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Abbreviations:

Ach acetylcholine

ATP adenosine triphosphate

BES N,N-bis[2-Hydroxyethyl]-2 aminoethanesulfonic acid

BSA bovine serum albumin

BZ benzodiazepine

Ci curie

cDNA complementary DNA

CNS central nervous system

CMV cytomegalovirus

Da dalton

dATP deoxyadenosine triphosphate

dCTP deoxycytidine triphosphate

dGTP deoxyguanine triphosphate

dTTP deoxythymidine triphosphate

DMEM Dulbecco's modified Eagle's medium

DMF dimethylformamide

DMSO dimethylsulfoxide

DTT 1,4 dithio-DL-threitol

dUTP deoxyuridine triphosphate

DZ diazepam

EDTA ethylenediaminetetraacetic acid

ES embryonic stem

FBS fetal bovine serum

FCS fetal calf serum

FIAU 2'-Deoxy-2'-fluoro-6-D-arabinofuranosyl-5-iodouracil

FITC fluorescein isothiocyanate

G418 Geneticin

GABA y-aminobutyric acid

HEK human embryonic kidney

HEPES 4-(2-hydroxyethyl)-piperazine-l -ethane sulfonic acid

HSV herpes simplex virus

Ig immunoglobulin

IgG immunoglobulin G

IPSP inhibitory postsynaptic potential

kV kilovolt

LIF leukemia inhibitory factor

MEM minimum essential medium
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mRNA messenger RNA

mut mutant

neo neomycin

NMDA N-methyl D-aspartate

OD optic density

PBS phosphate-buffered saline

PCR polymerase chain reaction

PEG polyethylene glycol

PFA paraformaldehyde

pfu plaque forming unit

PMEF primary mouse embyonic fibroblasts

PNS peripheral nervous system

PTZ pentylenetetrazol

RT room temperature

SD standard deviation

SDS sodium dodecylsulfate

TBPS t-butylbicyclophosphorothionate

TK thymidine kinase

Tris tris(hydroxymethyl) aminomethane

TRTTC tetramethyl rhodamine isothiocyanate

wt wild-type
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Summary

Benzodiazepines are in wide clinical use as anxiolytics, anticonvulsants, sedatives and

muscle relaxants. They act by potentiating GABA-induced chloride currents at GABAA-

receptors. The major benzodiazepine-sensitive GABAA-receptor subtypes identified by

their al-, a2-, a3-, and oc5-subunits, exhibit unique expression patterns in the brain. The

present study was designed to assess the contribution of a2-receptors to the

pharmacological spectrum of the classical benzodiazepine diazepam. A single histidine to

arginine substitution in position 101 of the oc2-subunit was identified to render recombinant

oc2P3y2 receptors diazepam-insensitive. This mutation was introduced into the mouse

GABAA-receptor oc2-subunit gene by cre-loxP-mediated gene targeting. A replacement-

type targeting vector was designed to contain the point mutation in exon 4 and a loxP-

flanked neomycin resistance cassette in the intron 3. Embryonic stem cell clones that .had

undergone homologous recombination were identified and injected into blastocysts. Mice

carrying the mutant allele were crossed with EHa-cre transgenic mice which express the ere

transgene in the germline, thus removing the neomycin resistance cassette from the cc2

gene.

Point-mutated cc2(H101R) mice displayed novel diazepam-insensitive [3H]Ro 15-4513

binding sites in hippocampus, striatum, cerebral cortex, tectum and olfactory bulb. This

distribution perfectly matches the expression pattern of the cc2-subunit, demonstrating that

the point-mutated a2(H101R) receptors are diazepam-insensitive. The myorelaxant action

of diazepam in the horizontal wire test, diazepam potentiation of the ethanol effect on the

righting reflex and the retrograde amnesic effects of diazepam in the T-maze test were

almost completely abolished in oc2(H101R) mice, indicating that these actions of diazepam

are mediated by cc2-receptors. In contrast, the anticonvulsant action of diazepam in the

pentylenetetrazol convulsion test and the diazepam-induced impairment of motor

coordination in the rotating rod test were similar in mutant and wild-type mice, indicating

that these actions of diazepam are not mediated by a2-receptors. Our results clearly show

that various actions of diazepam can be attributed to the interaction with different GABAA-

receptor subtypes. The identification of the GABAA-receptor subtypes mediating different

actions of diazepam provides a rational basis for the development of subtype-specific drugs

with fewer side effects than the drugs currently in clinical use.
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Zusammenfassung

Benzodiazepine gehoren aufgrund ihrer anxiolytischen, sedativen, antikonvulsiven und

muskelrelaxierenden Wirkungen zu den am haufigsten verordneten Medikamenten. Ihr

Wirkungsmechanismus ist die allosterische Modulation von GABAA-Rezeptoren, die zu

einer Potenzierung GABA-induzierter Chloridstrome fiihrt. Die wichtigsten

Benzodiazepin-sensitiven GABAA-Rezeptor-Subtypen, die nach ihrer cc-Untereinheit als

al-, a2-, a3- und a5-Rezeptoren bezeichnet werden, weisen unterschiedliche

Expressionsmuster im Gehirn auf. Ziel der vorliegenden Studie war es, den Beitrag des

a2-Rezeptor-Subtyps zum pharmakologischen Spektrum des klassischen Benzodiazepins

Diazepam zu ermitteln. An rekombinanten a2|3372-Rezeptoren wurde gezeigt, dass der

Austausch eines einzigen Histidin-Restes in Position 101 der a2-Untereinheit durch einen

Arginin-Rest zur Diazepam-Insensitivitat des entsprechenden Rezeptors fiihrt. Diese

Mutation wurde unter Verwendung des cre-loxP Systems in das die oc2-Untereinheit des

GABAA-Rezeptors kodierende Gen der Maus eingefuhrt. Zu diesem Zweck wurde ein

Targeting Vektor konstruiert, der die betreffende Punktmutation in Exon 4 und eine loxP-

flankierte Neomycin-Resistenzkassette in Intron 3 enthielt. Homolog rekombinante

embryonale Stammzell-Klone wurden identifiziert und in Blastozysten injiziert. Mause,

die Trager des mutanten Allels waren, wurden mit Ella-cre transgenen Mausen gekreuzt,

die das cre-Transgen in der Keimbahn exprimierten, was zur Entfernung der Neomycin-

Resistenzkassette aus dem oc2-Gen fiihrte.

In a2(H101R)-mutanten Mausen konnten neue Diazepam-insensitive [3H]Ro 15-4513

Bindungsstellen in Hippocampus, Striatum, cerebralem Kortex, Tectum und Bulbus

olfactorius nachgewiesen werden. Diese Verteilung entspricht dem Expressionsmuster

der a2-Unterteinheit, was die Diazepam-Insensitivitat der mutierten oc2(H101R)-

Rezeptoren beweist. Das Fehlen der muskelrelaxierenden Wirkung von Diazepam im

"horizontal wire"-Test, sowie der Potenzierung der Ethanol Wirkung und des retrograd

amnestischen Effekts von Diazepam im "T-maze"-Test weisen darauf hin, dass diese

Diazepam-Wirkungen durch ct2-Rezeptoren vermittelt werden. Die anticonvulsive

Wirkung von Diazepam im Pentylentetrazol-Konvulsionstest und die Diazepam-induzierte

Beeintrachtigung der motorischen Koordination im "rotating rod"-Test waren hingegen

unverandert in den mutanten Tieren. Diese Wirkungen von Diazepam scheinen daher

nicht durch a2-Rezeptoren vermittelt zu werden.

Unsere Resultate zeigen sehr deutlich, dass verschiedene Diazepam-Wirkungen von

unterschiedlichen GABAA-Rezeptor-Subtypen vermittelt werden. Die Aufklarung der

Bedeutung einzelner GABAA-Rezeptor-Subtypen fiir das Wirkungsspektrum klassischer

Benzodiazepine stellt eine rationale Grundlage fiir die Entwicklung subtypspezifischer
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Medikamente dar, die weniger unerwiinschten Wirkungen zeigen als die gegenwartig

gebrauchlichen Benzodiazepine.
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1. Introduction

1.1. The neurotransmitter y-aminobutyric acid exerts its inhibitory effects

by signaling through GABAA-and GABAB-receptors

y-Aminobutyric acid (GABA), synthesized from glutamate by the action of the enzyme

glutamate decarboxylase, is the major inhibitory neurotransmitter in the mammalian

central nervous system and is secreted by GABAergic neurons. GABA exerts its effects

by binding to two different classes of GABA-receptors, ionotropic GABAA- and

metabotropic GABAB-receptors.

GABAA-receptors are the principle mediators of fast inhibitory neurotransmission in the

brain and can be detected on the vast majority of CNS neurons. GABAA-receptors are

GABA-gated chloride channels and belong to the superfamily of ionotropic receptors, as

do nicotinic acetylcholine receptors, glycine receptors and 5-HT3 serotonine receptors. All

members of this receptor superfamily are oligomeric integral membrane glycoprotein

complexes with intrinsic receptor, transducer, and effector functions (Barnard, 1992).

The GABAA-receptor is assumed to adopt various interconvertible channel closed and

open states (MacDonald and Twyman, 1992). In the absence of GABA, the equilibrium

is almost entirely on the side of the closed state. GABA binding shifts this equilibrium to

the channel open conformation and thus increases chloride conductance in the subsynaptic

membrane. Since in most mature neurons of the mammalian CNS the resting membrane

potential is less negative than the chloride equilibrium potential, enhanced chloride

conductance results in an inward chloride current and thus a hyperpolarization of the

postsynaptic cell. As this hyperpolarization counteracts initiation of an action potential in

the postsynaptic neuron (Stelzer, 1992) it is designated as an inhibitory postsynaptic

potential (EPSP). GABAA-receptors can be activated not only by GABA itself, but also by

structural analogues of GABA such as muscimol and isoguvacine which also bind to the

GABA site. The competitive GABA site antagonist bicuculline inhibits GABA binding

and thus prevents receptor activation (Allan and Harris, 1986; Curtis et al., 1971). In

addition, GABA-induced chloride currents can be allosterically modulated by

benzodiazepines, barbiturates and neurosteroids (Olsen, 1981 a, b; Majewska et al.,

1986; MacDonald et al., 1989 a; Twyman et al., 1989) (Fig.l).

In contrast to GABAA-receptors, GABAB-receptors mediate slow GABAergic inhibition.

GABAB-receptors are monomeric transmembrane proteins without intrinsic channel

activity and display a high degree of sequence homology to the family of G-protein

coupled metabotropic glutamate receptors (Kaupmann et al., 1997). GABAB-receptors

have been demonstrated to couple to K+ and Ca2+ channels via G( / G0 proteins (Morishita
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et al., 1990). GABAn-receptor activation causes an increase in PC-conductance which is

responsible for the generation of long-lasting inhibitory postsynaptic potentials (Gahwiler

and Brown, 1985). A presynaptic inactivation of voltage-dependent Ca2+ channels is

assumed to account for the diminished transmitter release from the terminals of primary

afferent fibers of the spinal cord in response to activation of the GABAB site (Barber et

al., 1978). Presynaptic GABAB-receptors which are located on the nerve terminals of

GABAergic neurons in higher brain centers are discussed as autoreceptors mediating a

feedback control of GABA release (Langer, 1977; Pittaluga et al., 1987).

Modulators

Benzodiazepine site ligands

Barbiturates

Neurosteroids

Ethanol

j£2 Pentylenetetrazol

;2 Picrotoxin

W$ t-Butylbicyclo-
phosphorothionate

Fig. 1. Structural model of the GABAA-receptor, a pentameric GABA-gated chloride

channel. The GABA-site ligands, the major allosteric modulators of the GABAA-receptor and the cloned

subunits are indicated.

1.2. Structural characteristics of GABAA-receptors

The GABAA-receptor is a heteropentameric complex in which the single subunits are

pseudosymmetrically arranged around a central axis perpendicular to the plane of the

membrane (Nayeem et al., 1994) (Fig.l). The various GABAA-receptor subunits display

a high degree of similarity in primary and secondary structure and in transmembrane

topology (Schofield et al., 1987). Each subunit contains a large N-terminal domain

protruding into the extracellular space. This domain is stabilized by a disulfide bond and

carries two to three potential glycosylation sites (Sieghart et al., 1993). Four amphiphilic

OC-helices (TM1-TM4) span the lipid bilayer. TM3 and TM4 are connected by a large

GABA-site ligands

GABA

Muscimol

Bicuculline

Subunit repertoire

al-6 pi—3

(31-3 e

yl-3 §

71

CI"
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cytoplasmic loop that contains consensus sequences for serine and threonine

phosphorylation (Kellenberger et al., 1992; McDonald et al., 1998). In analogy to the

muscle-type nicotinic acetylcholine receptor, all five subunits of the GABAA-receptor are

assumed to contribute to the central channel pore with their second transmembrane

segment (TM2), which consists of a regular array of serine and threonine residues (Galzi

et al., 1991; Chang and Weiss, 1998). The selective anion permeability of GABAA-

receptors is attributed to two rings of positively charged arginine and lysine residues at

the inner and outer mouth of the pore (Barnard et al., 1992).

To date, 18 mammalian GABAA-receptor subunits, the a 1-6, [31-3, yl-3, 5, pi-3 (also

referred to as GABAc-receptor subunits), e and n subunits have been cloned and grouped

into seven subunit families according to their degree of amino acid homology (70-80%

within a family, 30-40% between families) (Wisden and Seeburg, 1992; Wisden et al.,

1992; Laurie et al., 1992 a, b; Mohler et al., 1995; Mohler et al., 1996; Whiting et al.,

1997; Davies et al., 1997; Hedblom and Kirkness, 1997; Enz and Cutting, 1998). The

diversity is further increased by alternative splicing of the y2-subunit mRNA (Whiting et

al., 1990; Kofuji et al., 1991). Most GABAA-receptors appear to be assembled from three

types of subunits, a, (3, and y. Immunoprecipitation studies suggest that two a- as well

as two y-subunit variants may coexist in a single native receptor complex (Duggan et al.,

1991; Endo and Olsen, 1993; Mertens et al, 1993; Pollard et al., 1993; Quirk et al.,

1994), whereas only one of the three (3-subunit variants seems to be present (Benke et

al., 1994). Even though these findings would suggest a 2a 1|3 2y combination in the

pentameric receptor complex and even though this 2a 1(3 2y stoichiometry has originally

been proposed by Backus et al. (1993) for recombinant a3P2y2-receptors on the basis of

mutation-induced changes in rectification, recent biochemical and electrophysiological

studies rather argue in favor of a 2a 2(3 ly stoichiometry: Tretter et al. (1997) postulated a

2a 2(3 ly stoichiometry for recombinant aip3y2-receptors based on quantitative Western

blot analysis with subunit-specific antibodies, whose relative affinities had been

determined with chimeric subunits. Chang et al. (1996) likewise proposed a 2a 2{3 ly

stoichiometry from mutation-induced shifts in the GABA dose-response curve of

recombinant al(32y2-receptors. The 2a 2J3 ly hypothesis is further supported by

electrophysiological studies from Im et al. (1995) demonstrating that the coexpression of

p2-a6 tandem subunits with y2-monomers resulted in the formation of recombinant

receptors which display similar functional and pharmacological properties as a6(32y2-

receptors assembled from subunit monomers.

The GABA binding site on the receptor complex is presumably located at the interface

between the N-terminal extracellular domains of a- and P-subunits. Evidence for this

assumption comes from photoaffinity labeling experiments of native receptors and

mutational studies on recombinant receptors. [3H]Muscimol was demonstrated to be
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photocrosslinked to a- and (3-subunits of the GABAA-receptor, indicating that both

subunits contribute to the GABA-binding site (Casalotti et al., 1986; Smith and Olsen,

1994). A single F64L point mutation of the rat ocl-subunit reduced GABA agonist and

antagonist affinity when coexpressed with |32- and 72-subunits (Sigel et al., 1992).

Y157F, T160S, T202S and Y205F mutations in two distinct homologous domains of the

P2-subunit likewise reduced affinity for GABA agonists and antagonists in alf$2Y2-

receptors (Amin and Weiss, 1993).

1.3. Gating properties of GABAA-receptors

The gating properties of GABAA-receptors were investigated by single channel recordings

of native and ectopically expressed recombinant receptors (Bormann et al., 1987;

MacDonald et al., 1989 a, b; Verdoorn et al., 1990; Angelotti and MacDonald, 1993).

GABAA-receptors display only rare spontaneous openings in the absence of GABA. In

the presence of GABA, three different open states of 0.5, 2.6 and 7.6 ms mean duration

can be distinguished for the main conductance level of 27-30 pS (MacDonald and

Twyman, 1992). Single channel recordings revealed that increasing GABA

concentrations shift the type of channel opening towards long lasting open states and

induce desensitization of GABAA-receptors. On the basis of these observations

Macdonald and Twyman (1992) proposed a model for single channel activity,

incorporating two sequential steps of GABA-binding: Binding of the first GABA

molecule to the low affinity state of the receptor stabilizes a conformation which enables

transitions into open states of short duration only. Binding of a second GABA molecule

shifts the equilibrium to different receptor conformations allowing transitions into open

states of medium and long duration as well as transitions into a desensitized state.

1.4. Allosteric modulators of the GABAA-receptor

1.4.1. Benzodiazepines

The clinically most relevant allosteric modulators of the GABAA-receptor are classical

benzodiazepines, such as diazepam (Valium®), chlordiazepoxide (Librium®), and

flunitrazepam (Rohypnol®), which are full agonists at the benzodiazepine (BZ) site (Pole

et al., 1982). They act as positive allosteric modulators increasing GABA binding to the

low affinity state of the GABAA-receptor (Costa et al., 1978; Bristow et al., 1990) and

display a high efficacy. Single-channel recordings revealed that BZ agonists increase the

frequency of channel openings in the presence of GABA, without altering the open

duration (Vicini et al., 1987; Twyman et al., 1989). A diazepam-induced increase in the
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conductance of GABA channels has only recently been reported for rat cultured

hippocampal neurons (Eghbali et al., 1997). BZ binding to GABAA-receptors results in a

leftward shift of the dose response curve for the induction of chloride conductance by

GABA (Choi et al., 1977; 1981). BZ site ligands acting as positive allosteric modulators

do not increase chloride currents beyond the maximal values obtained with saturating

concentrations of GABA. Neither do BZ agonists induce channel openings in the absence

of GABA (Choi et al., 1977; 1981). The pharmacological profile of BZ full agonists can

be described as anxiolytic, anticonvulsant, muscle relaxant and sedative (Haefely et al.,

1981).

Benzodiazepines with an opposite intrinsic activity, e.g. Ro 19-4603, are called inverse

agonists. They behave as non-competitive GABA antagonists, i.e. binding to the BZ site

results in a decreased GABA affinity and a reduced opening frequency of the chloride

channnel (Rogers et al., 1989). BZ site inverse agonists shift the GABA dose response

curve to the right and depress the chloride conductance maximum (Choi et al., 1977;

1981). Their activity profile can be characterized as anxiogenic, proconvulsive,

spasmogenic and arousal enhancing (Braestrup et al., 1982; Braestrup and Nielson,

1983).

