh ow s additional bands indicated with arrow heads. T h ese  signals are a lso  
present in wildtype YAC-clones (data not shown).
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Kpn I
ES-clone #
21 29 30 YAC 31 36 77 81

Xba I
ES-clone #
21 29 30 YAC 31 36 77 81

e
m

m

3 . 5 -

Figure 4 -1 8  Southern blot analysis of Kpnl and Xbal d igests of secon d  round ES-cell DNA 
with the AMP probe. Only d ig ests  of DNA from Y A C -clones (YAC) show  clear signals  
(arrowheads). Additional signals are expected , a s  the p-lactam ase g en e  is contained in the 
YAC arms (vectors pRML-1 and pRML-2). S om e additional signal below  3 kb can a lso  be 
seen  in all lanes in the Xbal digest.
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4.7 Generation of chimeric mice and testbreeding for 

germline transmission

Chimeric mice were generated by Eurogentec, Belgium. An aggregation protocol as 

well as a blastocyst-injection protocol were employed. NMRI mice (white coat 

colour) were used as donor for morula- and blastocyst-stage host embryos.

Only blastocyst injections yielded chimeras. Five chimeras and ten non

chimeric littermates were received from three injection sessions. Three male 

chimeras plus one female chimera were derived from ES-clone #21. One female 

chimera was derived from ES-clone #29. The chimeras show white coat colour with 

dark-brown patches.

For test-breeding, black mice from the C57B1/6J (Bl/6 ) inbred strain, as well 

as white mice from two outbred strains, ICR and NMRI, were used.

Most genotyping was done using a multiplex PGR, where one primer pair 

amplifies 508 bp of an endogenous gene (NRl, positive control), and another 

amplifies 414 bp of the neo gene (neo, indicator for germline transmission of the 

targeted KAl-allele). Some genotyping was also done by Southern blotting, using 

the KpnI-digest in combination with the 3’probe.

Test-breedings were initially set up between chimeras and mice from the 

C57B1/6J inbred strain. All offspring from these matings were genotyped by PGR. 

Chimeric females, #001 and # 005, did not produce any black offspring, chimeric 

male # 002 did not produce any pregnancies, and chimeric males # 003 and # 004 

produced approximately equal numbers of black and agouti offspring each. However, 

none of the black pups carried the targeted KAl-allele, as determined by PGR. A 

total number of 281 pups were screened (Table 4-1).

T ab le 4-1 Test-breeding of chim eras with BI/6J m ice.

Chimera chimerism ES-clone litters pups pups/litter agouti black
001 female 5% 21 1 15 15 100% 0%
002 male 80% 21 0 0 0 - -
003 male 20% 21 19 142 8 53% 47%
004 male 70% 21 15 82 6 45% 55%
005 female 20% 29 4 42 11 100% 0%
Chimera # 001 died during the second pregnancy. 
All chimeras were generated by blastocyst injection.
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It was assumed that black coat colour among the FI-offspring would be indicative of 

germline transmission, since Bl/ 6  x Bl/ 6  matings yielded 100% black offspring, 

NMRI X NMRI or ICR x ICR matings yielded 100% white offspring, and Bl/ 6  x 

NMRI or Bl/ 6  x ICR matings yielded 100% agouti offspring. With regard to 

chimeras # 003 and # 004, these findings suggested two possible explanations:

4. germline transmission takes place - but only of the wildtype allele.

5. germline transmission does not take place - the black coat colour is not an 

indicator of germline transmission.

If germline transmission took place, it would mean that the targeted allele produces a 

dominant negative lethal effect sometime between the generation of germ cells and 

the end of gestation. This was thought to be unlikely, because none of the knock-in 

components has a dominant negative effect on its own -  all have been shown to be 

transmitted through the mouse germline: 1RES (Mountford et al., 1994), EGFP 

(Kawamoto et al., 2000), Cre (Orban et al., 1992), frt (Dymecki, 1996), neo (Thomas 

and Capecchi, 1987) and his3 (communication by I. Khrebtukova, archived at 

http://www.med.ic.ac.uk/db/dbbm/tglist.html.

The second possible explanation (no germline transmission) was tested by 

PCR using microsatellite markers. Eight markers, which are routinely used for 

monitoring inbred strains by Harlan UK and Charles River UK, respectively, were 

used: DlMit308, D3Mit49, D5Mit79, D6Mitl02, D9Mitl8, D llM it236, D16Mit5 

andD17Mitl6.