Compounds that bind to the BZ site with high affinity but do not display any intrinsic

activity, such as Ro 15-1788 (flumazenil (Anexate®)), are called antagonists (Hunkler et

al., 1981). Antagonists neither influence GABA binding nor GABA gating, but

competitively antagonize the effects of BZ agonists and inverse agonists.

BZ site ligands, such as Ro 16-6028 (bretazenil) and Ro 15-4513, display efficacies

lower than that of full agonists and full inverse agonists and are termed partial agonists

and partial inverse agonists, respectively (Haefely, 1991).

Not only benzodiazepines, but also structurally different ligands from other chemical

classes, such as p-carbolines (e.g. DMCM, (J-CCM), cyclopyrrolones (e.g. zolpiclone),

imidazopyridines (e.g. Zolpidem (Stilnox®)), imidazopyrimidines (e.g. divaplon (RU

32698)), and pyridones (e.g. Ro 41-3696)) act as full agonists, antagonists or inverse

agonists at the BZ site (Richards et al., 1991).

1.4.2. Barbiturates, neurosteroids and other allosteric modulators

Barbiturates bind to a site on the GABAA-receptor different from the BZ site as evidenced

by the fact that barbiturates are active at GABAA-receptors lacking the y-subunit (Pritchett

et al., 1988). Barbiturates act as positive allosteric modulators, increasing the relative

frequency of long-lasting channel opening events, which results in an increase of the

mean channel open time (Macdonald et al., 1989 a, Porter et al., 1992). In contrast to

benzodiazepines, barbiturates potentiate chloride conductance beyond the level of
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saturating GABA concentrations (Lin et al., 1992) and some are capable of inducing

chloride currents even in the absence of GABA (MacDonald and Barker, 1978; Schulz

and MacDonald, 1981).

Neurosteroids bind to yet another site on the GABAA-receptor mediating positive (e.g.

androsterone and pregnanolone) as well as negative allosteric modulation (e.g.

pregnenolone) of the GABA-induced response. The mechanism of positive allosteric

modulation comprises both an increase in the channel opening frequency as observed for

benzodiazepines (Twyman and Macdonald, 1992) and an increase in the proportion of

channel opening events with a longer open time constant, as seen with barbiturates.

Benzodiazepines, barbiturates and neurosteroids do not only alter GABA-binding and

gating, but also mutually influence their binding affinities (Prince and Simmonds, 1993).

Further allosteric modulators of the GABAA-receptor are pentylenetetrazol (PTZ),

picrotoxin and t-butylbicyclophosphorothionate (TBPS), all of which interact with

binding sites in the channel pore thereby blocking GABA-induced chloride currents in a

non-competitive manner. PTZ, picrotoxin and TBPS all display a proconvulsant action.

Zinc (Zn2+) inhibits GABA currents by reducing the probability of channel opening (Kilic

et al., 1993). Ethanol has been shown to enhance GABAA-receptor-mediated inhibitory

postsynaptic currents on neurons from the cerebral and cerebellar cortex (Proctor et al.,

1992).

1.5. Identification and mapping of the benzodiazepine binding site

The first benzodiazepines (BZs), chlordiazepoxide (Librium®) and diazepam (Valium®),

were synthesized by Leo Sternbach in 1955 and were identified as anxiolytics by Lowell

Randall in 1956. First hints for an interaction of benzodiazepines with GABA-receptors

came from experiments showing that benzodiazepines reduced the dose of GABA

required to achieve a certain decrease in the firing rate of cat spinal cord neurons (for

review see Snyder, 1986). High affinity BZ-binding sites were identified in the CNS

with radioligand binding studies (Mohler and Okada, 1977; Squires and Braestrup,

1977). The potency of different benzodiazepines to displace [3H]diazepam from brain

membranes was shown to correlate well with their anxiolytic potency (Mohler and Okada,

1977). The possibility that classical benzodiazepines might directly interact with the

binding site for GABA or any other classical neurotransmitter was ruled out, since

classical neurotransmitters failed to displace [3H]diazepam from brain membranes.

Interestingly, Tallman et al. discovered in 1978 that GABA and GABA-site agonists

enhanced binding of [3H]diazepam to brain membranes instead of displacing the

radioligand. Conversely, BZs were shown to enhance GABA-binding (Skerrit et al.,

1982; Skerrit and Johnston, 1983). This suggested a close association of BZ- and



12

GABA-binding sites in a single receptor complex. The attempt to solubilize and purify the

putative benzodiazepine receptor (BZR) after photoaffinity labeling with [3H]-

flunitrazepam resulted in the isolation of a protein complex which bound both GABA and

BZs (Schoch and Mohler, 1983; Schoch et al., 1984, 1985). Electron microscopic

autoradiography with flunitrazepam revealed the presence of BZRs in the cerebral and

cerebellar cortex and a predominant localization in brain regions containing synapses of

GABAergic neurons (Mohler et al., 1980). Autoradiographies with the BZ site ligands

[3H]flunitrazepam, [3H]flumazenil and [3H]clonazepam and the GABA-site agonist

[3H]muscimol likewise revealed that high affinity BZ-binding sites are found in brain

regions with a high density of GABAA-receptors (Mohler et al., 1980; Richards et al.,

1988; Olsen et al., 1990). Photoaffinity labeling experiments located the principal site of

[3H]flunitrazepam incorporation to the oc-subunit of GABAA-receptors (Fuchs et al.,

1988). In the case of the bovine al-subunit, the site of incorporation was first delineated

to amino acid residues 59 to 148 in the N-terminal extracellular domain (Stephenson and

Duggan, 1989). Duncalfe and Dunn (1996) later identified histidine in position 102

(His 102) of the bovine al-subunit as the major site of [3H]flunitrazepam photoaffinity

labeling. Finally, point mutation studies on recombinant receptors implicated amino acids

H101, Y159, Y161, T162, T206, Y209 and V211 of the rat al-subunit in BZ binding

(Wieland et al, 1992; Wieland and Luddens, 1994; Buhr et al., 1996; Amin et al., 1997).

Studies on recombinant GABAA-receptors further revealed that a- and (3-subunits had to

be coexpressed with the 72-subunit in order to impart BZ-sensitivity to the respective

receptors (Pritchett et al., 1989). Further evidence for the importance of the 72-subunit in

the formation of BZ-binding sites came from 72-subunit knockout mice essentially

lacking flunitrazepam potentiation of GABA-gated chloride currents (Gunther et al.,

1995). The y3-subunit likewise conveys BZ-sensitivity to GABAA-receptors when

coexpressed with a- and (3-subunits (al(3xy3, a3Pxy3, a5Pxy3), but the affinities for

various BZ agonists are reduced compared to receptors containing the 72-subunit

(Knoflach et al., 1991; Luddens et al., 1994). yl-Subunit containing GABAA receptors

contain atypical BZ binding sites that do not bind the partial inverse agonist Ro 15-4513

and the antagonist flumazenil but exhibit high affinity for the classical BZ agonist

flunitrazepam (Mohler et al., 1996). Taken together, these observations suggest a

localization of the BZ-binding site at the interface between a- and y-subunits.
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1.6. A single amino acid in the a-subunit of the GABAA-receptor
determines sensitivity to classical benzodiazepines

Classical BZs, such as diazepam, clonazepam and flunitrazepam bind to al-, a2-, a3-,

and a5-subunit containing a(3y-receptors (Pritchett et al., 1989; Pritchett and Seeburg,

1990, Wieland et al., 1992) but display no affinity for a4- or a6- receptors (Luddens et

al., 1990; Wisden et al., 1991; Knoflach et al., 1996). On the contrary, BZ site ligands

acting as partial inverse (Rol5-4513) and full inverse agonists ((3-carbolines) at al-, a2-,

a3-, or a5-subunit containing receptors also bind to the a4- and a6- receptor variants, at

which they act as partial agonists (Knoflach et al., 1996).

al, a2, a3, a5

Vnh2
HA-S^

(His) ;&>

a4, a6

V-NH2
RA s-^

(Arg) IP

COOH

ffSfSSffllSIfSSSIfSSS

DZ Ro 15-4513 Ro 15-4513

B al 86 NNLMASKIWTPDTFFHNGKKSVAHNMTMPNK 116

a2 86 NNLMASKIWTPDTFFHNGKKSVAHNMTMPNK 116

a3 111 NNLLASKIWTPDTFFHN6KKSMAHNMTTPNK 141

a4 84 NNMMVTKVWTPDTFFRNGKKSVSHNMTAPNK 114

a5 90 NNLLASKIWTPDTFFHNGKKSIAHNMTTPNK 120

a 6 85 NLMNVSKIWTPDTFFRNGKKSIAHNMTTPNK 115

Fig. 2. A single amino acid in the a-subunit of recombinant GABAA-receptors
determines benzodiazepine sensitivity. A) GABAA-receptor subtypes containing the al-,

a2-, a3-, or a5-subunits are sensitive to the full benzodiazepine agonist diazepam (DZ) and to the

partial inverse agonist Ro 15-4513, whereas a4- and a6-containing receptors are DZ-insensitive, but

Ro 15-4513-sensitive. All a-subunits contributing to DZ-sensitive receptors, carry a conserved

histidine (H) residue in the N-terminal extracellular domain, which is replaced by an arginine (R)

residue in the a-subunits of DZ-insensitive receptors. B) Alignment of partial N-terminal extracellular

sequences of the a-subunits of the rat GABAA-receptor. The conserved histidine residues in positions

101, 101, 126, and 105 of the al-, a2-, a3-, and a5-subunits, respectively, are highlighted. The a4-

and a6-subunits contain an arginine residue at the corresponding positions 99 and 100, respectively

(modified from Wisden and Seeburg, 1992).
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Domain exchange experiments involving the al- and oc6- subunits demonstrated that the

N-terminal 130 residues of the oc6-subunit confer insensitivity to classical BZs on

recombinant chimeric a6/al|3272 receptors (Wieland et al., 1992). Sequence alignment

of the different oc-subunit N-termini revealed an arginine residue in position 100 of the

oc6-subunit and position 99 of the oc4-subunit not present in the al-, a2-, a3-, and a5-

subunits, which instead carry a histidine residue at the homologous position (Fig. 2). In

order to investigate whether this histidine residue was responsible for diazepam-

sensitivity of al(3272 receptors, site directed mutagenesis was performed to replace the

histidine residue in position 101 of the al-subunit by an arginine residue. Conversely,

the arginine residue in position 100 of the a6-subunit was substituted by a histidine

residue. Recombinant al(H101R)P2Y2 receptors proved to be insensitive to classical

benzodiazepines, whereas a6(R100H)$2Y2 receptors exhibited high affinity diazepam

binding. [3H]Ro 15-4513 binding was not affected by the mutations (Wieland et al.,

1992). Kleingoor et al. (1993) further demonstrated in voltage-clamp recordings that 10

jiM of diazepam enhanced GABA-induced chloride currents by 67% in recombinant

al32Y2 receptors and by 57% in a6(R100H)P2y2 receptors. No potentiation was

observed with a6p272 and al(H101R)f)2Y2 receptors. GABA-sensitivity was unaltered

in point-mutated al(H101R)P2Y2 and a6(R100H)(52Y2 receptors compared to wild-type

al{i2Y2 and a6p2y2 receptors, respectively (Kleingoor et al., 1993). These results show

that a single histidine residue in the N-terminal domain of the a-subunit confers

sensitivity to classical benzodiazepines on GABAA-receptors.

Likewise, a single glycine residue (G) in position 200 of the al-subunit has been

demonstrated to determine the BZ type I pharmacology (high affinity binding of

Zolpidem, CL 218 872, quazepam, 2-oxoquazepam and methyl-beta-carboline-3-

carboxylate (P-CCM)) in recombinant al(3272 receptors. The a2- and a3-subunits

which contribute to GABAA-receptors with a BZ type II pharmacology (low affinity for

Zolpidem, CI 218 872, quazepam, 2-oxoquazepam and p-CCM) (Pritchett et al., 1989;

Pritchett and Seeburg, 1990) have a glutamic acid residue (E) in the homologous

position. Substitution of E225 in the a3-subunit (homologous to position 200 in the al-

subunit) with G lead to the formation of high affinity binding sites in recombinant

a3(E225G)P272-receptors for the al-specific ligands Zolpidem and P-CCM (Pritchett

and Seeburg, 1991).
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1.7. Clinical applications of benzodiazepines

The potentiation of GABA action is the basis for the pharmacotherapy of various

conditions such as anxiety, epilepsy, sleep disorders, and spasticity. Most BZ site ligands

currently in use to treat these conditions are full (high efficacy) BZ-agonists. Their

pharmacological profiles of activity can be described as anxiolytic, anticonvulsant,

sedating, and muscle relaxant (Haefely et al., 1981). These clear-cut BZ effects can be

observed despite the wide distribution of GABAA-receptors in brain because of the

activity-dependent and self-limiting mode of action of BZs.

The BZs most frequently used in the treatment of epilepsy are clonazepam (Rivotril®),

diazepam (Valium®) and lorazepam (Temesta®). Clonazepam is primarily used to treat

children suffering from myoclonic and absence seizures. Diazepam and lorazepam are

injected intravenously to terminate the repeated seizures in status epilepticus. BZs, such

as diazepam (Valium®), chlordiazepoxide (Librium®), clorazepate (Tranxilium®),

prazepam (Demetrin®), bromazepam (Lexotanil®), lorazepam (Temesta®), alprazolam

(Xanax®), and oxazepam (Seresta®) are used in the treatment of generalized anxiety

disorders (Mohler, 1998), which are characterized by persistent and excessive worries

about life circumstances, increased vigilance and agitation, sleep disturbances, symptoms

of motor tension and autonomic hyperactivity. The latter is characterized by a shortness of

breath, an accelerated heart rate, sweating, dizziness, nausea, diarrhea, and hot flashes

and chills. The only BZ site ligand so far approved for the treatment of panic attacks is

alprazolam (Xanax®). Panic attacks differ from generalized anxiety disorders' in that they

occur as spontaneous, discrete periods of intense fear or discomfort without any

precipitating, anxiety provoking situation. Additional symptoms observed with panic

attacks are choking, chest pain and fear of dying (for review see Shader and Greenblatt,

1993). For the treatment of sleep disorders, BZs such as flurazepam (Dalmadorm®),

flunitrazepam (Rohypnol®), zolpiclone (Imovane®), triazolam (Halicon®), and midazolam

(Dormicum®) have been employed (Mohler, 1998). Since an overdose of BZs is usually

not life-threatening and can be counteracted with the antagonist flumazenil, BZs have

almost completely replaced barbiturates in the pharmacotherapy of insomnia. BZs are

further used for preoperative sedation and induction of narcosis (midazolam

(Dormicum®)). The muscle relaxant effect of BZs is clinically useful in the treatment of

chronic muscle spasms and spasticity. BZs are further employed in acute alcohol

withdrawal.
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1.8. Major drawbacks in benzodiazepine therapy

One of the major drawbacks in BZ therapy is the development of tolerance and physical

dependence during long-term treatment. Tolerance can be described as the gradual

decrease in responsiveness to a drug taking days or weeks to develop, whereby various

actions of the same drug may be differentially affected. In the case of BZs, tolerance is

due to a downregulation of GABAergic transmission and a decreased BZ amplification of

GABA-induced currents (Zheng et al, 1994), rather than to alterations in

pharmacokinetics. Possible molecular mechanisms discussed for these adaptive changes

are a reduced expression of GABAA-receptor subunits and thus BZ sites (Kang and

Miller, 1991; Holt et al., 1996), the expression of an altered subunit spectrum

(Impagnatiello et al., 1996) resulting in the assembly of GABAA-receptor subtypes with a

reduced BZ-sensitivity, and phosphorylation of the (3-subunit (Browning et al., 1990;

Moss et al., 1992). Another interesting finding is the alteration of the setpoint of allosteric

modulation of the GABAA-receptor via the BZ site after chronic exposure to BZ-agonists.

The intrinsic efficacy of BZ site ligands is shifted towards more negative values, so that a

ligand with virtually zero intrinsic activity, e.g. flumazenil, becomes a partial inverse

agonist (Nutt et al., 1992). The development of tolerance to the anticonvulsant effect of

BZs has prevented their use in the long-term treatment of epilepsy. Furthermore,

tolerance is also observed for the sedative effect of BZs. Effectiveness of BZs in the

treatment of sleep disorders is therefore limited to two to three weeks.

Physical dependence to BZs is characterized by the occurrence of withdrawal syndromes

after drug discontinuation. Withdrawal syndromes are generally autonomic and include

excessive sensitivity to light and sound, tremulousness, sweating, insomnia, abdominal

discomfort, tachycardia, hypertension, and rarely seizures. Typically, the symptoms of

the disorder recur after discontinuation of BZ treatment. Patients stopping treatment with

anxiolytic BZs often exhibit withdrawal anxiety. Rebound syndromes, i.e. syndromes

similar in character to the original disorder, but stronger in intensity, can be observed

especially after abrupt discontinuation of BZs with a short half-life, e.g. alprazolam

(Xanax®). BZs with a long half-life, e.g. diazepam with its stable metabolite

desmethyldiazepam, accumulate with time and therefore rarely cause rebound syndromes

(for review see Shader and Greenblatt, 1993).

Another major disadvantage with BZ therapy is the broad pharmacological spectrum of

full agonist action leading to undesired side effects in addition to the therapeutically useful

effect. The most common side effects observed in the treatment of anxiety and epilepsy

with full agonists, such as diazepam and alprazolam, are sedation (tiredness, increase in

reaction time, slowing of thought process and psychomotor performance), dizziness,

anterograde amnesia (impaired ability to acquire or store information), ataxia
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(disturbances in motor coordination), muscle relaxation and potentiation of ethanol effects

(for review see Shader and Greenblatt, 1993). However, for other clinical indications

such as insomnia and spasticity, the sedative and muscle relaxant effects of BZs are

desired and essential.

1.9. Development of benzodiazepine site ligands with a more specific

profile of action

The development of novel anxiolytic BZ site ligands is aimed at the reduction of

unwanted side effects, such as tolerance and dependence liability, sedative, muscle

relaxant, ataxic, ethanol potentiating, and amnesic effects while maintaining the efficacy

with regard to, for example, the anxiolytic effect. Two different strategies can be

followed to achieve this goal: 1) Partial agonism and 2) Development of subtype-specific

ligands.

1) Partial agonists exhibit a restricted profile of action which might be explained by their

low intrinsic activity confining their capability to produce suprathreshold inhibition to

neurons with a high GABAA-receptor reserve (Haefely et al., 1992). Provided that

neurons involved in the anxiolytic action of BZs display a high receptor reserve, whereas

neurons mediating sedation, ataxia and amnesia only exhibit a low receptor reserve,

partial BZ site agonists might show an anxio-selective profile of action.

2) Another strategy for the development of BZ site ligands with a more specific spectrum

of action is the identification of agonists which display differential affinities for specific

GABAA-receptor subtypes. Zolpidem (Stilnox®), a BZ site ligand belonging to the group

of imidazopyridines, preferentially binds to al-subunit containing GABAA-receptors and

exhibits low affinity for a2- and a3- and no affinity for oc5-receptor subtypes (Pritchett

and Seeburg, 1990; McKernan et al., 1991; Mertens et al., 1993). The pharmacological

spectrum of Zolpidem can be characterized as hypno-selective. In contrast to full allosteric

modulators which do not discriminate between receptor subtypes, Zolpidem is devoid of

cognition impairment, but likewise produces ethanol-potentiating and ataxic effects (Costa

and Guidotti, 1996). Abecarnil, which has been demonstrated to act as a full agonist on

recombinant receptors containing the al- or a3-subunit and as a partial agonist on

receptors containing the oc2- or a5-subunit (Knoflach et al., 1993; Pribilla et al., 1993),

shows only weak sedation, ataxia and ethanol potentiation (Costa and Guidotti, 1996)

and will soon be placed on the market as an anxiolytic in Europe (Mohler, 1998). Novel

BZ site ligands which bind specifically to certain GABAA-receptor subtypes might exhibit

mainly anxiolytic or myorelaxant actions. A prerequisite for the rational design of
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subtype-specific BZ site ligands is the elucidation of the pharmacological significance of

the different receptor subtypes and the identification of the GABAA-receptor variants

mediating specifications of classical BZs.

1.10. Distribution of GABAA-receptor subtypes in the mammalian brain:

potential implications for benzodiazepine action

Immunohistochemical analysis of rat brain sections with antibodies specific for the

GABAA-receptor al-, a2-, a3-, a5-, (32/3-, y2-, and 8- subunits revealed a regionally and

temporally highly specific expression pattern (Fritschy and Mohler, 1995). The relative

abundance of single subunits in different brain regions was assessed by

immunohistochemistry and was in accordance with data obtained from in situ hybridization

and quantitative immunoprecipitation (Benke et al., 1991; Laurie et al., 1992; Wisden et

al., 1992; Endo and Olsen, 1993). Whereas mainly a2- and oc5-subunit containing

GABAA-receptors are expressed during embryonic development and in early postnatal

stages, al-subunit containing receptors were shown to predominate in the adult brain

(Paysan et al., 1994; Fritschy et al., 1994). The adult distribution of al- and oc2-subunit

containing GABAA-receptors was demonstrated to be non-overlapping at the regional and

cellular levels (Fritschy and Mohler, 1995). Receptor subtypes expressing different oc-

subunits were further observed in neurons of different neurotransmitter phenotypes.

Monoaminergic neurons in the brainstem and cholinergic neurons in the basal forebrain

selectively expressed a3-subunit containing GABAA-receptors, whereas neighbouring

GABAergic cells expressed the al-subunit (Gao et al., 1993, 1995). These findings

suggest that different GABAA-receptor subtypes are involved in the regulation of

functionally distinct neuronal circuits.

Triple immunohistochemical staining revealed the colocalization of different subunits in the

same neuron and lead to the identification of three major GABAA-receptor subtypes,

namely al32y2, a233y2, and a3J33Y2 receptors accounting for more than 80% of all

GABAA-receptors (Fritschy et al., 1992; Fritschy and Mohler, 1995) (Table I).

a 1-Receptor subtype. The most prevalent GABAA-receptor subtype, amounting to

approximately 55% of all BZ-sensitive receptors, is represented by the aip272 subunit

combination (Benke et al., 1991; 1994). aip2Y2-Receptors were detected predominantly

in the cerebral and cerebellar cortex, in output nuclei of the basal ganglia, in the thalamus,

and in brain stem regions (Fritschy and Mohler, 1995). On the cellular level, this receptor

subtype was mainly present on GABAergic neurons, such as interneurons in cerebral

cortex and hippocampus, cerebellar neurons, and neurons in the brain stem reticular

formation, pallidum, substancia nigra, and basal forebrain (Fritschy et al., 1992; Gao et
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al., 1993, 1995; Gao and Fritschy, 1994). The presence of al(32?2-receptors on non-

GABAergic neurons, such as olfactory bulb mitral cells and relay neurons in the thalamus,

was also observed. The wide distribution of the alp2y2-receptor subtype and its

preferential expression on GABAergic neurons may suggest a major role in disinhibition of

neuronal activity.

a2-Receptor subtype. The GABAA-receptor subtype containing the a2-subunit

represents approximately 15% of BZ-sensitive receptors (Marksitzer et al., 1993). oc2-

Receptors are expressed mainly in structures of the limbic system, such as the amygdala

and the hippocampus. The a2-subunit is further expressed in the hypothalamus, the dorsal

and ventral striatum, the nucleus accumbens, and in brainstem motoneurons (Fritschy and

Mohler, 1995). The high expression levels of a2-subunit containing GABAA-receptors on

neurons of the nucleus centralis of the amygdala and in the hippocampal formation suggest

a potential role of these receptors in the regulation of fear and anxiety. Strong expression of

oc2-receptors in the hypothalamus may implicate a role in the regulation of endocrine

responses to stress and anxiety. The a2-expression pattern makes oc2-subunit containing

GABAA-receptors potential candidates for the mediation of the anxiolytic effects exhibited

by BZs. The expression of a2-receptors on motoneurons may provide the molecular basis

for the muscle relaxant and ataxic effects observed with higher doses of BZs. Furthermore,

the prevalence of a2-subunit containing GABAA-receptors in the striatum and the nucleus

accumbens suggest that they may play a role in the development of tolerance and

dependence to chronic BZ-treatment.

oc3-Receptor subtype. Expression of a3-subunit containing GABAA-receptors was

detected predominantly on cholinergic neurons of the basal forebrain (lateral septum), on

monoaminergic and serotonergic neurons of the brain stem and in the intralaminar nuclei of

the thalamus (Gao et al., 1993; Fritschy and Mohler, 1995). Based on this pattern of

expression, a3-receptors may have a role in the control of cognitive, emotional, visceral

and sensorimotor functions. The expression of cc3-receptors on neurons of the ascending

reticular formation further suggests a function in the regulation of the arousal system and

the modulation of attention, anxiety and sleep-wakefulness. Interactions of BZs with a3-

receptors on neuronal populations of the ascending reticular system might therefore reduce

arousal and attention and increase sleepiness.

a5-Receptor subtype. Strong expression of oc5-subunit containing GABAA-receptors

was detected in few brain areas only, among them hippocampus, olfactory bulb and

trigeminal sensory nucleus (Fritschy and Mohler, 1995). In these regions, a significant

overlap with oc2-subunit expression was observed. However, the levels of oc5-subunit

expression were generally lower than those of a2-subunit expression (Fritschy and

Mohler, 1995). Immunoprecipitation studies and Western blot analysis suggested that a2-

and a5-subunits do not occur in the same receptor complex (Mertens et al., 1993). Double
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immunohistochemical staining demonstrated that a2- and oc5-receptors display a distinct

subcellular localization. In hippocampal pyramidal neurons, for example, the a2-subunit is

expressed mainly on the axon initial segment (Nusser et al., 1996; Fritschy et al., 1998 a,

b), whereas oc5-subunit expression is restricted to the cell soma (Fritschy et al., 1998 a)

The specific subcellular localization of these two GABAA-receptor subtypes suggests their

affiliation with different synapses. Since BZs potentiate GABA-induced currents at

postsynaptic membranes of activated GABAergic synapses only, a differential modulation

of a2- and a5-subunit containing receptors by BZs may be possible in hippocampal

pyramidal cells in vivo.

Major GABAA-receptor subtypes in brain

subtype
relative

abundance
location

alp2y2 60%

a2p3y2 15-20%

a3PxY2 10-15%

neocortex, cerebellum, thalamus, globus pallidus,
substantia nigra pars reticulata,

expressed mainly on GABAergic neurons, e.g.
interneurons of the hippocampus and cerebral cortex,
and Purkinje cells

hippocampus (pyramidal cells),
dentate gyrus (granule cells)
amygdala, striatum, hypothalamus,
spinal cord motoneurons

monoaminergic (serotoninergic, noradrenergic
and dopaminergic) neurons,

thalamic reticular nucleus,

cholinergic neurons of the basal forebrain

a5|33y2/Y3 10% hippocampal pyramidal cells,

olfactory bulb granule cells

Table I. Distribution of GABAA-receptor subtypes in mammalian brain. The colocalization of subunits

was assessed in brain sections by double and triple immunofluorescense staining (according to Fritschy and

Mohler, 1995; McKernan and Whiting, 1996).
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1.11. Molecular dissection of benzodiazepine action in vivo

One way to investigate the significance of the al-, a2-, a3-, and a5-GABAA-receptor

subtypes in mediating BZ action is the generation and analysis of different knock-out

mouse lines lacking the respective a-subunits and thus the corresponding BZ-sites. This

approach has one major disadvantage: Knocking-out an a-subunit does not only render a

subpopulation of GABAA-receptors BZ-insensitive, but also interferes with or even

abolishes GABAergic neurotransmission in the affected neurons.

In mutant mice lacking the a5-subunit gene due to a radiation (tritium)-induced

chromosomal deletion, the absence of the a5-subunit was accompanied by a decrease in

(32/3- and y2-subunit immunoreactivity in hippocampal pyramidal cells (Fritschy et al.,

1997,1998 a). This decrease in (32/3- and 72-subunit expression was restricted to the cell

soma and the dendrites of the pyramidal cells and thus to loci of a5-subunit expression in

wild-type animals. In contrast, (32/3- and y2-subunit immunoreactivity in hippocampal

pyramidal cells was unaltered in the axon initial segment expressing the a2-subunit

(Fritschy et al., 1998 a). These results demonstrate that the absence of the a5-subunit gene

prevents the formation of the entire respective receptor complex. In cc6-subunit knock-out

mice, in which the cerebellar cytoarchitecture is grossly normal and responses to treatment

with ethanol, volatile anesthetics and pentobarbital do not differ from wild-type animals

(Homanics et al., 1997), the 8-subunit failed to assemble in receptors in cerebellar granule

cells, even though RNA levels for the 8-subunit were normal (Jones et al., 1997). These

findings on oc5-deletion and oc6-knock-out mice suggest a major role for a-subunits in

GABA-receptor assembly.

The fact that a5- and a6-subunit deficient mice are viable and fertile might be due to the

low abundance and the very restricted expression pattern of these subunits. In contrast,

survival of al- and a2-knock-out mice might be rather unlikely, since the al-subunit is

the most frequent a-subunit in the adult brain and the a2-subunit is predominantly

expressed in embryonic and early postnatal development.

Mice devoid of the (33-subunit exhibited a markedly reduced GABAA-receptor density in

neonatal brain as demonstrated by an approximately 50% decrease in [3H]muscimol and

[3H]Ro 15-4513 binding. 90% of homozygous (33-knockout mice died within 24 hours of

birth, 57% exhibited a cleft palate (Homanics et al., 1997). (33 Knock-out mice surviving

to adulthood display hyperactivity and disturbances in motor coordination, frequent

myoclonus and occasional epileptic seizures. This severe phenotype can be explained by

the abundant expression of the (33-subunit in selected brain regions, such as cerebral

cortex, hippocampal formation, hypothalamus, cranial nerve ganglia and spinal cord in

adult mice and the even more abundant expression in prenatal and neonatal brain. Since the

a2-subunit is mainly associated with the (33-subunit in native receptors (Benke et al.,
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1994), the elimination of a large proportion of P3-subunit containing GABAA-receptors in

a2-knock-out mice might likewise result in the development of cleft palate and perinatal

death.

The targeted disruption of another abundant GABAA-receptor subunit, the 72-subunit,

likewise resulted in early postnatal death of the majority of 72-knock-out mice (Gunther et

al., 1995). Only few animals survived to the third postnatal week. The lack in 72-subunit

expression not only resulted in the elimination of 94% of BZ-binding sites from neonatal

brain but also appreciably altered the physiology of the remaining putative aP-receptors

with respect to GABA activation. The single channel main conductance state was reduced

2.5-fold resulting in a corresponding 2.7-fold reduction in the whole cell GABA current in

cultured DRG neurons (Gunther et al., 1995). Therefore, it cannot be concluded from

these studies whether the early postnatal death of 72-knock-out mice is due to a deficit in

the action of potential endogenous BZ site ligands or whether it is a consequence of the

reduced GABAA-receptor function.

Another major problem which arises when utilizing the knock-out approach to study BZ-

action in vivo is the potential occurrence of compensatory mechanisms secondary to the

reduced GABAergic transmission, an issue which is especially critical in an organ

exhibiting a high degree of plasticity as does the brain. Such potential compensatory

mechanisms might complicate the interpretation of the phenotype observed, since

phenotypic changes may not only depend on the receptor population that has been

eliminated.

Another, far more elegant way to assess the significance of different a-receptor subtypes in

BZ action is based on the observation that recombinant GABAA-receptors can be rendered

BZ-insensitive by a single histidine (H) to arginine (R) exchange in position 101 of the al-

subunit which does not alter other receptor properties, in particular the sensitivity to GABA

(Wieland et al., 1992; Kleingoor et al., 1993). It is thus conceivable that replacement of

this conserved H residue by an R residue in the homologous positions of the a2-, a3-, and

oc5- subunits would likewise confer BZ-insensitivity on the respective ocfty-receptors.

Verification of this assumption on recombinant receptors would open the possibility for a

novel approach to dissect the classical multivalent BZ profile in vivo. The H to R point

mutation is targeted to the mouse GABAA-receptor al-, al-, a3- and oc5-subunit genes,

thus generating 4 different mouse lines. In each line another mutated GABAA-receptor

subtype, identified by its al-, a2-, a3- or a5- subunit, respectively, is rendered

insensitive to classical benzodiazepines. The four mouse lines are expected to display clear

deficits in the spectrum of benzodiazepine action. The missing behavioral response to

benzodiazepine treatment can then be attributed to the neuronal populations expressing the

mutant a-subtype. This approach is expected to reveal defined neuronal circuits involved in
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the anxiolytic, anticonvulsant, sedative/hypnotic, muscle relaxant/ataxic, ethanol-

potentiating, and amnesic effects of benzodiazepines and will furthermore help to identify

the neuronal populations involved in the development of tolerance and dependence to

chronic BZ-treatment. Crossbreeding of three of the four mutant mouse lines will produce

strains carrying only a single BZ-sensitive receptor subtype. These mice are expected to

unambiguously identify the neuronal populations mediating the observed BZ action.

Once certain parts of the pharmacological spectrum of benzodiazepines can be associated

with a neuronal subpopulation expressing al-, a2-, a3- or a5-subunit containing

GABAA-receptors, a molecular basis for the development of subtype-specific BZ agonists

is established. Novel drugs targeted to defined GABAA-receptor subtypes are expected to

have fewer side effects than the benzodiazepines currently in clinical use. Furthermore, the

mutant mouse lines may provide insights into the physiological significance of different

GABAA-receptor subtypes in the regulation of anxiety, fear, vigilance and memory and

might reveal the neuronal circuits implicated in these diverse brain functions.

The point-mutated mouse lines might also give hints as to whether potential endogenous

ligands to the BZ-site exist and what their function might be.

1.12. Gene targeting strategies for the introduction of a subtle mutation

into the mouse genome

The "hit and run", "double replacement" and "tag and exchange" strategies

(Hasty et al., 1991; Askew et al., 1993; Wu et al., 1994) can be applied to introduce a

point mutation into the mouse genome. These strategies are two-step recombination

procedures allowing the removal of the positive selection marker with its promoter and

enhancer elements from the targeted locus, thus reducing the risk of interference with

transcription from neighboring genes, an issue which is especially important when genes

are organized in clusters and contain joint locus control elements (Ramirez-Solis et al.,

1993; Fiering et al., 1995; Pham et al., 1996; Olson et al., 1996). In the "hit and run"

strategy, targeted integration of the insertion vector results in a duplication of homologous

sequences separated by the selection cassettes and the plasmid backbone. The duplication is

resolved and the selection cassettes are removed by intrachromosomal recombination.

Since this second recombination step occurs spontaneously and cannot be influenced by the

experimentator, intrachromosomal recombination frequencies obtained with the "hit and

run" strategy can be very low, sometimes to the effect that the experiment fails. In the

"double replacement" and "tag and exchange" strategies ES cells are sequentially

electroporated with two different replacement vectors both of which have to undergo

homologous recombination with the target locus, followed by identification and expansion
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of the targeted clones. If the target locus has a low targeting frequency, this double

targeting may be very cumbersome or fail.

Cre-loxP mediated recombination in embryonic stem cells significantly

improved the efficiency of selection marker removal from the mutated locus. The

bacteriophage PI ere recombinase catalyzes a conservative reciprocal recombination

between two 34 bp loxP recognition sites. Sauer and Henderson (1989) first demonstrated

that ere recombinase-mediated excision of DNA is possible in chromosomes of mammalian

cells. A loxP-flanked yeast DNA fragment disrupting a neomycin resistance gene was

successfully removed from the chromosome in a mouse cell line upon transient expression

of the ere recombinase. The excision event was monitored by cell survival in the presence

of high concentrations of G418. Gu et al. (1993) established ere recombinase-mediated

excision of loxP-flanked DNA fragments in mouse embryonic stem cells. A mouse line

devoid of the JH segment and the intron enhancer of the immunoglobulin heavy chain (IgH)

locus was generated in a two-step recombination procedure: Embryonic stem cells were

first electroporated with a replacement vector, introducing two loxP sites flanking both a

positive and a negative selection marker as well as the DNA fragment to be deleted.

Targeted ES cell clones were identified and subjected to a second electroporation with a ere

recombinase-encoding plasmid. Transient ere recombinase expression resulted in the

excision of the loxP-flanked region from the targeted locus. ES cells carrying the desired

deletion were enriched by negative selection with FIAU. The same two-step recombination

strategy in ES cells was applied by Reichardt et al. (1998) to introduce a A458T point

mutation into the glucocorticoid receptor. Here, the loxP-flanked positive and negative

selection markers were inserted into an intron next to the point-mutated exon and were

removed by transient ere recombinase expression in targeted ES cell clones.

Injection of ere recombinase encoding plasmids into mouse oocytes. All of

the strategies described above for the introduction of a point mutation into the mouse

genome require two rounds of selection in ES cell culture. The prolonged time in culture

entails an increased risk of ES cell differentiation and loss of pluripotency. Therefore, the

cre-loxP mediated gene targeting strategy has been modified to postpone the excision of

loxP-flanked DNA sequences to the mutated mouse embryo.

Kitamotoet al. (1996) microinjected ere recombinase encoding, circular plasmids into the

male pronuclei of mouse oocytes carrying a point-mutated version of the human prion

protein and loxP-flanked positive and negative selection markers downstream of the prion

protein segment. Injected eggs were transferred into pseudopregnant foster mothers. Six

out of 7 heterozygous offspring had eliminated the selection markers from the target locus,

demonstrating that transient ere recombinase expression in fertilized eggs resulted in a site-

specific recombination.