Marker PCRs were tested on DNA from the ES clone #21, on Bl/ 6  and on 

chimera DNA. Markers D3Mit49 and D5Mit79 yielded PCR bands with significant 

size differences on DNA from chimeras, either in addition to the Bl/ 6  signal or 

exclusively, as assessed by 3% metaphor agarose gel electrophoresis.

Markers D3Mit49 and D5Mit79 were chosen to screen offspring from 

matings of chimeras # 003 and # 004, respectively, with Bl/6 . As expected, all 

offspring showed the Bl/ 6  signal as the mother is Bl/6 . In addition, non-Bl/ 6  signals 

(NMRI signals) were found in agouti but also in black offspring with both markers, 

indicating that the black pups do not belong to the Bl/ 6  strain. Hence, with these 

matings, the black coat colour does not necessarily indicate germline transmission. 

The results for mating of chimera # 003 with Bl/ 6  are shown in Figure 4-19.
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Figure 4 -1 9  Polymorphic marker PCR. Agouti (A) and black (B) offspring from chimera #  
003 X Bl/6 m atings w ere randomly picked and tested  for polymorphic markers D3Mit49 (top) 
and D5Mit79 (bottom). With D3Mit49, all agouti and black pups show  two bands, the 
exp ected  Bl/6 band (arrow) and an additional band (arrowhead), which is not produced on 
DNA from Bl/6 m ouse tail (B, mother) or DNA from ES clone # 21 (E), but on DNA from the 
chimeric father (C). Thus, black coat colour is not indicative of germ line transm ission in 
th ese  pups. Similarly, with D5Mit79, m ost agouti and black pups show  two additional bands 
(arrowheads) next to the Bl/6 band (arrow), a lso  indicating that black coat colour is not 
indicative of germ line transm ission. The fact that not all agouti or black pups show  the non- 
BI/6 signal is consistent with NMRI m ice being outbred. DNA size  marker (m, in bp); negative 
control (-, no DNA).

The marker D3Mit49 yielded the non-Bl/ 6  (NMRI) band in all agouti and black 

offspring, indicating that their parents are homozygous for this marker. With the 

marker D5Mit79 not all offspring (neither black nor agouti) show the non-Bl/ 6  

bands, indicating that their parents were heterozygous for this allele. This is 

consistent with the outbred genepool of NMRI mice. PCR-products from randomly 

chosen pups, which showed polymorphism, were cloned in bulk and plasmid DNA 

from a number of clones was sequenced. For marker D3Mit49 two related fragments 

with 126 bp and 148 bp size featuring poly(CA) repeats were found and for marker 

D5Mit79 two related fragments with 102 bp and 140 bp size featuring poly(GA) 

repeats were found. Thus, specificity of the lower two bands for each of the two 

markers was proven.

Further test-breeding of all chimeras was therefore done with white mice 

(ICR and NMRI strains). Table 4-2 documents that from these matings, only white 

pups were obtained, indicating that none of the chimeras transmitted the KAl-knock- 

in allele through the germline.
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Table 4-2 Test-breeding of chimeras with ICR and NMRI mice.

Test-breeding with ICR

Chimera chimerism ES-clone litters pups pups/litter white agouti
001 female 5% 21 2 33 17 100% 0%
002 male 80% 21 0 0 0 - -
003 male 20% 21 2 16 8 100% 0%
004 male 70% 21 2 29 15 100% 0%

Test-breeding with NMRI

Chimera chimerism ES-clone litters pups pups/litter white agouti
001 female 5% 21 1 9 9 100% 0%
002 male 80% 21 0 0 0 - -
003 male 20% 21 8 84 11 100% 0%
004 male 70% 21 9 93 10 100% 0%

In conclusion, none of the obtained five chimeras was germline transmitting. 