25

Breeding with ere recombinase transgenic mice. Another, technically less

demanding way of selection marker excision from the early mouse embryo emerged from

the generation of transgenic mouse lines expressing the ere recombinase under the control

of either the cytomegalovirus (CMV)- or the adenovirus (Ad5) Ella promoter (Schwenk et

al., 1995; Lakso et al., 1996). The latter promoter had been demonstrated to be active in

mouse oocytes and preimplantation embryos (Dooley et al., 1989). Crossbreeding of EHa-

cre recombinase transgenic mice with a mouse line carrying a loxP-flanked neomycin

resistance cassette at the immunoglobulin light chain k locus resulted in an excision of the

neo marker from the genome of the offspring (Lakso et al., 1996). However, PCR

analysis revealed that 50% of the offspring were mosaic animals with regard to the neo

allele, reflecting ere recombinase activity past the zygote stage. All the animals exhibiting a

complete deletion of the neo cassette in their tails likewise displayed a complete excision of

the neo cassette in their germ cells (Lakso et al., 1996). Breeding of CMV cre-transgenic

animals with mice carrying a loxP-flanked allele of the DNA polymerase p gene (poipflox)

resulted in the complete deletion of this allele in all organs including the germ line,

indicating transgene expression during early embryogenesis (Schwenk et al., 1995).

Strategy for the introduction of a point mutation into the mouse genome.

For the generation of mouse lines carrying the histidine to arginine point mutation in their

GABAA-receptor al-, a2-, a3-, or oc5- subunits, we devised a novel targeting strategy,

requiring a single electroporation and selection step in ES cell culture, nevertheless

allowing removal of the potentially harmful selection marker utilizing EHa-cre recombinase

transgenic mice. In principle, ES cells are electroporated with a replacement type-targeting

vector containing the desired point mutation in the respective exon and a loxP-flanked

neomycin resistance cassette in a neighboring intron. In addition, a Herpes simplex virus

thymidine kinase cassette can be included in the targeting vector flanking the homology

region for partial counterselection against random integration events. Genomic targeted ES

cell clones are enriched by G418- and FIAU selection, identified by PCR and Southern

blot analysis and injected into mouse blastocysts, which are then implanted into

pseudopregnant foster mothers. Chimeric offspring are subsequently bred to EHa-cre

recombinase transgenic mice, thus removing the positive selection marker from the mutant

allele in double heterozygous, ere recombinase-transgenic Fl mice. The point mutation is

finally bred to homozygosity. This approach ensures that the phenotype of the point

mutation is not masked by any unforeseen effects of regulatory selection-cassette elements,

since only the 34 bp loxP site remains at the targeted locus (Figs. 5 and 6)
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2. Aim of the study

Benzodiazepines (BZs) are among the most widely used drugs world-wide. Their

actions, which include anxiolysis, anticonvulsion, sedation and muscle relaxation are

mediated via GABAA-receptors in the brain. The presently available drugs act

indiscriminately at all GABAA-receptors. We have set out to genetically dissect the

pharmacological spectrum of BZs to identify the GABAA-receptor subtypes mediating

specific BZ actions. The knowledge of the function of individual receptor subtypes is of

importance for the development of subtype-specific drugs with improved therapeutic

profiles with regard to the specificity of actions and to side effects.

The aim of this study was to elucidate which actions of diazepam are mediated by cc2-

GABAA-receptor subtypes. To this end, a2-receptors were rendered diazepam-insensitive

by point mutation of the mouse a2-subunit gene. Deficits in the behavioral response to

diazepam in the a2(H101R) mutant mouse line could thus be attributed to the point-

mutated cc2-receptor. The following experimental strategy was pursued:

1) The oc2(H101R) point mutation was demonstrated by patch-clamp recording to

render recombinant cc2(H101R)-GABAA-receptors diazepam-insensitive.

2) In order to develop a "knock in" mouse line carrying the a2(H101R) point

mutation, fragments of the oc2-subunit gene were cloned and used for the construction of

the replacement-type targeting vector. Targeted ES cell clones were identified and injected

into mouse blastocysts for the production of chimeric animals. The selection marker was

removed from the target locus of the mouse chromosome by crossing with EHa-cre

recombinase transgenic mice. A breeding program that provided mice on a suitable

genetic background for behavioral analysis was established.

3) Expression and distribution of the a2-subunit as well as other major GABAA-

receptor subunits in a2(H101R) mutant mice were analyzed by Western blot and

immunohistochemistry and loss of diazepam-sensitivity of cc2(H101R)-receptors was

confirmed in radioligand binding assays and receptor autoradiography, thus

demonstrating suitability of our model for behavioral analysis of diazepam action.

4) An initial behavioral analysis was performed to assess the contribution of a2-

GABAA-receptors to specific actions of diazepam, in particular its anticonvulsant, muscle

relaxant, motor coordination impairing and ethanol potentiating activities.
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3. Material and Methods

3.1. Molecular biology

3.1.1.Oligonucleotides

KL 3:

KL 4:

KL 5:

KL 6:

KL 7:

KL 8:

KL 9:

KL 10

KL 11

KL 13

KL 14

KL 15

KL 16

KL 17

KL 18

KL 19

KL 22

KL 23

KL 24

KL 25

KL 27

KL 29

UR 26

UR 36

UR 56

UR 57

UR 58

UR 59

PI:

P2:

P3:

5' GCC GAA TGT CCC ATG CAC CTG GAG G 3' (sense)

5' TGA CTT TTT CCC GTT CCG GAA GAA GGT GTC AGG AGT 3'

(antisense)

5' TCC ATC ATC CTG GAT TCG AAG CAG C 3' (antisense)

5' CAG TAT TAC TGA AGT CTT CAC 3' (sense)

5' CTA AAA TGT AAC GTG AAA AGT ACC 3' (antisense)

5' CGA CTT AAC AAT TTA ATG GCC AGC 3" (sense)

5' GGC TTA ACA GTA TAA AAT TCC TAT 3' (sense)

5' CTG ATA CCT TCT TCC GGA ATG GGA AAA AGT 3' (sense)

5' GAT AAA TTC ATT GTC GAC TCT CTC AAG AAT G 3' (sense)

5' GTG TTT GCT AGC CCC GGC CTA GTC 3" (sense)

5' TTG GAA TAC TCT GTC TCC TGA A 3' (sense)

5" GGT TAA AGA TTC TCT TGG TTG 3' (sense)

5' GCC TCT TAC AAT GGT GTA GAG 3' (antisense)

5" CAG GAA AAA TTT CTA GCT GAG G 3' (antisense)

5' CAT GGA CTG TGA AC 3' (sense)

5' TCG AGT TCA CAG TC 3' (antisense)

5' GTA CCA GCA CTG GGT CTG CA 3' (sense)

5' GAC CCA GTG CTG 3' (antisense)

5' TAG TTT GTT ATG AAG CCC TG 3' (antisense)

5' GCA TGC ACC ACC CAG GAA GCG ATT 3' (sense)

5' TTC TGG ATT CAT CGA CTG TGG CCG G 3' (sense)

5' GAT GCC CTT TCC ATA ATA GAG CTT 3' (sense)

5' CCT GGA AAA TGC TTC TGT CCG 3' (sense)

5' CAG GGT GTT ATA AGC AAT CCC 3' (antisense)

5' GCA AGG GGG AGG ATT GGG AAG ACA A 3' (sense)

5' CCC ACC AGG CAC AGA GAA AAC AAT GTT A 3* (antisense)

5' GAA ATG AGC CCT GCA ACT CTT GTA TCT CC 3' (antisense)

5' CCG CCT GTG CTC TAG TAG C 3' (antisense)

5' AGT TGG CAA CGG CTA CAG CA 3' (antisense)

5' CGA GCA CTG ATG CTT AAT GTG 3' (antisense)

5' GAG CCA TCA GGA GCA ACC TG 3' (antisense)
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P4: 5' GAA GGT GTC AGG AGT CCA GA 3' (antisense)

P5: 5' CTG GTC TAA GAC GAT TAT CG 3' (antisense)

P6: 5' CAC AGT TCT CGC TGG CAC CG 3' (antisense)

3.1.2. Radioactive labeling of probes

Random hexanucleotide primed labeling of DNA was performed with the

Promega DNA Hexamer Random Prime Labeling kit according to the manufacturer's

instructions. Approximately 100 ng of DNA were labeled with 100 jiCi (3000 Ci/mmol)

[32P]a-dCTP. In order to remove non-integrated radioactive [32P]oc-dCTP after the labeling

reaction, DNA was purified using a Bio-Spin 30 gel filtration column (Bio-Rad).

End-labeling of oligonucleotides. 7.5 pmol of DNA were 5'-end-labeled with

50 |xCi of [32P]y-dATP (5000 Ci/mmol) using bacteriophage T4 polynucleotide kinase in

kinase/ligase buffer (0.066 M Tris HC1 pH 7.6, 1 mM Spermidine, 10 mM MgCl2,15 mM

DTT, 0.02% BSA). The labeling reaction was performed for 1 hour at 37 °C and

oligonucleotides were purified either by using a Bio-Spin 6 column (Bio-Rad) or by DNA

precipitation with 2.5 M ammonium acetate and 2.5 volumes of ethanol.

3.1.3. Lambda library screening for fragments of the GABAA-receptor oc2-

subunit gene

The mouse genomic library. A DNA fragment containing the exon 4 of the mouse

GABAA-receptor oc2-subunit gene was cloned from a genomic library which had

previously been constructed by Dr. U. Miiller (Institute of Molecular Bilology I,

University of Zurich) from the embryonic stem cell line AB1 of mouse strain 129/SvEv

(McMahon and Bradley, 1990). Briefly, genomic DNA obtained from AB1 ES cells had

been partially digested with Sau3A and the restriction fragments obtained had subsequently
been size selected and cloned into BamHI-digested phage vector lambda Gem-11

(Promega). The titer of the lambda library was determined to be 8xl07 pfu/ml. Assuming

an average length of 15 kb for the mouse genomic inserts in the lambda vectors, 28 phage

plates (15 cm in diameter) with 5xl04pfu each had to be set up in order to represent 7

haploid mouse genomes (3xl09 bp/haploid genome).

Plating of the library. For lambda library plating, bacteria from E. coli strain LE 392

were used as bacterial hosts. Bacteria were grown for 6-10 h at 37 °C in TB medium (12g/l

bacto-tryptone, 24g/l bacto-yeast extract, 0.4% (vol:vol) glycerol, 0.017 M KH2PO4,

0.072 M K2HPO4). After centrifugation, the bacterial pellet was resuspended in 10 mM

MgS04 to an OD^ of 0.8. 300 jul of plating bacteria were mixed with 5xl04 pfu of phage
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lambda in 300 jllI SM medium (0.1 M NaCl, 8 raM MgS04 x 7 H20, 0.01 % gelatin,

0.025 M Tris pH 7.5) and incubated at 37 °C for 15 min. 6.5 ml of melted top agarose

(7 g/1 agarose, 10 g/1 bacto-tryptone, 5 g/1 bacto-yeast, 0.17 M NaCl, 10 mM MgCl2,

pH 7) equilibrated to a temperature of 50 °C were added and the mixture was poured on

prewarmed 15 cm LB agar plates (1% agar, 10 g/1 bacto-tryptone, 5 g/1 bacto-yeast,

0.17 M NaCl, 10 mM MgCl2, pH 7). Lambda plates were incubated at 37 °C for 12-14 h

and were then stored at 4°C for at least 1 h.

Plaque lifts from Lambda plates. Plaque lifts were taken in duplicate placing

Amersham Hybond N® nylon membranes for 2 min on top of the lambda plates.

Membranes were subsequently treated with denaturing solution (0.5 M NaOH, 1.5 M

NaCl), neutralizing solution (0.5 M Tris-HCl pH 7.5, 1.5M NaCl) and wash solution (2x

SSC: 0.3 M NaCl, 0.03 M Na-citrate, pH 7) for 7 min each. Thereafter, DNA was

crosslinked to the semi-dry nylon membranes by UV irradiation (120 mJ/cm2,

Stratalinker®, Stratagene) and filters were air-dried overnight prior to hybridization.

First and second round of lambda library screening with a a2-subunit

cDNA probe. The 1387 bp rat GABAA-receptor a2-subunit (GABRA2) cDNA

subcloned into plasmid vector pPSPT19 was kindly provided by Dr. P. Malherbe

(F. Hoffmann-La-Roche AG, Basel). The entire open reading frame of the a2-subunit

cDNA was recovered from vector pPSPT19 with a BamHI digest and the 1485 bp

fragment obtained was purified by preparative agarose gel electrophoresis prior to

[32P]a-dCTP random hexanucleotide primed labeling. The nylon membranes containing

the phage DNA were prehybridized overnight at 65 °C in prehybridization solution (0.75 M

NaCl, 1.25 M NaH2P04 x H20, 5 mM EDTA, 0.5 % (w/v) SDS, 0.1% (w/v) Ficoll,

0.1% (w/v) BSA, 0.1% (w/v) polyvinylpyrrolidine, 50 |ig/ml denatured herring sperm

DNA) which was then replaced by the hybridization solution containing in addition the

labeled denatured rat GABRA2 cDNA probe (1 x 106 cpm/ml, 0.45 [i Ci/ml).

Hybridization was carried out for 24 h at 65 °C. Membranes were then washed with 2x

SSC, 0.5% SDS for 2x 5min at 37°C and with lx SSC, 0.5% SDS for 15 min at 45 °C,

for 2x 15 min at 55 °C and for 90 min at 58 °C. Signals were detected by autoradiography

after 3 days of exposure to Kodak X-OMAT AR films at -80 °C. Plaques corresponding

to hybridization signals were picked and soaked overnight in 1 ml of SM solution

containing 50 \i\ of CHC13. The isolated phages were replated at a density of 300-3000

plaques per 15 cm agar plate and subjected to a second round of screening with the the

GABRA2 cDNA probe.

Third and fourth round of lambda library screening with exon 3-, 4- and 5-

specific probes. Isolated phage clones which had hybridized with the GABRA2 cDNA

probe in the second round of screening were replated and plaque lifts were subjected to a

third round of hybridization with the 5'-end-labeled oligonucleotide KL 5 (0.5 |j.Ci/ml)



30

which is complementary to exon 4 sequences of the GABAA-receptor oc2-subunit gene.

Hybridization was carried out overnight at 65 °C. Membranes were washed with lxSSC,

0.5 % SDS for 2x 15 min at 37 °C, for lx 15 min at 45 °C and for 2x 15 min at 50 °C.

Autoradiography was performed as described above.

Finally, lambda clones identified to hybridize with oligonucleotide KL 5 were subjected to

a fourth round of screening with the 5'-end-labeled oligonucleotides KL 6 (0.5 |i.Ci/ml),

KL 5 (0.5 jxCi/ml) and KL 3 (0.5 (xCi/ml) which are complementary to parts of the exons

3,4 and 5, respectively.

3.1.4. Preparation of phage lambda DNA

Phage plaques were picked and soaked overnight in 1 ml of SM solution containing 50 |il

of CHC13, thus allowing the phages to diffuse off the agar plugs, thus generating the

plaque juice. 50 u.1 of plaque juice were mixed with 300 fil of LE 392 plating bacteria in

10 mM MgS04 (OD600= 0.8) and the mixture was incubated at 37 °C for 15 min and then

inoculated into 50 ml of LB-medium (10g/l bacto-tryptone, 5g/l bacto-yeast extract, 0.17 M

NaCl, pH 7.0) containing 10 mM Mg2+. After 8 to 10 h incubation at 37 °C and 225 rpm,

lysis occurred spontaneously or was induced by the addition of 1 ml CHC13. Bacteria and

debris were pelleted by centrifugation for 2x10 min at 2,600 x g and the supernatants

containing the phage particles were pooled. 1/100 vol 2 M Tris-HCl (pH 7.4) and 1 u,g/ml

DNase (final cone.) and 10 |Xg/ml RNase (final cone.) were added to the supernatant and

incubation was performed for 60 min at 37 °C. Lambda phages were precipitated by the

addition of half a volume of 30% PEG 6000-8000, 3M NaCl and lOmM MgCl2 and

subsequent cooling on ice for 30 min. The phage precipitate was pelleted by a 10 min

centrifugation at 12,000 x g and 4 °C and was resuspended in 5 ml of a SM solution

containing 0.1 % SDS, 15 mM EDTA, pH 8, and 100 jig/ml proteinase K. After a 15 min

incubation at 68°C, the DNA was extracted once with phenol, 2-3 times with a 1:1 (v/v)

mixture of phenol and CHC13 and once with CHC13 and was then precipitated by the

addition of 0.6 volumes of isopropanol and 15 min incubation at RT followed by a 20 min

centrifugation at 12,000 x g and 4 °C. The pellet was washed with 75% ethanol, air dried

for 30 min and resuspended in 500 ui of TE (10 mM Tris, 1 mM EDTA, pH 8.0)

containing 200 u,g/ml DNase free RNase. DNA was redissolved at 65 °C and DNA

concentration was determined photometrically.

3.1.5. Preparation of phage M13 DNA

A single recombinant plaque was picked from an agar plate and was inoculated into 5 ml of

a 1:100 dilution of an overnight culture of TGI in 2xYT medium. After 5 h of incubation at
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37 °C the TGI-phage mixture was centrifuged in a microfuge for 5 min at 16,000 x g

(14,000 rpm) and supernatant and pellet were separated from each other.

Single-stranded M13 DNA was prepared from the supernatant. 200 ju.1 of a PEG/NaCl

solution (20% polyethylene glycol 6000, 2.5M NaCl, sterile) were added to the

supernatant followed by a 15 min incubation at RT. Phage particles were pelleted by a

5 min centrifugation in a microfuge at 14,000 x g. The phage pellet was resuspended in

100 u.1 of TE (10 raM Tris HC1, ImM EDTA, pH 8.0). Phage protein was extracted with

50 (tl of phenol and 100 |il of a 24:1 (v/v) CHCI3: isoamylalcohol mixture and circular

single-stranded DNA was precipitated from the upper layer with 300 mM sodium acetate

(pH 6) and 2 volumina of 100% ethanol for 30 min at -80 °C. DNA was pelleted by a

15 min centrifugation at 14,000 x g and 4 °C and was washed with 500 |il of ethanol

(-20 °C). The single-stranded DNA pellet was air dried at RT, resuspended in TE and

adjusted to a concentration of lu,g/|Lll.

Double-stranded M13 DNA was prepared from the pellet of TGI host cells as

described for mini preparations of plasmid DNA (3.1.6.).

3.1.6. Preparation of plasmid DNA

Plasmid DNA mini preparations were performed with 1.5 ml of an overnight culture

of transformed E. coli strains TGI or XL-1 blue. Bacterial cultures were centrifuged and

the pellets were resuspended in 300 jxl of a 50 mM Tris HC1, 10 mM EDTA solution,

pH 8. 300 |il of a 0.2 M NaOH, 1% SDS solution were added and the mixture was

incubated at RT for 5 min. Protein and chromosomal DNA were precipitated on ice with

255 ^1 of a potassium acetate (3M) solution (pH 5.5) and pelleted by a 5 min

centrifugation at 16,000 x g. When using TGI bacteria, the supernatant was extracted

successively with an equal volume of phenol, phenol:CHCl3 (1:1, v/v) and CHCI3 .
This

step could be omitted when preparing DNA from bacterial strain XL-1 blue. Plasmid DNA

was then precipitated with 0.7 volumes of isopropanol for 15 min at RT. Samples were

centrifuged for 15 min at 16,000 x g, pellets were washed with 70% ethanol, air dried at

RT and resuspended in 30 jxl of TE containing 20 u;g/ml RNase A.