Therefore, Eurogentec has been generating more chimeras, using ES-clone 29, 30 

and 77. In the meanwhile, 26 more chimeras have been bom which will reach 

fertility after submission of the thesis. All are derived from ES-clone #29 and the 

majority of these mice is more than 60% chimeric.
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5 Discussion

5.1 The NRl N598R mouse model

The presented work centred on a mouse model of the essential NMDA receptor 

subunit NRl, in which NMDA receptors are functionally altered but not physically 

deleted from the cell surface. The mouse model is characterised by a gene-targeted 

NRl allele that expresses the N598R mutant NRl subunit upon Cre-mediated 

excision of a transcription-interrupting neo gene from the targeted endogenous NRl- 

allele. The introduced point mutation replaces the neutral amino acid asparagine at 

position 598 with a positively charged arginine in the NRl subunit of the NMDA 

receptor. This mutation is known to abolish the voltage-dependent Mg^^-block and 

the Ca^^-permeability and hence the coincidence detection properties of the NMDA 

receptor. Since the NMDA receptor is implicated with these properties in 

physiological processes of synaptic plasticity as well as in pathological processes of 

excitotoxicity, it should be possible to infer the role of NMDA receptor signalling in 

vivo from altered NMDA-receptor function in the NRl N598R mouse model.

Even if one’s point of view was that introducing the N598R mutation in the 

NRl subunit represents the functional knockout of the NMDA receptor, the NRl 

N598R mouse model is still different from the NRl knockout mouse model, since 

NMDA receptor complexes should still form in NRl N598R mutant mice, whereas 

in NRl knockout mice no functional NMDA receptors assemble.

Global activation of the NRl N598R allele was achieved by mating with the 

Deleter mouse strain, which carries an X-chromosomally linked Cre-transgene 

(Schwenk et al., 1995). This formed the basis of one part of the presented work. To 

achieve regionally restricted expression of Cre and consequently regionally restricted 

expression of the N598R mutation seemed desirable too, especially since global 

activation of the mutant allele was found to be dominant negative lethal. Hence,
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another part of the presented work consisted in developing a mouse line with 

regionally restricted expression of Cre in the brain.

5.2 Global expression of the NRl N598R mutation is 

dominant negative lethal.

The NRl subunit is thought to be expressed in almost every neuron of the CNS. 

Global expression of the NRl N598R allele was found to be lethal. Using Northern 

blot and Western blot analysis I have shown that the activated NRl^ allele is 

expressed normally, i.e. NRl N598R mutant mRNA levels and protein levels are 

similar if not identical to wildtype NRl levels. Considering that NMDA receptors 

CO as semble two NRl subunits (Behe et al., 1995), 50 % of the receptors in 

heterozygotes might be of the mixed type, i.e. they contain one wildtype and one 

mutant NRl subunit, and 25% each might be either pure mutant or pure wildtype 

receptors. Therefore, since NRl protein levels are apparently equal in wildtype and 

NRl N598R mutant mice, the conclusion is that the NRl N598R mutation is 

dominant negative. Single and colleagues also report a dominant negative lethal 

effect of the N598R mutation, although it is reported that up to 15% of NRl^"^ mice 

survive the first week after birth (Single et al., 2000). This clearly implies that the 

N598R mutation does not impair suckling response in NRl^"^ mice. Nevertheless, 

NRl^^ mice from our mouse population do not feed at all and do not survive their 

day of birth, irrespective of whether phenotypically normal littermates were removed 

or not. Differences in behaviour between our mouse population and the one 

maintained by Single and colleagues could be due to different genetic background. 

For instance, CD 1 and C57B1/6 mice were used by Single et al. for backcrossing of 

the Deleter strain whereas exclusively C57B1/6J mice were used by us. Another 

reason might be differing animal housing conditions, which might influence animal 

behaviour.
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5.3 Expression of NRl, NR2B and NR2D receptor subunits 

is not altered in NRl mutant mice.

By employing knockout mice in addition to homozygous Deleter mice, it was

possible to generate NR1^‘ mice as well as heterozygous and homozygous NRl 

knockout mice. NRl^^' mice express exclusively N Rl N598R mutant subunit. 

Immunoblotting demonstrated that NRl protein levels in N R l^  mice are equal to 

NRl protein levels in heterozygous NRl"^ '̂ knockout mice. These results were also 

fully consistent with reduced NRl mRNA levels detected on Northern blots, 

indicating that expression of NRl N598R mutant NMDA receptors does not have an 

influence on NRl gene expression.

Protein levels of the two NR2 subunits, which are most strongly expressed in 

the brain at birth, NR2B and NR2D, were also found to be unaltered. With respect to 

NR2B these results are somewhat puzzling, since NR2B has been reported to be 

downregulated in another NRl knockout mouse model of different origin (Forrest et 

al., 1994). It can be ruled out that the cause for this discrepancy lies in a different 

preparation protocol, since the protocol from Forrest and colleagues was used here.