Midi- and Maxi preparations of plasmid DNA were performed with QIAGEN

Midi/Maxi-Plasmid Purification kits based on anion exchange chromatography. QIAGEN

tips 100 and 500 were used according to the manufacturer's instructions.

Cesium chloride purification of plasmid DNA was performed to remove RNA,

nicked circular and linear DNA from preparations which were subsequently used for the

transient transfection of HEK 293 cells. An overnight culture of E. coli XL-1 blue which

had been transformed with the eucaryotic expression vector pBC12/CMV containing

different GABAa receptor subunit cDNAs, was diluted 1:100 in 11 of LB medium
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containing 50 |ig/ml ampicillin and was grown for 3 to 4 h at 37 °C and 250 rpm to an

ODgoo of 0.4 to 0.8. In order to obtain a plasmid amplification, chloramphenicol was

added to a final concentration of 170 u.g/ml and incubation was continued overnight.

Bacteria were then harvested by a 10 min centrifugation at 8,000 x g and 4 °C. The pellet

was resuspended first in 200 ml of cold STE solution (0.1 M NaCl, 10 mM Tris HC1

(pH 8), 1 mM Na EDTA) and after a second centrifugation at 8,000 x g and 4 °C in 12 ml

of a 25 mM Tris HC1 (pH 8), 50 mM glucose, 10 mM Na EDTA solution. 24 ml of a

0.2 M NaOH, 20% SDS solution were added and the mixture was incubated on ice for

10 min. For precipitation of protein and chromosomal DNA 18 ml of a 3M potassium

acetate solution (pH 4.8) were added and after another 10 min incubation on ice the

precipitate was pelleted by a 30 min centrifugation at 39,000 x g and 4 °C. Plasmid DNA

was precipitated from the supernatant with 0.6 volumes of isopropanol and subsequently

pelleted by centrifugation at 16,300 x g for 30 min at RT. The plasmid DNA pellet was

washed with 70% ethanol, air-dried and redissolved in 15 ml of TE. lg of solid CsCl and

25 ui of a 10 mg/ml ethidium bromide solution were added for each ml of DNA solution

and closed circular plasmid DNA was separated from nicked circular or linear DNA and

RNA by 20 h of ultracentrifugation in a Sorvall T 1270 rotor at 55,000 rpm (277,000 x g)

and 20 °C. The band of closed circular plasmid DNA was recovered with a 18 gauge

needle, the volume of the plasmid DNA solution was determined and water was added to a

final volume of 4 ml. Ethidium bromide was extracted five times with 4 ml of a water-

saturated solution of isoamyl alcohol and finally TE was added to the lower phase to obtain

a plasmid DNA solution of four times the original volume recovered from the CsCl

gradient. Plasmid DNA was precipitated with 67 mM sodium acetate and 2.7 volumes of

ethanol for 1 h at -20 °C. After 20 min centrifugation at 16,000 x g and 4°C the DNA pellet

was washed with 40 ml of ice cold 70% ethanol, redissolved in 500 u.1 of water and

precipitated a second time with 100 mM sodium acetate and 2 volumes of ethanol for

30 min at -20 °C. After 15 min centrifugation in a microfuge at 16,000 x g and 4 °C the

pellet was washed with 1 ml of 70% ethanol, air dried and dissolved in sterile water to a

final concentration of 1 mg/ml.

3.1.7. Preparation and restriction digest of genomic DNA from mouse

embryonic stem cells

Preparation of ES cell DNA in 96 well plates. ES cells grown to maximal density

in gelatinized 96 well plates were washed twice with 100 |xl PBS (Ca2+ and Mg2+ -free,

137 mM NaCl, 2.7 mM KC1, 1.5 mM KH2P04) 8 mM Na2HP04, pH 7.2)/well. 50 uj of

cell lysis buffer (100 mM NaCl, 10 mM Na-EDTA, pH 8, 0.5% SDS, 50 mM Tris HC1,

pH 7.5, 0.8 mg/ml Proteinase K) were added to each well and plates were incubated in a
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humid atmosphere overnight at 55 °C. DNA was precipitated from the lysates by adding

50 u.1 isopropanol/well, leaving the plates for 8 h at RT. Plates were then centrifuged for

20 min at 1,300 x g and the superaatants were removed by carefully turning around the

plates and absorbing liquid with a paper towel. Subsequently, DNA pellets were washed

three times with 150 (j-l of 70 % ethanol, dried at RT for 15 to 20 min and were then

redissolved in 30 |il of the restriction enzyme mix (0.33 units EcoRI/u.1, 100 |ig/ml BSA,

10 |ig/ml RNase A, in lx React 3 buffer (Life Technologies)). Digests were performed

overnight in a humid atmosphere at 37 °C. After 16 h another 5|il of a 1 unit/\il EcoRI

solution were added to each well and incubation was continued for further 4 h.

Large scale preparation of ES cell DNA. Medium was removed from 6 cm Petri

dishes and ES cells were twice washed with PBS" (Ca2+ and Mg2+ free). 1 ml of freshly

prepared cell lysis buffer (100 mM NaCl, 10 mM Na-EDTA, pH 8, 0.5% SDS, 50 mM

Tris HC1, pH 7.5, 0.8 mg/ml Proteinase K) was added and after 20 min incubation at RT,

the cell lysate was transferred to an Eppendorf tube and incubated overnight at 55 °C

rotating at 20 rpm in an end-over-end mixer. DNA was extracted successively with phenol,

phenol/CHCl3 (1:1 (vol: vol)) and CHCh and was precipitated by adding one volume of

isopropanol and inverting the tube several times. DNA was spooled on a flame-sealed glass

micropipette and then rinsed in 70% and 100% ethanol. Finally DNA was air dried,

redissolved overnight at RT in 100 to 300 jxl of a Tris/EDTA (10 mM/1 mM) solution and

stored at 4°C. For restriction digests, 5-10 |Xg of ES cell DNA were incubated overnight at

37 °C with 30 units of restriction endonuclease in 30 fxl of the respective enzyme buffer

containing 20 ng/p.1 RNase A.

3.1.8. Preparation and restriction digest of genomic DNA from mouse tail

biopsies

For mouse genotyping, 0.5 cm to 1 cm tip specimen were obtained from mouse tails with

sterile scissors and transferred to Eppendorf tubes. 200 ^1 of cell lysis buffer (100 mM

NaCl, 10 mM Na-EDTA, pH 8, 0.5% SDS, 50 mM Tris HC1, pH 7.5, 0.8 mg/ml

Proteinase K) were added. Tails were incubated overnight at 55 °C rotating at 20 rpm in an

end-over-end mixer. Phenol/CHCl3 extraction and DNA precipitation were performed as

described for the large scale ES cell DNA preparation (3.1.7.). DNA was pelleted by a

5 min centrifugation in a microfuge at 16,000 x g, washed with 70% ethanol, air dried and

resuspended in 100 jxl of TE. For restriction digests, 10% of the amount of DNA obtained

from a 0.5-1 cm mouse tail biopsy were incubated overnight at 37 °C with 30 units of

restriction endonuclease in 30 (il of the respective enzyme buffer containing 20 ng/pl

RNase A.



34

3.1.9. Molecular cloning

Enzymatic manipulations of DNA, purification and ligation of DNA fragments, and

transformation of competent bacteria with plasmid or phage Ml3 vectors were performed

as described by Sambrook et al. (1989).

3.1.10. Polymerase chain reaction

Polymerase chain reaction was performed in a Hybaid Omni Gene thermocycler (MWG

Biotech, Miinchenstein, Germany) with 0.1-1 ng of template DNA in 15 |il of lxPCR

buffer (16.6 mM ammonium sulfate, 67 mM Tris HC1, pH 8.8, 6.7 mM MgCl2, 5 mM

2-mercaptoethanol, 6.7 uJVI Na-EDTA, pH 8.0) supplemented with ImM dNTPs,

80 iig/ml gelatin, 10% DMSO, 0.12 (iM of sense and antisense primers each and 0.025

units/p.1 of Taq polymerase (Life Technologies). The following cycler program was

chosen: The DNA was first denatured for two min at 93 °C and was then subjected to 40

cycles of 30 s denaturation at 93 °C, 30 s primer annealing at 55 °C and 2 min primer

extension at 65 °C.

3.1.11. Site directed mutagenesis

Site directed mutagenesis was performed with the Sculptor in vitro mutagenesis system

(Amersham) based on the phosphorothionate technique developed by Eckstein's group

(Taylor et al., 1985; Nakamaye and Eckstein, 1986). Mutagenic oligonucleotides were

phosphorylated prior to use in the mutagenesis reaction.

For the introduction of the oc2(H101R) point mutation into the exon 4 of the rat GABAa-

receptor oc2-subunit cDNA, the M13mpl8 based single stranded vector M13PICH (kindly

provided by P. Malherbe, Hoffmann-La Roche AG, Basel) was used as a template. Since

this vector contains the 1387 bp sense strand of the a2-subunit cDNA, the antisense

oligonucleotide KL4 (5" -TGA CTT TTT CCC GTT CCG GAA GAA GGT GTC AGG

AGT- 3') was used in the mutagenesis reaction.

For the introduction of the a2(H101R) and Sail point mutations into exon 4 and intron 3 of

the mouse GABAA-receptor a2-subunit gene, oligonucleotides KL10 (5' -CTG ATA CCT

TCT TCC GGA ATG GGA AAA AGT- 3\ sense) and KLl 1 (5' -GAT AAA TTC ATT

GTC GAC TCT CTC AAG AAT G- 3', sense) were used, respectively. To this end, the

mutant oligonucleotides KL10 and KLl 1 were each annealed to the single-stranded vector

M13mpl8-1.0, containing the 1 kb Sphl-SphI antisense fragment. The annealed

oligonucleotides served as primers for second strand synthesis using T7 polymerase and

the desoxynucleotides dATP, dGTP, dTTP and dCTPaS. After ligation and removal of
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remaining single-stranded DNA templates, the wild-type strand was nicked with Neil and

degraded to a fragment of approximately 800 bp by exonuclease III. The remaining

fragment was then used as a repolymerization primer for the enzyme DNA polymerase I,

using the mutated strand as a template. Finally the repolymerized strand was ligated and the

double-stranded Ml3 DNA was used for transformation of competent TGI bacteria. The

preparation of TGI lawn cells, the propagation of phage Ml3 and the preparation of phage

stocks was performed according to Sambrook et al. (1989).

3.1.12. DNA sequencing

DNA sequencing was performed according to the didesoxy chain termination method

developed by Sanger et al. (1977), using either the USB (United States Biochemical)

Sequenase kit (version 2.0) for manual sequencing or the ABI Prism dRhodamine ready

reaction kit (Perkin Elmer, No. 403044) for sequencing with a Perkin Elmer ABI

PRISM 310 Genetic Analyzer.

In sequencing reactions with the USB kit, double-stranded plasmid DNA first had to be

subjected to a denaturation and annealing protocol (Zimmermann et al., 1990).

Approximately 1 |ig of plasmid DNA and 10 pmol of sequencing primer were dissolved in

10 jul of H20. IjllI 1 M NaOH was added for denaturation and the template-primer solution

was heated to 65 °C for 3 min immediately thereafter. After 2 min incubation at 37 °C the

solution was neutralized by the addition of lfxl 1 M HC1. Denatured DNA was precipitated

at -80 °C for 15 min with 2.5 volumes of an ice-cold solution of 0.57 M LiCl in ethanol.

DNA pellets were washed with ice-cold 70% ethanol, dried and redissolved in 10 jul of lx

USB Reaction Buffer. Single-stranded Ml3m.pl8 DNA was directly used as a template in

the USB kit sequencing reactions, which were performed according to the manufacturer's

instructions.

Sequencing reactions were loaded on 0.4 mm polyacrylamide gels (6% acrylamide /

bisacrylamide (95:5 (w/w)), 42% Urea, in lxTBE (89 mM Tris Base, 89 raM boric acid,

10 mM Na EDTA, pH 8)) and run at 60 Watt and 1.5 kV for 2 to 5 h in lx TBE. Gels

were fixed with an aqueous solution of 10% acetic acid, 10% ethanol, transferred to

Watmann 3MM paper and dried in a Bio-Rad gel drier. Gels were exposed to Kodak

X-OMAT AR films for up to 3 days at RT.

When the ABI Prism dRhodamine ready reaction kit was used, 100 ng of the DNA

template and 1.6 pmol sequencing primer were mixed with 4 ^.1 of the Dye Terminator

Cycle Sequencing Ready Reaction (Perkin Elmer). H2O was added to a final volume of

10 u.1. The sequencing reaction was performed as a linear PCR amplification in a Perkin
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Elmer Gene Amp PCR system 2400 thermocycler. DNA was denatured for 10 s at 96 °C,

primer annealing was performed for 5 s at 45 °C and the extension reaction was carried out

for 4 min at 60 °C (25 cycles). DNA was precipitated by adding 30 |±1 of a 0.5 M LiCl

solution in EtOH. After 5 min centrifugation with a microfuge at 16,000 x g, the pellet was

washed with 70% EtOH, dried in a Speed Vac® Plus SC 110A vacuum concentrator and

then resuspended in 13 jn.1 of Template Suppression Reagent (Perkin Elmer, No. 401674).

The reaction products were heated to 94 °C for 1 min and cooled down on ice for 2 min

prior to size separation of DNA fragments on a Perkin Elmer ABI PRISM 310 Genetic

Analyzer.

3.1.13. Subcloning of H101R point-mutated and wild-type a2-subunit

cDNAs in eucaryotic expression vectors

The single-stranded vector M13PICH, containing the entire open reading frame of the rat

GABAA-receptor oc2-subunit cDNA was kindly provided by P. Malherbe (Hoffmann-La-

Roche AG, Basel) and was used to introduce the H101R point mutation into the exon 4 of

the a2-subunit cDNA by site-directed mutagenesis. The H101R mutation was detected in

M13PICH clones by BspEI digest of double-stranded vectors and was verified by DNA

sequencing of the corresponding M13 single-stranded vectors. Subsequently, the 1400 bp

BamHI/Bglll fragment containing the complete open reading frame of the a2-subunit

cDNA was isolated from H101R point-mutated and wild-type M13PICH clones. These

fragments were subcloned into the BamHI site of the eucaryotic expression vector

pBC12/CMV, driving the expression from a CMV promoter (Bertocci et al., 1991). The

correct orientation of integration was confirmed by restriction digest. Corresponding

pBC12/CMV expression vectors containing the wild-type GABAA-receptor $3- and y2-

subunit cDNAs have been kindly provided by Dr. P. Malherbe (F. Hoffman-La Roche

AG, Basel).

3.1.14. Cloning of hybridization probes

Several a2 genomic fragments were cloned in order to be used as external (flanking) and

internal hybridization probes for the detection of the mutated a2-subunit allele in either ES

cells or mice by Southern blotting.

For the generation of the 5'-flanking probe PI, vector pKS-6.0 was linearized with the

restriction enzyme Saul, the sticky ends were filled using Klenow enzyme and the vector

was subsequently digested with EcoRI. The resulting 300 bp Saul (blunt)-EcoRI fragment

was subcloned into vector pKSII+ opened with Hindi and EcoRI. The probe PI can be

recovered from this vector with EcoRI and Xhol.
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The 5'-flanking probe P3a was derived from the 800 bp Bglll-PstI fragment of pKS-6.0

which was subcloned into vector pKSII+ opened with BamHI and PstI, thus generating

vector pKS-0.8. Since the 800 bp fragment recovered from this vector with PstI and Spel

displayed an unspecific hybridization pattern in Southern blot analysis probably due to the

presence of repetitive sequences, further restriction sites were mapped. An Asel site was

identified 300 bp downstream of the Bglll site. The 300 bp Xbal (restriction site in

polylinker)-Asel subfragment recovered from pKS-0.8 exhibited specific hybridization in

Southern blot analysis and was designated as probe P3a.

The 3'-flanking probe P5, a 600 bp Ncol-Hindlll fragment, was directly obtained from

pKS-7.9.

The probe Pneo, hybridizing to the neomycin resistance cassette, was recovered from

vector pPol 2 long neo bpA (Soriano et al., 1991) as a 825 bp EcoRI-Xbal fragment.

The 1918 bp EcoRI-HindHI (Hindlll restriction site in polylinker) fragment derived from

vector Xho pKS MCI TK (Thomas and Capecchi, 1987; Hasty et al., 1991) was used as

probe PTK annealing to the herpes simplex virus thymidine kinase cassette.

All hybridization probes were purified twice by preparative gel electrophoresis prior to

random primed labeling and hybridization.

3.1.15. Southern blot analysis

5 to 10 Jig of digested genomic DNA or approximately 500 ng of digested plasmid or

phage lambda DNA were separated at 100 V on 0.8% agarose gels containing 0.1 Jig/ml

ethidium bromide. IxTAE (0.01 M Tris(hydroxymethyl)aminomethane (Tris), 0.02 M

acetic acid, 1 mM Na-EDTA, pH 8) supplemented by 0.1 |ig/ml ethidium bromide was

used as running buffer. After size separation of DNA fragments, the gels were transferred

to a UV table and photographed using a ruler as a scale. Partial hydrolysis of DNA was

achieved by soaking the gels twice in a 0.25 M HC1 solution for 5 min each. Subsequently,

the gels were soaked in a 0.4 M NaOH solution for 20 min in order to denature the DNA.

The DNA was then transferred overnight to Hybond, or Hybond N nylon membranes by

capillary force. Thereafter, nylon membranes were rinsed in 0.2 M Tris pH 7.5, 2 x SSC

and DNA was crosslinked to the semi-dry membranes by UV irradiation (120 mJ / cm2,

Stratalinker, Stratagene).

Membranes with plasmid or phage lambda DNA were prehybridized with 5x Denhardt's

(0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA), 0.5% SDS, 5xSSPE (0.75M

NaCl, 0.05 M NaH2P04, 5 mM EDTA, pH 7.4) and 50 ug/ml denatured herring sperm

DNA for at least 2 h at 65 °C. For hybridization, the 5'end-labeled oligonucleotide probe

was added to the prehybridization solution to yield a final activity of 2fiCi/ml. After an
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overnight hybridization at 65°C, nylon membranes were washed in lxSSC, 0.5% SDS for

2x15 min at 40 °C, for 1x15 min at 45 °C and for 2x15 min at 55 °C.

Membranes with genomic DNA were prehybridized for at least 2 h at 65 °C with a

prehybridization solution containing 170 mM Na2HP04, 80 mM NaH2P04, pH 7.2,

7% (w/v) SDS, 1% (w/v) BSA fraction V (Sigma A-8022) and 100 ug/ml denatured

herring sperm DNA. The denatured random-primed hexamer-labeled probe was added to a

final activity of 5 |iCi/ml. After overnight hybridization at 65 °C membranes were washed

for 15 min with wash solution I (170 mM Na2HP04, 80 mM NaH2P04, pH 7.2, 1% (w/v)

SDS, 1 mM EDTA), for 15 min with wash solution II (85 mM Na2HP04, 40 mM

NaH2P04, pH 7.2, 1% (w/v) SDS, 1 mM EDTA) and twice with wash solution III

(17 mM Na2HP04, 8mM NaH2P04, pH 7.2, 1% (w/v) SDS, 1 mM EDTA) for 30 min

each. All washes were performed at 65 °C.