5 .4 Normal NMDA-receptor function is required for 

whisker-related patterning in the brainstem

Studies on the role of NMDA receptor-dependent activity during formation of 

somatosensory maps in the trigeminal pathway have focused on the effects of 

pharmacologically blocking NMDA receptors during the critical period and of 

deleting NMDA receptor genes, respectively. Pharmacological blockade of NMDA- 

receptors failed to have any obvious effect on the formation of whisker-related 

patterns when assayed using histochemical stains (Fox et al., 1996; Schlaggar et al.,

1993), but partially disturbed the functional connectivity of afferents and their target 

cells in the barrel cortex (Fox et al., 1996). In contrast, knockout studies of NMDA 

receptor genes produced clear anatomical evidence for the involvement of the 

NMDA-receptors in somatosensory map formation (Iwasato et al., 2000; Iwasato et 

al., 1997; Kutsuwada et al., 1996; Li et al., 1994).
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In the presented study I investigated whether NMDA-receptor mediated signalling is 

involved in the development of whisker-related patterns by using the NRl N598R 

knock-in mouse model. Exclusive expression of NRl N598R mutant NMDA 

receptors was found to impair the formation of whisker-related patterns in newborn 

N R l^ pups, similar to mice, which do not express NMDA-receptors at all.

Given that in in vitro expression systems NRl N598R mutant subunits 

assemble ion-permeable NMDA-receptors when co-expressed with NR2 subunits 

(Bumashev et al., 1992; Behe et al., 1995), it seems likely that N598R mutant NRl 

subunits assemble with NR2 subunits on the cell surface to form ion-permeable 

NMDA receptor complexes in vivo. Indeed, electrophysiological characterisation in 

this lab has shown that in N R l^ ' mice cation-permeable NMDA receptor channels 

are expressed. Whole cell recordings from hippocampal neurons, grown in 

organotypic slice culture, revealed that NMDA application induces a current flow 

which is linear in presence and absence of Mg^^-ions in the bath solution but which 

can be blocked by application of the NMDA receptor antagonist APV 

(electrophysiological recordings by Georg Rast and Alasdair Gibb). This loss of 

Mg^^-block suggests that in NRl*^ '̂ mice NMDA receptors can not function as 

coincidence detectors and that this is causing the malformation of the whisker-related 

connections in the brainstem.

Whilst whisker-related patterning was abolished in brainstem of newborn 

N R l^ ' mice, it was detectable in NRl̂ "̂  ̂mice, as was in somatosensory cortex of 

mice with this genotype at age P7 (Single et al., 2000). The ranking data suggested 

however that the formation of the whisker-specific connections is delayed compared 

to wildtype NRD'"^ and heterozygous NRl"^ '̂ knockout mice. Thus, coincidence 

detection by the residual population of pure wildtype receptors would be sufficient to 

mediate intracellular signalling by way of Ca^’̂ -influx through the receptor channel. 

In agreement with this hypothesis, whole cell recordings from hippocampal neurons, 

grown in organotypic slice culture, has detected a reduction of the Mg^^-block in 

NRl^^ mice. The interpretation of this data is that normal NMDA receptor function 

is essential for the formation of the whisker-related somatotopic map in the 

brainstem.

By staining for synaptically enriched active mitochondria with the CO- 

method the connections between afferents and their target cells are revealed.
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However CO-staining does not give any information about the shape of axonal nor 

dendritic arbors in the system. Given an involvement of the NMDA receptor in 

activity-dependent refinement of synaptic connections, it might well be that the slight 

qualitative differences in CO-staining seen between mice, which lack NMDA 

receptors, and mice, which only have NRl N598R mutant NMDA receptors, reflect 

morphological differences at the level of the synaptic connections, such as 

differences in arborisation of axons. One possible means to investigate the 

arborisation and anatomical mapping of the sensory afferents in their target field 

would be to label the sensory afferents with lipophilic fluorescent tracer dyes Dil and 

DiO. Such an investigation was undertaken in N Rl  ̂ knockout mice and 

demonstrated that topographic ordering is present in the central trigeminal 

projections of both wildtype and knockout mice (Li et al., 1994). Likewise, the 

density of the axonal arbors does not appear to be compromised in knockout mice, 

although at least some axon arbors appeared to be larger in the knockout (Li et al.,

1994).

5.5 Ways to regionally restricted activation of the N598R 

allele

As the expression of the N598R mutant subunit is dependent on Cre-mediated 

excision of the neo cassette, the mouse model allows to investigate altered NMDA 

receptor function in a variety of settings ranging from single cells in culture to global 

and regionally restricted activation in vivo. The crucial point is to achieve Cre- 

expression where it is wanted. In vitro, various methods for delivery of Cre-protein 

or Cre-expression plasmid exist. In vivo, delivery of Cre-expression vectors by 

means of modified viruses can be employed, but there are problems in stable viral 

gene delivery and that viral infection has to be repeated in every mouse. In addition 

such technical procedures on living animals are cumbersome and are usually strictly 

regulated under animal welfare legislation. In contrast, the generation of transgenic 

and gene-targeted mice with different Cre-expression patterns is established.

The generation of Cre-mice with regionally restricted expression depends 

primarily on the characterisation of genes with suitable expression patterns. In
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transgenic mice, characterisation of the promoter of the chosen gene is also 

necessary. In addition, in transgenic mice the final expression pattern is influenced 

by the DNA environment into which the transgene integrates randomly. Hence, 

different expression patterns can be achieved with one transgene, depending on the 

locus of integration. In most cases many transgenic lines must be characterised 

before the desired or an otherwise suitable expression pattern is found. One example 

is the CamKIIa gene which is expressed abundantly in the forebrain (Burgin et al., 

1990). Transgenic constructs in which the CamKIIa promoter drives the expression 

of Cre-recombinase have produced transgenic lines which mimic the endogenous 

CamKIIa expression (Mayford et al., 1996; Mayford et al., 1996; Mayford et al.,

1995), but also one transgenic line in which Cre-expression is limited to the CAl- 

region of the hippocampus (Tsien et al., 1996a). Likewise, gene-targeting has been 

used to produce Cre-mice. An example which demonstrates the differences between 

the transgenic approach and gene-targeting exists with the EMX-1 gene. The EMX-1 

gene is a homeobox-gene which is neuronally expressed in the dorsal telencephalon 

from embryonic stages on to adulthood (Gulisano et al., 1996). When three cre- 

transgenic lines were generated using the upstream DNA fragments from the EMX-1 

gene (Guo et al., 2000), the transgenic Cre expression pattern failed to mimic 

endogenous EMX-1 expression in all lines. In one out of three transgenic lines some 

Cre activity in the cerebellum and in the hippocampus was detected instead. This 

suggests that additional promoter elements of the EMX-1 gene are placed 

downstream in the gene or/and that positional effects in the transgene environment 

(including imported elements, e.g. marker genes) modify the activity of its promoter. 

In contrast, a knock-in line, in which a cassette comprising the same targeting 

elements plus an additional neo cassette was placed in frame into exon 1 3’ of the 

ATG, produced the EMX-1 specific expression pattern (Jin et al., 2000). This 

example demonstrates that faithful transgene expression can be achieved with the 

knock-in technique. However it also shows that this sort of Cre knock-in means the 

knockout of the targeted gene.
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5.6 Bidstronic knock-in Cre mice

The ‘knock-in for a knockout’ approach outlined above may not be a problem in 

some cases, but it is if the function of a given gene relies on expression from both 

alleles. Phenotypes can be found in many heterozygous knockouts and hence it may 

be difficult to identify mild phenotypic effects of a tissue-specific conditional gene 

target (i.e. conditional knockout or conditional activation of mutant allele) in the 

background of the heterozygous knockout. In addition, promoter elements within the 

first exons downstream of the ATG might be deleted or their function might be 

disturbed by addition of the targeting elements, possibly resulting in an expression 

pattern that deviates from the targeted gene. Efficient bicistronic expression of cre in 

mammalian cells has been demonstrated (Gorski and Jones, 1999). By applying an 

internal ribosome entry site (1RES) it should be possible to circumvent the problems 

with transgenic variability and to knock in the coding sequence of Cre or other 

proteins without destroying the targeted gene.

5.7 Generation of KAl/Cre knock-in mice

My aim was to link expression of Cre recombinase to that of the endogenous gene 

KAl (Giik4) by use of an internal ribosome entry site. Insertion of a targeting 

cassette containing amongst other elements an 1RES and a Cre coding sequence into 

the 3’UTR of the endogenous K A l gene was achieved by homologous 

recombination in ES-cells. Thus, restricted expression of Cre should be obtained in 

the same pattern as that of KAl in the brain.