Membranes were then sealed in plastic bags and exposed to Kodak X-OMAT AR films

for 1 to 3 days at -80°C

When nylon membranes had to be hybridized for a second time with a different probe, the

old probe was stripped off by washing with 0.4 M NaOH at 42 °C for 30 min. Nylon

membranes were then neutralized in 0.1% SSC, 0.1% SDS, 0.2M Tris pH 7.5 at 42 °C.

3.2. Cell culture

3.2.1. Antibiotics, media, buffers, and solutions

G418

Geneticin (Life Technologies, Cat. No. 11811-031),

dissolved in PBS (Ca2+/ Mg2+ -free) at 400 mg/ml, stored frozen.

FIAU

2'-Deoxy-2'-fluoro-G-D-arabinofuranosyl-5-iodouracil

(Moravek Biochemicals Inc., Brea California, USA,

distributed by Hartmann Analytik, Braunschweig, Germany, Cat. No. M251), dissolved

in 0.18 M NaOH at 0.2 mM, stored frozen.

Gentamicin

Gentamicin (Life Technologies, Cat. No. 15710-049),

10 mg/ml in H20.
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293 HEK cell medium

• lx MEM medium (lOx cone, Life Technologies, Cat No. 21430-020)

• 20 mM L-glutamine (200 mM, Life Technologies, Cat. No. 25030-024)

• 50 ug/ml gentamycin (10 mg/ml, Life Technologies, Cat. No. 15710-049)

• 0.2% NaHC03 (7.5% NaHC03, Life Technologies, Cat. No. 25080-060)

• 10% Fetal Bovine Serum (FBS, Life Technologies, Cat. No. 10270-106)

E14 ES cell medium

• lx DMEM (lOx cone. DMEM: Life Technologies, Cat. No. 12501-029)

• 0.4% NaHC03 (7,5 % NaHC03: Life Technologies, Cat. No. 25080-060)

• 4 mM L-glutamine (200 mM L-glutamine: Life Technologies, Cat. No. 25030-024)

• 1 mM sodium pyruvate (100 mM sodium pyruvate: Life Technologies,

Cat. No. 1136-039)

• 4 mM NaOH (autoclaved)

• 0.1 mM 2-mercaptoethanol (IM 2-mercaptoethanol: Fluka, Cat. No. 63690)

• 15% FBS (Fetal bovine serum, mycoplasma screened: Life Technologies,

Cat. No. 10270-106, Lot No. 40 Q 1162 J)

• 1000 units /ml Leucemia inhibitory factor (LIF: Life Technologies,

Cat. No. 13275-029 (107 units / ml)).

E14 ES cell selection medium G

E14 ES cell medium supplemented by 400 fig/ml G418.

E14 ES cell selection medium GF

E14 ES cell medium supplemented by 400 ug/ml G418 and 0.2 uM FIAU.

AB2 ES cell medium

E14 ES cell medium without pyruvate and LIF.

AB2 ES cell selection medium G

E14 ES cell selection medium G without pyruvate and LIF.

AB2 ES cell selection medium GF

E14 ES cell selection medium GF without pyruvate and LIF.

PMEF medium

E14 ES cell medium with 10% FBS, without LIF.
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STO/SNL medium

STO/SNL medium is equivalent to AB-2 ES cell medium.

Freezing medium, lx

70% ES cell medium without LIF, 10% DMSO (Dimethylsulfoxide: Fluka,

cat.No.41641), 20% FBS.

Freezing medium. 2x

55 % ES cell medium without LIF, 20 % DMSO, 25% FBS

(to be added to an equal volume of ES cell medium).

lx PBS fCa2VMg2+-free)

• 137mMNaCl

• 2.7 mM KC1

• 1.5 mM KH2P04

• 8 mM Na2HP04

adjusted to pH 7.2

Trypsin / EDTA solution

0.25% Trypsin / EDTA solution (2.5% Trypsin / EDTA: Life Technologies,

Cat. No. 25090-010, Lot No. 24 F 9161, diluted 1:10 in PBS (Ca2+/ Mg2+-free)).

Gelatin solution

0.1% (w/v) gelatin (Sigma, cat. No. G-1890) dissolved in H20.

Fibronectin coating solution

0.0025% (w/v) fibronectin (Sigma, cat. No. F1141) dissolved in H20.

Fluorescein-12-dUTP solution

Fluorescein- 12-dUTP (Boehringer, cat. No. 1373 242), diluted 1:20 in H20.

3.2.2. Heterologous expression of GABAA-receptor subunits in 293 human

embryonic kidney cells

Human embryonic kidney cells (HEK 293) were cultured in HEK 293 cell medium at 5%

CO2 and 37 °C. Cells were grown to 80% confluence and were splitted 1:5 every 3 to 4

days. For transient transfections, HEK 293 cells grown to 80% confluence in a 175 cm2
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flask (Falcon) were washed twice with PBS (Ca2+/ Mg
+

free), trypsinized for 5 min with

3 ml of a 0.25% trypsin/EDTA solution and were harvested and disaggregated with 10 ml

of HEK 293 medium. Cells were then centrifuged for 5 min at 140 x g, the pellet was

resuspended in 6 ml of HEK 293 medium and the cell suspension was adjusted to a cell

density of 2xl05/ml. 2ml of the cell suspension were each added to different 2.5 cm 0

Petri dishes containing five fibronectin-coated coverslips. Prior to transfection, HEK 293

cells were incubated for 16 h at 5% C02 and 37 °C. Transfection of HEK 293 cells was

performed using the calcium phosphate precipitation method according to Chen and

Okayama (1987). All eucaryotic pBC12/CMV expression vectors were purified through

Cesium chloride gradients prior to transfection. Equimolar amounts of pBC12/CMV

vectors containing a2- (wild-type or mutated), (33- and 72- subunit cDNAs were mixed to

yield a lfig/ul DNA solution. 4 u.1 of this DNA solution were added to a mixture of 78 ui

of H20,4 jxl of a 1:20 dilution of fluorescein-dUTP and 10 jjlI of a 2.5 M CaCl2 solution.

Finally, 100 ul of 2x BES buffer (50 mM BES (N;N-bis[2-Hydroxyethyl]-2

aminoethanesulfonic acid), 280 mM NaCl, 1.5 mM Na2HP04, pH 6.9) were added and

the mixture was incubated at RT for 15 min to enable the formation of the DNA precipitate.

Thereafter, the 200 jul transfection sample was pipetted dropwise to a 2.5 cm 0 Petri dish

containing the HEK 293 cells on fibronectin coated coverslips followed by a 16 to 20 h

incubation at 35 °C and 3% C02. Thereafter, cells were carefully washed with HEK 293

medium to remove the toxic, non-incorporated DNA precipitate. Prior to

electrophysiological analysis, HEK 293 cells were further incubated for 2 to 3 days at

37 °C and 5% C02 to allow the expression of GABAa receptor subunit combinations at the

cell surface.

3.2.3. Preparation and plating of primary mouse embryonic fibroblast

feeders for ES cell culture

Timed pregnant CDl-M-TKneo2 mice transgenic for the neomycin phosphotransferase

gene (purchased at BRL, Fiillinsdorf) were killed by cervical dislocation and the uteri

containing 10-12 E14 embryos per pregnant mother were aseptically removed and

transferred to Petri dishes with sterile ice cold PBS (Ca2+ / Mg2+-free) supplemented by

0.1% glucose. Uterine tissue, extraembryonic membranes and head, liver and guts of the

embryos were removed in a laminar flow hood using sharp sterile forceps. The remaining

embryonic tissue was pooled and transferred to a glass flask filled with fresh PBS (Ca2+ /

Mg2+-free). After tissue sedimentation the supernatant was discarded and the embryonic

tissue was minced with sterile scissors. 10 ml of primary mouse embryonic fibroblast

(PMEF) medium were added and further disintegration of embryonic tissue was achieved

by passing the suspension through 18 and 21 gauge needles five times each. Cells from
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embryonic tissue were then seeded in 175 cm2 flasks (Nunc) containing 35 ml of PMEF

medium at a density of one embryo equivalent per flask (passage 0). Cells were incubated

overnight at 10% C02 and 37 °C and the medium was changed 14 hours after plating. The

incubation was continued for another 3 days under the same conditions resulting primarily

in the growth of fibroblasts. After 2 washes with PBS (Ca2+ / Mg2+-free) and a 5 min

trypsinization, fibroblasts were harvested in PMEF medium, centrifuged for 5 min at 140 x

g, pellets were resuspended and aliquots containing 9xl06 non-irradiated PMEFs/ml

(passage 1) were frozen in lx freezing medium (final cone). Alternatively, cells were

resuspended in PMEF medium and directly expanded in a 1:4 ratio to new 175 cm2 flasks.

After 3 days of incubation at 10% C02 and 37° C, fibroblasts had grown to subconfluence

and were harvested in PMEF medium containing 20% FBS. The fibroblast suspension was

adjusted to a cell density of 7x106 cells /ml and was immediately placed on ice. Cells were

mitotically inactivated by irradiation at 4000 Rad in a cobalt y-ray source (Institute of

Clinical Immunology, University of Zurich). Subsequently, cells were centrifuged at

140 x g for 5 min and resuspended in cold freezing medium at a density of 9xl06 cells/ml.

lml aliquots were cooled down slowly to -80 °C in a styropor box.

Frozen irradiated PMEF feeders were thawed and plated on culture dishes coated with a

sterile 0.1% gelatin solution. One aliquot (9xl06 cells) was sufficient for either two plates

of 9 cm diameter, five plates of 6 cm diameter, two 6 well plates, two 24 well plates, or

two and a half 96 well plates.

3.2.4. Preparation and plating of STO/SNL76/7 fibroblast feeders for ES

cell culture

The STO/SNL cells, established by A. Bradley (Baylor College of Medicine, Houston,

Texas, U.S.A.) are a thioguanine/oubain resistant subline of SIM mouse fibroblasts,

which are transgenic for the neomycin phosphotransferase and the LIF gene. One vial of

passage 7 was expanded for 3 more passages, STO/SNL cells were harvested with

STO/SNL-medium and were irradiated at a cell density of 4 x 106 cells/ml at 6000 rad in a

cobalt y-ray source (Institute of Clinical Immunology, University of Zurich). After the

irradiation cells were either plated on gelatinized culture dishes at a density of 7 x 104

cells/cm2 or were frozen in 1 ml aliquots in 1 x freezing medium at a concentration of

10 Mio cells/ml.

3.2.5. Culture conditions of E14 and AB2.1 embryonic stem cells

Different batches of E14 embryonic stem cells, derived from the inner cell mass of a

blastocyst from mouse strain 129/Ola (Hooper et al., 1987) were kindly provided by Drs.
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H. Bluthmann (F. Hoffmann-La Roche AG, Basel, Switzerland), H. Hengartner (Institute

for Experimental Immunology, University of Zurich, Switzerland) and C. Weissmann

(Institute for Molecular Biology, University of Zurich, Switzerland). AB2.1 embryonic

stem cells, obtained from the inner cell mass of a blastocyst from mouse strain 129/SvEv

(Mc Mahon and Bradley, 1990) were kindly supplied by Dr. A. Bradley (Baylor College

of Medicine, Houston, Texas, U.S.A.).

El4- and AB2.1 embryonic stem cells were cultured at 7.5% C02 and 37 °C in El4- and

AB2 ES cell medium, respectively. Two to three days after seeding of feeder cells, E14

embryonic stem cells were plated on primary mouse embryonic fibroblast feeders (PMEFs)

from CDl-M-TKneo2 mice and AB2 embryonic stem cells were grown on STO/SNL76/7

feeders. ES cells were grown to up to 70% confluence to avoid differentiation and were

passaged every second day 1:3 to 1:4. Generally, no antibiotics were added to the culture

media (except G418 and FIAU under selection conditions). Cells were passaged by

washing them with PBS (Ca2+ / Mg2+ free) and trypsinizing them with a 0.25%

trypsin/EDTA solution, first for lmin at RT, then for further 4 min at 37 °C. Trypsinization

was stopped by adding 1 volume of culture medium and cells were triturated by vigorously

pipetting 15 to 20 times in order to destroy ES cell aggregats which easily differentiate

from their margins. ES cells were frozen in cryotubes at a density of 1-2 x 107 cells/ml.

For this purpose, one volume of 2x freezing medium was added to an equal volume of the

suspension of disaggregated cells. Cells were slowly cooled down in a styropor box to

-80 °C and were transferred to liquid nitrogen for long term storage. For thawing, an

aliquot containing 1-2 x 107ES cells was warmed up rapidly in a 37 °C water bath, diluted

in ES cell medium and centrifuged for 5 min at 140 x g. The DMSO-containing supernatant

was discarded and the pellet resuspended in ES cell medium. The ES cell suspension from

one frozen aliquot was then added to one well of a 6 well plate coated with feeder cells.

3.2.6. Transfection of ES cells by electroporation

Since electroporation during the exponential growth phase yields the highest transfection

efficiencies, ES cells were passaged 1:3 1.5 days prior to the electroporation and were

supplied once more with fresh medium 4 h before harvesting them for transfection. Two

10 cm Petri dishes with ES cells grown to 70% confluence were washed with PBS (Ca2+ /

Mg2+-free), trypsinized for 5 min and harvested in 4 ml of ES cell medium. ES cells were

triturated intensely with a plastic Pasteur pipette and were then centrifuged for 5 min at

140 x g. The pellet was resuspended in PBS (Ca2+/ Mg2+-free), the cell concentration was

determined with a Neubauer chamber and was adjusted to l.lxlO7 cells/ml. 0.9 ml of the

ES cell suspension (lxlO7 ES cells) were mixed with 25 |il of NotI linearized replacement

vector DNA (lfxg/jj.1) and transferred to a sterile cuvette (Bio-Rad, Gene Pulser cuvettes,
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0.4 cm electrode gap, cat. No. 165-2088). After 5 min of incubation at RT, ES cells were

electroporated with a Bio-Rad Gene Pulser connected to a Bio-Rad capacitance extender

at 500 jiF and 230 V, resulting in a time constant of about 6 ms. After another 5 min of

incubation at RT, cells were diluted in ES cell medium and distributed to ten 6 cm Petri

dishes coated with irradiated feeder cells. 24 h later, the ES cell medium was replaced by G

or GF selection medium which was then changed daily. After 7 days of selection with

G418 and FIAU, medium was replaced by G selection medium. Colonies were picked 10

to 12 days after the electroporation.

3.2.7. Screening for targeted ES cell clones

10-12 days after electroporation colonies had grown to a size of 0.5 mm in diameter. The

medium was removed from the culture dishes, cells were washed twice with PBS (Ca2+ /

Mg2+-free) and colonies were picked by eye under PBS using a Gilson pipette set at 10 u.1.

Colonies were transferred with 10 (0.1 of PBS (Ca2+ / Mg2+ free) to round bottom wells of

96 well plates and were trypsinized for 5-10 min with 10 |il of a 0.5% trypsin/EDTA

solution (2x) at 37 °C. Trypsinization was stopped by adding 100 jil of ES cell

medium/well and cells were disaggregated by vigorous pipetting. Cells from single

colonies were equally distributed to two new 96 well flat bottom plates coated with

irradiated fibroblast feeder layers. Cells were cultured for 3 to 5 days at 7.5 % C02 and

37 °C to approximately 70% confluence. After trypsinization with 20 |il of a 0.25%

trypsin/EDTA solution and disaggregation with 50 ^.1 of ES cell medium, ES cells from

one 96 well plate were frozen at -80 °C. For this purpose, disaggregated ES cells were

transferred to 96 well round bottom plates and an equal volume of cold 2x freezing medium

was added.

ES cells from the other 96 well plate were passaged to two gelatinized 96 well flat bottom

plates and were cultured for another 3 to 5 days to maximal density. DNA was prepared

from the isolated ES cell clones (see 3.1.7.), digested with EcoRI, restriction fragments

were separated on 0.8% agarose gels and transferred to Hybond N Nylon membranes. For

the first screening, Southern blot analysis was performed with the 5'-flanking probe P3a

and the neo-probe Pneo.

ES cell clones identified as potential candidates for homologous recombination in the first

round of screening were thawed from 96 well round bottom plates in a 37 °C water bath

and transferred to 48 well flat bottom plates coated with fibroblast feeder layers. 900 |4i of

fresh ES cell medium were added in order to dilute the DMSO from the freezing medium.

After sedimentation of the ES cells, the medium was immediately exchanged. ES cells were

expanded to 24 and 6 well plates and to 6cm 0 and 10 cm 0 Petri dishes. Aliquots

corresponding to 70 % confluent wells of 6 well plates were frozen for subsequent ES cell
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injections into mouse blastocysts or morulae. Confluent 6 cm 0 Petri dishes were used for

large scale DNA preparation.

For the final Southern blot analysis of the ES cell clones, DNA was digested with Ncol

and EcoRI for hybridization with the 5'-flanking probe P3a, with Ncol for hybridization

with the 5'-flanking probe PI, with EcoRI, Hindlll, Bglll, Hindi, and a combination of

BsaWI and Hindlll for hybridization with the 3'-flanking probe P5, with EcoRI, Hindlll,

Bglll and Ncol for hybridization with the neo probe and with EcoRI for hybridization with

the TK probe.

3.2.8. Karyotype analysis of embryonic stem cells

1-2 x 106 ES cells were cultured overnight on fibroblast feeder layers. Thereafter,

0.04 jig/ml of colcemid were added to the ES cell medium and cells were incubated in the

presence of colcemid for further 3-4 h at 37 °C and 7.5% CO2. Subsequently, the

supernatant was removed, cells were washed with PBS (Ca2+ / Mg2+-free), trypsinized and

harvested in 8 ml of ES cell medium. After 5 min centrifugation at 140 x g, the pellet was

resuspended in 1 ml of PBS (Ca2+/ Mg2+-free). 10 ml of a fresh 0.56% (w/v) KC1 solution

were added and the suspension was incubated at RT for 8 min. ES cells were then

sedimented by 5 min centrifugation at 300 rpm (17xg) and all but 100 )il of the supernatant

were removed. Cells were then fixed by adding 10 ml of a fixative consisting of a 3:1 (v/v)

methanohglacial acetic acid mixture. After 10 min incubation at RT, cells were centrifuged

at 300 rpm (17 x g) for 5 min and the supernatant was discarded. The fixation step was

repeated and the pellet was then resuspended in fixative to a final concentration of

approximately 106 cells/ml. Single droplets of the cell suspension were then trickled from a

height of 40 cm onto 30° tilted ethanol cleaned microscope slides. The fixative was dried

by briefly moving the slides through a flame. Chromosome numbers per cell were

determined for the different homologous recombinant ES cell clones.

3.3. Generation of chimeric mice

3.3.1. Injection of targeted ES cells into mouse blastocysts and morulae

Aliquots of targeted ES cell clones were thawed on 6 well plates and expanded for 2 to 3

more passages prior to injection. Thus, at the time of injection, ES cells obtained from

other laboratories had been expanded for 11 to 12 passages: 3 passages were required to

set up a stock of frozen aliquots, 6 passages were needed for expansion, electroporation,
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and freezing of ES cells and 2 to 3 passages were needed from thawing of targeted ES cell

clones to blastocyst/morula injections.

ES cell clones grown to 70% confluence in 6 well plates were splitted 1:3,1:4, 1:6 and 1:8

to new 6 well plates the day before injection and ES cell medium was replaced 1 hour prior

to harvesting of ES cells. For the injections, wells with a suitable ES cell density and

morphology were chosen, i.e. wells with clearly isolated, compact colonies that did not

show any signs of differentiation. Medium was removed, ES cells were washed twice with

PBS (Ca2+ / Mg2+-free) and trypsinized for 5 min at 37 °C with 300 ui of a 0.25%

trypsin/EDTA solution. 700 (il of ES cell medium were added and ES cells were

disaggregated by vigorous pipetting. Trypsinization and disaggregation were controlled

under the microscope. To further dilute trypsin, 1 ml of ES cell medium was added and

ES cells were incubated for 45 min at 5% C02 and 37 °C. During this incubation period,

fibroblasts as well as ES cells sediment, but only fibroblasts tightly adhere to the culture

dish. The supernatant was removed and discarded and the sedimented cells were carefully

rinsed with 1 ml of ES cell medium to detach ES cells, but not fibroblasts. The supernatant

containing the ES cells was transferred to an Eppendorf tube and centrifuged for 5 min in a

microfuge at 100 x g. ES cell pellets were resuspended in 100 |j,l of ES cell medium

containing 20% FBS and 500 units of DNAse I/ml (Boehringer Mannheim, Cat. No. 1284

932) and were stored on ice until blastocyst and morula injections were performed.

Compact morulae (8 to 16 cell stage) were recovered from female superovulated C57BL/6J

donor mice by oviduct flushing at day 2.5 post coitum. Some of the morulae were

immediately injected with targeted ES cells by means of a micromanipulation apparatus.

Injected, as well as non-injected morulae were allowed to develop to the blastocyst stage

over a 24 h incubation period in a bicarbonate buffer at 5% C02 and 37 °C. 15 to 20 ES

cells each were injected into the blastocoel cavity of E3.5 blastocysts using a

micromanipulation apparatus. Injected blastocysts were transferred to the oviducts of foster

mothers (mouse strain CD-I or MF-1) at day 3 of the pseudopregnancy. Offspring were

born on days 20 and 21 of pregnancy.

Morula recovery from donor mice, injection of ES cells into blastocysts and morulae and

reimplantation of injected blastocysts into foster mothers was kindly performed by Dr. T.

Rulicke (Central Biological Laboratory, University Hospital of Zurich).
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3.4. Electrophysiology

3.4.1. Patch-clamp recording from HEK 293 cells transiently expressing

recombinant GABAA-receptors

The whole-cell configuration of the patch-clamp technique was used to record GABA-

induced CI" currents. Recording pipettes were filled with the intracellular solution

containing 140 mM CsCl, 1 mM CaCl2, 1 mM MgCl2, 11 mM EGTA, 10 mM HEPES,

adjusted to pH 7.2 with CsOH; osmolality 306 mOsm (pipette resistance 4-6 M£l). The

cells in the recording chamber were continuously superfused with a bath solution

containing 140 mM NaCl, 5 mM KC1, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose,

10 mM HEPES/NaOH adjusted to pH 7.4 with NaOH; osmolality 296 mOsm. The

membrane potential was held to -60 mV.

The GABA dose-response curves were obtained by applying 2 s pulses of GABA every 2

min to the patch-clamped HEK-293 cells.

GABA was applied to the patch-clamped cell for 2 s at 2 min intervals, in the absence or

presence of drugs (diazepam, bretazenil, Ro 15-4513), using a multibarrelled

microapplicator pipette. For each experiment, at least three GABA control responses were

evoked and only cells showing stable GABA responses were selected for the drug testing.

Prior to microapplication of a GABA-drug mixture, the same concentration of the drug

alone was applied by bath perfusion for at least 2 min.

The current signals were amplified by an L/M EPC 7 patch-clamp amplifier (List Medical

Instruments), filtered by a 60 Hz 4-pole Bessel low pass filter, and digitized by a TL-1

Labmaster (486, 66 MHz). For data analysis, the pCLAMP data acquisition program set

(Axon Instruments) and FigP (Biosoft Ltd.) were used.

Patch clamp recordings and data analysis were kindly performed by Dr. J.A. Benson

(Institute of Pharmacology, University of Zurich).

3.5. Biochemistry

3.5.1. Preparation of brain membranes

Eight to twelve week old mice were decapitated and brains were immediately frozen in

liquid nitrogen and stored at -80 °C. Mouse brains were thawed on ice in 1 volume of

sucrose buffer (0.32 M Sucrose, 5 mM EDTA, 0.2 mM phenylmethylsulfonyl fluorid,

10 mM Tris/actate pH 7.4, 0.02% (w/v) NaN3) and subsequently homogenized at 4 °C.
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Nine volumes of sucrose buffer were added and the homogenate was centrifuged for

2x10 min at 1,000 x g and 4 °C. Supernatants were pooled and membranes pelleted by a

20 min centrifugation at 12,000 x g. Membrane pellets were washed three times with

sucrose buffer by resuspension and centrifugation and the protein content was determined

with the Bradford protein assay (Bio-Rad). For Western blot analysis the protein

concentration was adjusted to 2 mg/ml.

For ligand binding assays, membrane pellets were additionally washed twice in 50 mM

Tris pH 7.4 and resuspended to a final protein concentration of 667 fig/ml.

3.5.2. Scatchard analysis

Aliquots of a brain membrane preparation containing 100 u,g of protein were incubated

with increasing concentrations of [3H]Ro 15-4513 (1-100 nM) in a total volume of 200 jul

50 mM Tris, pH 7.4. Non-specific binding was determined in the presence of 10"5M

flumazenil in parallel incubations. Specific binding of [3H]Ro 15-4513 to diazepam-

insensitive sites was determined in the presence of lO^M diazepam. Incubations were

performed on ice for 90 min, followed by rapid vacuum filtration on Whatman GF/C filters

and liquid scintillation counting. Binding data were evaluated by multiple parameter non¬

linear regression analysis using the program "LIGAND" (McPherson, 1987).

3.5.3. SDS-polyacrylamide gel electrophoresis and Western blotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed

according to Laemmli (1970). Samples of crude brain membrane preparations containing

40 jig of protein each were supplemented by an equal volume of 2x SDS sample buffer

(125 mM Tris, pH 6.8, 10% (v/v) 2-mercaptoethanol, 20% glycerin, 4.6% SDS, 0.002%

bromophenol blue) and were heated to 65 °C for 10 min. Proteins were separated at 20mA

on 10% polyacrylamide minigels (90 x 60 x 1.5 cm) in electrophoresis buffer (25 mM

Tris, pH 8.3, 192 mM glycin, 0.1% SDS) using a Bio-Rad microelectrophoresis

apparatus. After SDS-PAGE, gels, nitrocellulose membranes and 3MM Whatman paper

sheets were soaked with transfer buffer (39 mM glycin, 48 mM Tris, 0.0375% SDS, 20%

methanol) and proteins were blotted onto the nitrocellulose membranes (0.45 u,m, Bio-

Rad) in a semi-dry electro-blotting apparatus (Bio-Rad) for 60 min at 15 V. Transferred

proteins were detected on nitrocellulose membranes by Ponceau staining (0.2% Ponceau in

3% trichloric acetic acid).

For immunodetection, the blots were blocked for 1 h at RT in TBST (10 mMTris, pH 8,

150 mM NaCl, 0.05% Tween 20) containing 5% non-fat dry milk powder (Bio-Rad).

Polyclonal affinity-purified antisera raised in guinea-pigs against N-terminal peptides of the
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al-, a2-, a3- and 72-subunits of the GABAA-receptor were diluted 1:200, 1:500, 1:1000,

and 1:75 in TBST containing 5% dry milk powder, respectively, and the mouse

monoclonal antibody bdl7, recognizing the (32- and |33-subunits of the GABAA-receptor

(Ewert et al., 1990) was diluted 1:10 in the same solution. Incubation with primary

antibodies was performed overnight at 4 °C and was followed by a 10 min wash with

RIPEA solution (20 mM Tris pH 7.5, 60 mM NaCl, 0.4% Triton X-100, 0.4% SDS,

2 mM EDTA, 0.4% deoxycholate) and 2x 10 min washes with TBST (10 mM Tris, pH 8,

150 mM NaCl, 0.05% Tween 20). Blots were then incubated for 1 h at RT with

horseradish peroxidase (HRP)-conjugated goat anti-guinea pig IgG (Jackson

Immunoresearch Laboratories Inc., West Grove, PA, U.S.A., distributed by Milan

Analytica AG, CH, cat. No. 106-036-003) or goat anti-mouse IgG (Promega Corp.,

Madison, WI, U.S.A, cat. No. W4021) diluted 1:5000 in TBST containing 5% dry milk

powder (final cone. 0.2 |ig/ml). Following extensive washing with RIPEA solution and

TBST, the nitrocellulose membrane was incubated for 1 min at RT with a 1:1 mixture of

the two Western blotting detection reagents of the enhanced chemiluminescence (ECL)

system (Amersham). Chemoluminescence was visualized by a 1 to 10 min exposure to Fuji

X-ray films.

3.5.4. Receptor autoradiography

Brains were dissected from 8 week old mice and immediately frozen on dry ice. For long

term storage, brains were kept at -80 °C. After equilibration of brain tissue to -20°C,

12 |im parasagittal sections were prepared with a cryostat (2800 Frigocut E, Reichert-

Jung) and were mounted onto gelatinized slides. Sections were dried for 10 min at 42 °C

and were then frozen at -80 °C for at least 3 days. For autoradiography, sections were

thawed at 42°C, washed three times with 50 mM Tris HC1, pH 7.5, for 10 min each,

rinsed in destilled H2O and dried with a hair-drier. They were then incubated on ice for

90 min with 20 nM [3H]Ro 15-4513 in 50 mM Tris. For the detection of unspecific

binding, adjacent sections were incubated with 20 nM [3H]Ro 15-4513 in the presence of

10"5 M flumazenil. Binding of Ro 15-4513 to diazepam-insensitive sites was detected by

displacement of [3H]Ro 15-4513 with 10^M unlabeled diazepam. Slides were then

washed 3x 20 min with 50 mM Tris, briefly rinsed in H2O, dried with a hair drier and

exposed to 3H-Hyperfilms (Amersham RPN12) at 4 °C for 2-3 weeks.
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3.6. Immunohistochemistry

3.6.1. Detection of various GABAA-receptor subunits in brain sections

Eight week old animals were anesthesized with Nembutal® (Pentobarbital, 40 mg/kg body

weight; i.p., Abbott Laboratories, North Chicago, IL, U.S.A.) and were perfused

transcardially with 4% paraformaldehyde (PFA) in 0.15M phosphate buffer, pH 7.4, and

15% saturated picric acid. After perfusion, brains were rapidly dissected and further

incubated in PFA fixative (50 ml each) for 5 h at 4 °C. Brains were then briefly rinsed in

PBS and transferred to citrate buffer (0.05 M citric acid adjusted to pH 4.5 with 0.2M

Na2HP04) for overnight incubation at 4 °C. Thereafter, brains were incubated in

cryoprotectant (10% DMSO in PBS (v/v)) for 2 h at 4 °C. 40 |im sagittal sections were

prepared with a sliding microtome (Micron, Heidelberg, Germany) cooled to -20 °C.

Sections were stored in antifreeze solution (15% glucose, 30% (v/v) ethylene glycol,

25 raM phosphate buffer, pH 7.4, 0.02% sodium azide) at -20 °C and were washed lx 5

min in PBS and 2x 5 min in Tris-Triton (0.05 M Tris, pH 7.4,0.15 M NaCl, 0.05% (v/v)

Triton X-100) prior to immunohistochemical staining. Polyclonal antisera which had been

raised in guinea pig against N-terminal peptides of the al-, a2-, a5r and y2- subunits of

the GABAA-receptor were diluted in Tris-Triton, pH 7.4, containing 4% normal goat

serum (a1-antiserum: 1:20,000, a2-antiserum: 1:1,000, a5-antiserum: 1:3,000 and y2-

antiserum: 1:3,000). Incubation with primary antibodies was performed overnight at 4 °C.

After intense washing for 3 x 10 min with Tris-Triton, sections were incubated for 30 min

at RT with a 1:300 dilution of the biotinylated secondary goat anti-guinea pig-IgG (Jackson

Immunoresearch Laboratories Inc., West Grove, PA, U.S.A., distributed by Milan

Analytica AG, CH, cat. No. 106-065-003) in Tris-Triton containing 4% normal goat

serum. After three further washes in Tris-Triton, sections were incubated with a avidin-

biotin-horseradish peroxidase-complex for 30 min at RT. Following repeated washes,

antibody staining was developed by peroxidase-mediated oxidation of diaminobenzidine

(DAB) using H2Q2 as an oxidant (Amersham ABC-solution). The reaction was stopped by

substrate dilution in PBS. DAB-stained sections were transferred to object slides,

sequentially dehydrated with increasing ethanol concentrations, cleared in xylene and

finally mounted with Eukitt medium (Erne AG, Dallikon, CH). For evaluation of relative

staining intensities in different brain regions, scanned brain sections were transformed to

false color images using the MOD M2 image analysis system and software (Imaging

Research, Ontario, Canada).
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3.7. Behavioral analysis

3.7.1. Subjects

Behavioral analysis of a2(H101R) homozygous mutant and wild-type mice was performed

after three rounds of backcrossing to the 129/SvJ genetic background (129/SvJ : 129/SvEv

: 129/Ola, 87.5% : 6.25% : 6.25%, Fig. 22 (see also 4.2.8.). The mice were housed in

groups of six to ten in standard cages containing constant supply of food and water. They

were kept on a 12 h reversed light-dark cycle with light off at 8 AM.

3.7.2. Behavioral tests

3.7.2.1. Horizontal wire test

The horizontal wire test is a standard procedure to assess muscle tone (Bonetti et al.,

1988). Mice are lifted by the tail and are allowed to grasp a horizontally stretched wire with

the forepaws. When hanging on the wire, mice display a grasping reflex, i.e. grasp the

wire with one of the hindpaws. This reflex can be impaired by myorelaxant drugs.

3.7.2.2. Rotating rod test

The rotating rod test is a classical procedure to assess the effects of drugs on motor

coordination (Bonetti et al., 1988). Mice are trained to stay on a horizontal metal rod

rotating at a velocity of 2 rpm for at least 2 min. After drug or vehicle treatment the latency

to fall down from the rod and the percentage of mice unable to remain on the rod for at least

1 min were determined.

3.7.2.3. Pentylenetetrazol (PTZ)-induced seizures

In mice, pentylenetetrazol produces tonicoclonic seizures at a dose of 120 mg/kg (Facklam

et al., 1992). Tonicoclonic seizures are characterized by the tonic extension of fore- and

hindlimbs and finally lead to death of the mice. The anticonvulsant action of drugs can be

evaluated by determination of the percentage of animals developing the tonicoclonic seizure

and the latency to do so.
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3.7.2.4. Ethanol-potentiated loss of righting reflex

Mice were orally injected with the test drug. Thirty min later, they received an

intraperitoneal injection of 3 g/kg ethanol (15% in water), a dose which does not produce

the loss of the righting reflex on its own. The latency of recovery of the righting reflex was

determined.

3.7.2.5. One-trial passive avoidance

The one-trial passive avoidance is an instrumental aversive conditioning (Tang et al.,

1995), which can be used to assess the amnesic effect of a test drug. Mice are placed in the

brightly illuminated small white chamber of the test apparatus which is separated from a

larger dark chamber by a sliding door. After 30 s mice are given access to the dark

compartment which is equipped with a metal grid floor connected to a shock generator.

Immediately after entering into the dark chamber, the door is closed and 10 s thereafter an

electrical footshock (0.9 mA, 50 Hz, 2 s) is delivered. Mice are then returned to their home

cages. Recall of this aversive experience is tested 24 hours later. Mice are placed into the

white compartment for 30 s and then have free access to the dark chamber. The latency to

enter the dark chamber is measured.

3.7.2.6. Delayed spontaneous alternation

The delayed spontaneous alternation task is used to analyze time dependent retrieval

memory in mice (Borde et al., 1997). Mice are forced to twice enter the same arm of a

T-maze during the acquisition trial, since access to the other arm is blocked by a sliding

door. Retrieval memory is tested lh after. Mice are given free access to both arms of the

maze. In case they enter the arm opposite to the one already visited during the acquisition

trial they perform a spontaneous alternation (score 1), in case they again enter the same

arm, they show no alternation (score 0). Mice are then subjected to a second acquisition

trial and retrieval is tested 30 s after to assess the time dependent effect. Since in our

application, the effect of a test drug on retrieval memory had to be analyzed, animals were

injected with this drug 30 min prior to the free choice retention trial.

Behavioral analysis of oc2(H101R) mutant and wild-type mice was kindly performed by

Dr. F. Crestani (Institute of Pharmacology, University of Zurich).
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4. Results

4.1. Diazepam-insensitivity of recombinant a2(H101R)P3y2 GABAA-

receptors

To test whether the H101R point mutation would render the the GABAA-receptor a2-

subunit diazepam-insensitive, a mutant a2(H101R) cDNA was constructed and expressed

transiently in HEK-293 cells together with the |33- and y2-subunits. Demonstration of

diazepam-insensitivity of these recombinant receptors by patch-clamp recording is a

necessary prerequisite for our approach to study the role of the oc2-subunit in diazepam-

induced behavior in vivo.

4.1.1. Generation of the H101R point mutation in the rat oc2-subunit cDNA

and heterologous expression of a2(H101R){33y2 receptors in HEK 293 cells

The H101R point mutation was introduced into the rat oc2-subunit cDNA (1387 bp in

M13PICH) by site directed mutagenesis. Codon 101 of the mature oc2-subunit was

mutated from CAC to CGG (His—>Arg) and a silent mutation was created in the

neighboring codon 100 (TTT) by a thymidine to cytosine exchange in the wobble position

(TTC) in order to generate a novel BsaWI/BspEI restriction site which served as a marker

for the H101R mutation. The sequence of the mutant cDNA was determined with primers

PI, P2, P3, P4, P5, P6, KL5, M13.20 and M13-40 (see also Fig. 3). Both a wild-type

and a HlOlR-mutated 1400 bp BamHI/Bglll cDNA fragment containing the whole cc2-

subunit open reading frame were subcloned into the BamHI site of the eucaryotic

expression vector pBC12/CMV(Bertoccietal., 1991). HEK 293 cells were cotransfected

with HlOlR-mutated or wild-type a2-subunits together with (33- and y2-subunits (also in

pBC12/CMV) to express recombinant cc2(H101R)|33y2 and a2(33Y2 receptors. This

combination of subunits was chosen since the cc2-subunit in rat brain is generally

coexpressed with the (33- and 72-subunits (Fritschy and Mohler, 1995).