5.7.1 The KAl-gene

The KAl gene seemed to be a suitable candidate gene, since its expression in brain 

of adult mice is largely restricted to the CA3 region and the Dentate Gyrus of the 

hippocampus, a brain region of interest for the study of synaptic plasticity underlying 

learning and memory (Werner et al., 1991). It remains to be seen to what extent
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transient expression of Cre from the bicistronic KAl/Cre mRNA during development 

will also lead to recombination offloxed target sequences in other CNS regions.

5.7.2 The 1RES EGFP-Cre cassette is functional

I chose to use the 1RES from the encephalomyocarditis virus (EMCV) because it has 

been shown to work in vertebrate cells as well as in mice (Ghattas et ah, 1991; 

Mountford et ah, 1994). More specifically, the 1RES used here is modified with an 

Ncol site at the ATG (Mountford et al., 1994) and has been shown to work in mouse 

brain (Jones et al., 1997).

As a Cre protein variant I chose to make a fusion with EGFP allowing easy 

visualisation and potentially quantification of the protein. A fusion similar to one 

published earlier was used (Gagneten et al., 1997), but a human myc epitope (myc- 

tag) was used as a linker for ease of immunological detection in future experiments. 

A cryptic splice acceptor site within Cre was not removed as this has been shown not 

to affect the bicistronic expression of cre in mammalian cells in a variety of genetic 

contexts (Gorski and Jones, 1999).

The EGFP-Cre fusion protein was shown to be functional in a Crc/loxP 

reporter assay. EGFP-Cre accumulated in the nucleus of HEK cells transiently 

transfected with expression plasmids, and X-gal staining revealed that the EGFP-Cre 

fusion activated a P-gal-reporter plasmid through excision of a floxed Stop cassette 

from the p-gal-coding sequence. In the same assay, 1RES was tested in the KAl- 

genomic context of the knock-in. 1RES mediated expression of EGFP-Cre to far 

lower but nevertheless functional levels, as obvious from the low intensity 

fluorescence and from X-gal staining. Although recombination efficacies were not 

quantified in this assay, 1RES-EGFP-Cre seemed to be as efficient as EGFP-Cre 

alone in activating the reporter. Thus, these results were consistent with published 

work that reported a mere twofold reduction of efficacy of Cre-mediated 

recombination in several bicistronic messages relative to a comparable 

monocistronic cre gene (Gorski and Jones, 1999).

From the results discussed above it seems likely that from the modified KAl- 

allele functional EGFP-Cre will be expressed in vivo. Principally, it should be
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possible to quantify ‘splice variants’ of the KAl/Cre transcript using an RNase- 

protection assay.

5.7.3 Cloning in yeast allows construction of complex knock-in 

targeting vectors

For the generation of the ES-cell targeting vector, a cloning strategy was developed 

which combines conventional cloning in E.coli with cloning by homologous 

recombination in yeast. This is possible thanks to ycsLSt-E.coli shuttle vectors, which 

can be maintained in yeast as well as in E.coli. In addition, a mouse genomic DNA 

library of artificial chromosomes was used which is maintained in yeast rather than 

in E.coli.

Gene targeting in yeast is technically far less demanding and is much more 

efficient than in ES-cells. Homologous recombination in yeast occurs at ‘free ends’, 

i.e. homologous arms, which can be even shorter than 100 bp (Degryse et al., 1995; 

Hua et al., 1997; Lorenz et al., 1995; Ma et al., 1987; Manivasakam et al., 1995). In 

contrast, at least 1000 bp are required on the short arm of homology of an ES-cell 

targeting vector (Thomas et al., 1992).

Homologous recombination events in yeast can result in cross-over products 

and non-crossover products (Orr-Weaver and Szostak, 1983). Cross-over events can 

be used for the integration of non-replicating plasmids, PCR-products and other 

DNA-cassettes into chromosomal sequences. Non-crossover events in yeast can 

produce gap-repaired replicating plasmids, whereby the chromosomal sequence or 

co-transformed template DNA is copied into the plasmid gap (Orr-Weaver et al., 

1983). Homologous recombination events were exploited three times. First of all, the 

non-replicating yeast-E.co// shuttle construct KAl-T4-RSY403tet was integrated into 

KAl-genomic DNA on the KAl-YAC prior to rescue cloning KAl-genomic DNA in 

E.coli. This allowed the generation of subclones of KAl-genomic DNA for mapping 

of the targeting area by applying a novel Rescue-cloning technique that is somewhat 

similar to YAC-end rescue (Hermanson et al., 1991). Second, the DNA cassette 

KA1-T5, containing the targeting elements for the knock-in, was integrated into a 

KAl-YAC. Third, non-crossover type recombination allowed retrieval of the ES-cell
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targeting construct YES-1 as a yeast-E.coZz shuttle vector from the modified KAl- 

YAC.

The yeast strategy also allowed the cloning of the targeting elements in E.coli 

using a custom-made empty cloning vector fitted with the full range of required 

unique cloning sites, rather than a subclone of KAl-genomic DNA, which would 

have consumed many of the ‘good’ restriction enzyme sites. Furthermore, the site 

specific integration of the targeting elements in yeast by homologous recombination 

meant that it was not necessary to find or introduce a unique cloning site into the 

KAl-targeting area, which is a requirement for the generation of knock-in targeting 

vectors by conventional cloning in E.coli. And finally, since for cloning in yeast the 

short homologous arms are added last, the targeting cassette becomes a very versatile 

module that can be targeted to any locus of choice.

5.7.4 Flp removes the selection marker cassette from the KAl 

knock-in DNA

I chose to flank the selection marker cassette with the recognition sites of the Flp- 

recombinase, frt. Flp recombinase from the yeast 2 p,m plasmid catalyses excision of 

DNA which is flanked by two frt-sites in the same orientation. This has been shown 

in a variety of organisms, including Drosophila and mice (Dang and Penimon, 1992; 

Dymecki, 1996). Thus the Flp/frt recombination system can be used like the Cre/p/ojc 

P recombination system. In the presented work Flp-mediated deletion of the selection 

marker genes neo and his3 will be employedin on the mouse level in order to recruit 

the wildtype KAl-poly adénylation signal.

In the assay described in this work, Flp was shown to mediate excision of the 

flirted  selection marker cassette from the modified KAl-YAC (as well as from the 

ES-targeting vector YES-1) in yeast. Hence, deletion of the marker cassette should 

also work at the mouse level. Two possibilities are envisaged to this end. The classic 

way would be to breed the KAl/Cre mice with transgenic Flp-mice, which are 

expressing Flp recombinase globally. Such mice have been generated (Dymecki, 

1996; Rodriguez et al., 2000). Another way would be to harvest oocytes from 

superovulated females carrying the knock-in allele and to inject them with a Flp- 

expression plasmid for transient expression of Flp. Such plasmids are available and
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have been used in ES-cells (F. A. Stewart, EMBL). Injected oocytes would then be 

reimplanted into foster mothers to produce offspring with a fully functional KAl-Cre 

knock-in allele.

5.7.5 Test-breeding of chimeric mice -  the score

The first five chimeras received in this project either failed to produce offspring or 

the offspring turned out not to be derived from the C57B1/6 ES-cell line, 

respectively. Using two polymorphic markers to identify the C57B1/6 genotype I 

proved that the black coat colour was in fact not indicative of germline transmission 

for matings of the two reproductive male chimeras with C57B1/6 females. The cause 

of the black coat colour remains unknown but the outbred gene pool of the NMRI 

mice used suggests that it could be find here.

5.8 Outlook

Another 26 chimeras will reach fertility after submission of the thesis. Of these 16 

are 60% or more chimeric. These mice will be bred for germline transmission of the 

targeted KAl-allele.

Conditional gene targeting can be a powerful tool to investigate the role of a 

given gene in a regionally restricted manner. In the context of the NR1N598R mouse 

model it would be desirable to create situations, in which only wildtype NMDA 

receptors are present in regions not expressing Cre-recombinase wheras only NRl 

N598R mutant receptors are present in regions expressing Cre. Due to the lethal 

phenotype of the homozygous NRl knockout this cannot be achieved by using the 

straight NRl-knockout allele. However this situation would be possible by 

employing a conditional NRl knockout allele, from which wildtype NRl subunit is 

expressed to normal levels in absence of Cre, but which is deleted in cells expressing 

Cre. Such a mouse model has been produced and 1 hope that it will be made 

available to the research community (Tsien et al., 1996b).
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