Fig. 3. Verification of the H101R point mutation in the rat GABA^-receptor oc2-

subunit cDNA. Vector M13PICH containing the 1387 bp rat a2-subunit cDNA was subjected to site-

directed mutagenesis to exchange histidine in position 101 (H101) of the oc2-subunit by arginine (H101R).

Additionally, a silent mutation was generated in the wobble position of the neighboring upstream codon

(FlOO) to create a new BsaWI/BspEI restriction site for the detection of the H101R point mutation by

restriction enzyme analysis. DNA sequences obtained with the antisense sequencing primer KL5 are depicted

for point-mutated M13PICH clone 3 (A) and the M13PICH wild-type clone (B). No accidental mutations

were detected in the a2-subunit cDNA of clone 3.
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4.1.2. GABA-sensitivity of point-mutated recombinant a2(H101R)p3y2 -

receptors

GABA pulses (2 s) of increasing concentrations were sequentially micro-applied to

transfected cells voltage-clamped at a holding potential of -60 mV. The amplitudes of the

resulting inward currents were normalized to yield dose response curves (Fig. 4A).

The EC50 value obtained for recombinant oc2p3y2-receptors incorporating the wild-type

oc2-subunit was 74+12 |iiM. This value roughly corresponds to the published EC50 value

of 25 uM (White et al., 1995). The GABA EC50 value for point-mutated oc2(H101R)p372-

receptors was 154 + 4 |LiM and therefore approximately twice the EC50 value of the

corresponding wild-type receptors. This two-fold reduction in GABA sensitivity of the

mutated recombinant cc2(H101R)p372-receptors compared to wild-type a2p3y2-receptors

results in a slight shift of the GABA dose response curve to the right (Fig. 3A).

4.1.3. The a2(H101R) point mutation confers diazepam-insensitivity on

recombinant a2(H101R)P3y2-receptors

Modulation of GABA-induced chloride currents by BZ site ligands was investigated for the

full agonist diazepam and for atypical BZ site ligands such as the partial agonist bretazenil

and the partial inverse agonist Ro 15-4513. A GABA concentration of 30 |iM was chosen,

since this concentration is below the EC30 values for both a2p3Y2- and cc2(H101R)P3t2-

receptors (see dose response curves, Fig. 4A). BZ site ligands were applied at a

concentration of 1 uM. The results obtained for oc2P3v2- and oc2(H101R)p>3Y2-receptors

are summarized in Fig. 4B and individual representative traces are depicted in Fig. 4C.

The benzodiazepine full agonist diazepam (1 \iM) potentiated GABA-induced chloride

currents of oc2p3Y2-receptors by 72 ± 5%. On the contrary, a2(H101R)p3Y2-receptors

were insensitive to l|iM diazepam (Figs. 4B, 4C), demonstrating that a single histidine to

arginine point mutation in position 101 of the a2-subunit is sufficient to render

recombinant oc2(H101R)P372-receptors diazepam-insensitive. This was in accordance with

the results reported on ocl(H10lR)p272-GABAA-receptors (Wieland et al., 1992;

Kleingoor at al., 1993) and indicates a conservation in the structure-activity relationship

regarding the interaction of diazepam with the BZ site.

Application of the partial agonist bretazenil (1 uM) to a2p3Y2-receptors potentiated the

GABA-evoked response by 28 + 6%, which is less than the potentiation observed for the

full agonist diazepam applied at the same concentration (72 ±5%). However, application

of bretazenil (1 |iM) to oc2(H101R)P3Y2-receptors resulted in a threefold higher

potentiation (93 ±15%) than that observed with a2P3y2-recptors.
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Fig. 4. Electrophysiological characterization of recombinant wild-type a2P3y2 and

mutated a2(H101R)p3y2 GABA^-receptors. A) GABA dose-response curves for wild-type and

point-mutated GABAA-receptor subtypes expressed in HEK 293 cells. Cells were transiently transfected

with the cDNAs coding for the wild-type or H101R mutated a2-subunits in combination with 03- and y2-

subunit cDNAs (a2P3y2, a2(H101R)P3y2 receptors). The data points and error bars represent the means

and standard errors for the different GABA concentrations (n = 3-5 cells). B) Potentiation of the GABA-

evoked currents by BZ site ligands for recombinant wild-type a2f33y2 and point-mutated a2(H101R)P3y2

GABAA-receptor subtypes. The modulation of GABA-evoked currents by the BZ site ligands diazepam

(1 uM), bretazenil (1 uM) and Rol5-4513 (1 uM) is expressed relative to the control currents at a GABA

concentration of 30 uM (mean + standard error, n = 3-7). C) Single traces of the effects of diazepam

(DIAZ), bretazenil (BRET) and Ro 15-4513 on the GABA-evoked currents at wild-type oc2P3y2 and point-

mutated a2(Hl 01R)P3y2 GABAA-receptors. In 0c2p3y2-receptors the agonist diazepam (1 jxM) and to a

lesser degree the partial agonist bretazenil (1 uM) potentiated the current induced by 30 uM GABA, while

the inverse agonist Rol5-4513 (1 uM) reduced the current. In oc2(H101R)P3y2 receptors, diazepam was

without effect and the current was strongly potentiated by bretazenil and Ro 15-4513.

The potentiation of GABA-induced currents on o:2(H101R)|33y2 receptors with bretazenil

(93 ± 15%) was even higher than that observed for diazepam (1 uM) on a2p3y2-receptors

(72 ± 5%) (Fig. 4B, 4C). Thus, the point mutation which renders the a2(3372-receptors

diazepam-insensitive actually enhances the potentiating effect of bretazenil, indicating that

the binding domain for bretazenil differs from that for diazepam in a2(H101R)(3372-

receptors.

Ro 15-4513 (1 \iM) slightly decreases the GABA-induced currents of oc2p3Y2-receptors,

whereas it strongly potentiates the GABA-response of oc2(H101R)|33Y2-receptors (124 ±

16%). This potentiation of GABA-induced currents by 1 ^iM of Ro 15-4513 was even

higher than that induced by the same dose of diazepam on a2(J372-receptors (Fig. 4B,

4C). The H101R point mutation in the oc2-subunit thus changed the efficacy of

Ro 15-4513 from inverse agonism to agonism. These results suggest that the mode of

interaction of Ro 15-4513 with the benzodiazepine binding site differs from that of either

diazepam or bretazenil.

The in vitro analysis of recombinant GABAA-receptors revealed that the replacement of the

conserved histidine residue in position 101 of the oc2-subunit of the GABAA- receptor by

an arginine residue confers diazepam-insensitivity on recombinant a2(H101R)p3Y2-

receptors. The homologous histidine to arginine substitutions in the al-, a3-, and oc5-

subunits likewise rendered recombinant oc1(H101R)|32y2- (Wieland et al., 1992;

Kleingoor at al., 1993), a3(H126R)p3y2- and oc5(H105R)P2y2 receptors (Benson et al.,

1998) diazepam-insensitive. Therefore, the histidine to arginine mutation in the al-, a2-,

a3- and a5-subunits affects the diazepam response in the corresponding GABAA-receptor

subtypes in the same manner. Furthermore, GABA-sensitivity was largely unaltered in the

mutated recombinant receptors, suggesting that the physiological responsiveness of these

receptors to GABA is maintained (Benson et al., 1998). As can be concluded from the



58

amplitude of GABA currents and current potentiation with bretazenil and Ro 15-4513, the

al(H101R)-, a2(H101R)-, cc3(H126R)-, and cc5(H105R)-subunits are expressed and

assembled with f}2/3- and t2- subunits on the cell surface to form recombinant

ax(mut)|32/3Y2-receptors (Benson et al., 1998). The expression and assembly of point-

mutated a-subunits in recombinant receptors and the resulting lack of diazepam-sensitivity

together with the preserved GABA-sensitivity are essential prerequisites for the generation

of mouse lines with diazepam-insensitive al-, a2-, a3-, or a5-receptors. These mouse

lines will be used to assess the function of the respective a-subunits in the mediation of

diazepam action. The generation and analysis of the a2(H101R) mouseline is the subject of

the following sections.

4.2. Generation of mice with diazepam-insensitive a2-GABAA-

receptor subtypes

In order to generate mice with diazepam-insensitive a2-receptors, a targeting strategy was

devised which enables the introduction of a point mutation into the mouse genome with a

single recombination and selection step in ES cell culture, utilizing EHa-cre transgenic mice

for the subsequent removal of the selection marker (Lakso et al., 1996) (see Figs. 5 and 6).

With this strategy, unforeseen effects of regulatory elements in the selection cassette on the

expression of endogenous genes can be excluded. Further, additional manipulation of ES

cells in culture, which frequently impairs their germ line capability, can be avoided.

The replacement type-targeting vector was constructed using genomic fragments of the

mouse GABAA-receptor a2-subunit gene. The H101R point mutation was introduced into

exon 4 and a loxP-flanked neomycin resistance cassette (positive selection marker) was

inserted into intron 3. Additionally, a herpes simplex virus thymidine kinase (TK) cassette

was inserted 3'-flanking to the a2 sequences for counterselection against random

integration events. After electroporation of ES cells with the targeting vector, homologous

recombinant ES cell clones were identified among G418 and FIAU resistant clones by

PCR and Southern blot analysis. Correctly targeted ES cells were injected into mouse

blastocysts, which were then implanted into pseudopregnant foster mothers to obtain

chimeric animals (Fig. 3). Chimeras identified as germ line transmitters were bred to EHa-

cre recombinase transgenic mice for excision of the selection marker from the targeted

locus in heterozygous, ere recombinase transgenic Fl offspring. Heterozygous offspring

lacking the selection cassette were finally bred to homozygosity (Figs. 5 and 6).



59

targeting vector

genomic locus

I

1

homologous iecombination

targeted allele

targeted allele

after neo excision

!o\P loxP

Cre recombinase expression

loxP

Fig. 5. "Knock-in" strategy for the introduction of a subtle mutation into a specific

mouse gene. A mutation (Mut) is generated in the desired exon (black square) ot the targeting vector

genomic homology region (dark gray) by site-directed mutagenesis A loxP-flanked neomycin resistance

(neo1) cassette (positive selection marker) is inserted into a neighboring intron and a herpes simplex virus

thymidine kinase (TK) cassette (negative selection marker) is added to the targeting vector outside of the

homology region After recombination of the targeting vector with the corresponding homologous genomic

locus (dark gray) in mouse embryonic stem cells, the point mutation and the loxP-flanked neomycin

resistance cassette are integrated into the target gene The neomycin resistance cassette can be eliminated

from the targeted allele by the expression of bacteriophage PI cre recombinase, which excises all DNA

sequences located between two parallel loxP sites

Fig. 6. Generation of a mouse line with a specific point mutation. After electroporation

of embryonic stem (ES) cells (of mouse strain 129/Oia) with the targeting vector, ES cells are screened for

the rare homologous recombination event by PCR and Southern blot analysis Correctly targeted ES cell

clones, carrying the introduced point mutation and the neomycin resistance cassette in one of their two

target alleles, are injected into mouse blastocysts (of mouse strain C57BL/6J) which arc then implanted into

the uteri of pseudopregnant foster mothers Foster mothers are expected to give birth to chimeric animals,

which can easily be identified by their coat color If the germ line of these chimeric animals is derived from

point-mutated ES cells, the mutation will be transmitted to the next generation In order to eliminate the

neomycin resistance cassette from the targeted locus, chimeric animals are bred to EUa-cre recombinase

transgenic mice Since the Ella promoter is already active at the zygote stage, cre recombinase expression

leads to the excision of the neomycin resistance cassette in the zygote and thus to the elimination of this

cassette from all cells in the adult organism Heterozygous animals are then intercrossed to yield

homozygous point-mutated animals. The cre recombinase transgene can be bred out The genotypes of ES

cells and mice with regard to the point mutation, the neomycin resistance cassette and the cre recombinase

transgene aie indicated
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4.2.1. Cloning of GABAA-receptor oc2-subunit gene fragments

Genomic fragments of the GABAA-receptor oc2-subunit gene were isolated from a lambda

library constructed from AB1 embryonic stem cells (mouse strain 129/SvEv) (McMahon

and Bradley, 1990). The genomic library was first screened with a random primed labeled

oc2-subunit cDNA probe, which hybridized to 30 phage plaques. Phages purified from

these plaques were subjected to a second round of screening with the oc2-subunit cDNA

probe to yield 21 positive clones. Since the amino acid to be mutated (histidine at position

101) is located in exon 4 of the a2-subunit gene, the 21 positive clones were screened with

the exon 4-specific oligonucleotide KL5. Seven clones turned out to contain exon 4 and

were analyzed in a fourth round of screening with the oligoucleotides KL6 and KL3,

hybridizing to the exons 3 and 5, respectively. Lambda clones 5, 45 and 56 were found to

contain the exons 4 and 5 but none of these clones hybridized to the exon 3-specific

oligonucleotide KL6.

DNA was prepared from lambda clones 5, 45, and 56 and restriction enzyme digests and

Southern blot analysis were performed to map restriction sites in the genomic inserts and to

determine the positions of the exons 4 and 5 (Fig. 7). Phage DNA was digested with Xhol

(cutting in the phage polylinker and thus separating the 20 kb and 9 kb phage arms from

the insert), with EcoRI and BamHI (neither of which cleaves the phage arms), and with

combinations of EcoRI/XhoI and BamHI/XhoI. The restriction fragments were separated

on agarose gels, blotted to nylon membranes and subsequently hybridized to the exon 4-

specific probe KL5 (Fig. 7A). Hybridization with the exon 5-specific probe KL3 gave rise

to the same hybridization pattern indicating that both exons were located on the same

restriction fragments in each case.

The restriction maps of the 16.7 kb, 13.9 kb and 16.1 kb inserts of lambda clones 5, 45,

and 56, respectively, are depicted in Fig. 7B. All clones contain an overlapping 13.9 kb

insert region. In contrast to lambda clone 45, in which the insert length is restricted to this

common 13.9 kb region, lambda clone 56 contains an additional 2.2 kb of mouse genomic

sequences at its 3' end and lambda clone 5 an additional 2.8 kb insert sequences at its

5' end. The exons 4 and 5 of the mouse GABAA-receptor a2-subunit gene were mapped

to the 7.9 kb BamHI/XhoI fragment in lambda clones 5 and 45 and to the 8.2 kb

BamHITBamHI fragment in lambda clone 56 (Fig. 7B).
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Fig. 7. Restriction mapping of lambda clones containing genomic fragments of the

mouse GABA^-receptor a2-subunit gene. A) DNA prepared from lambda clones 5, 45 and 56

was digested with the enzymes indicated, DNA fragments were separated on agarose gels (M= molecular

weight marker (1 kb DNA ladder, Life Technologies)), blotted on nylon membranes, and hybridized to probe
KL5 annealing specifically to exon 4 of the GABAyv-receptor a2-subunit gene. The size of the labeled

fragments is indicated in kb. Hybridization with an exon 5-specific probe (KL3) gave identical results,

whereas an exon 3-specific probe (KL6) did not hybridize at all (not shown). B) Restriction maps of

lambda clones 5,45 and 56 were derived from the above restriction patterns and Southern blots. Fragments

detected in Southern blot analysis are indicated as black bars. A 7.9 kb BamHI-Sall fragment in lambda

clones 5 and 45 and an 8.2 kb BamHI-BamHI fragment in lambda clone 56 were identified as containing

exons 4 and 5 (gray hatched bars).

4.2.2. Characterization of cloned oc2-fragments

The 6 kb Sall/BamHI- and the 7.9 kb BamHI/Sall insert fragments of lambda clone 45

were each subcloned into bluescript vector pKSII+ (Fig. 8A) to yield plasmids pKS-6.0

and pKS-7.9. Since the potential deletion of a small, undetected BamHI/BamHI fragment

in the course of subcloning would result in an undesired interruption of the future targeting

vector homology region, the integrity of the subcloned fragments was confirmed by DNA

sequencing. The insert sequences flanking the BamHI site in vectors pKS-6.0 and

pKS-7.9 were determined using T7 sequencing primers annealing to the pKS-polylinker.

The region around the BamHI site in lambda clone 45 was amplified by PCR using primers

KL13 and P4 and the 1715 bp PCR product obtained was sequenced in both directions

with the same primers KL13 and P4. Sequence comparison of the pKS PCR products with

the lambda PCR product revealed that the inserts of pKS-6.0 and pKS-7.9 were

contiguous fragments.

For restriction mapping, both vectors pKS-6.0 and pKS-7.9 were digested with 50

different restriction enzymes each, either alone, in combination with Sail (cutting in the

3' polylinker sequence of the bluescript vector), or in combination with BamHI (cutting in

the 5' polylinker sequence). Southern blot analysis was performed with the pKS-7.9-

derived restriction fragments using the exon 4- (Fig. 8B) and 5-specific oligonucleotide

probes KL5 and KL3, respectively. Restriction maps of the inserts of pKS-7.9 and

pKS-6.0 are shown in Figs. 8C and 8D. Based on Southern blot analysis, the exon 4-

containing region of pKS-7.9 was mapped to the 1 kb Sphl/SphI fragment (Fig. 8C). In

contrast, the exon 5-specific probe KL3 did not recognize this 1 kb fragment, but instead

hybridized to the 5.8 kb Sphl/Sall and the 8.7 kb Sph/BamHI fragments (not shown).

Otherwise, the hybridization pattern was identical for the exon 4- and exon 5-specific

probes KL5 and KL3, respectively. Thus, exon 5 was localized to the 1.8 kb Spm7NcoI

fragment immediately downstream of the exon 4 containing 1 kb Sphl/SphI fragment.
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Fig. 8. Subcloning and restriction fine-mapping of genomic fragments of the mouse

GABA^-receptor a2-subunit gene. A) Subcloning of the 6 kb Sall-BamHI and the 7.9 kb exon 4-

and 5-containing BamHI-Sall fragment of lambda clone 45 into bluescript vectors, yielding plasmids

pKS-6.0 and pKS-7.9 B) Separated restriction fragments of digested pKS-7.9 and corresponding Southern

blot obtained by hybridization with the exon 4-specific probe KL5. Only digests relevant for restriction

mapping and exon localization are displayed (SphI, Ncol, Hindm, Nhel, Bgin, HincII and EcoRV in

combination with either BamHI (B) or Sail (S) cleaving at the 5' and 3' ends of the insert, respectively).

Hybridization with the exon 5-specific probe KL3 resulted in an identical pattern of labeled bands, except

that in Sphl/Sall and Sph/BamHI digested DNA a 5.8- and 8.7 kb fragment was labeled instead of the 1 kb

Sphl-SphI fragment (not shown). C) Restriction map of pKS-7.9. Fragments detected by the exon 4-

specific probe KL5 are depicted as black bars. The numbers indicate the fragment sizes in kb. Exon 4 could

be localized to the 1 kb Sphl-SphI insert fragment and exon 5 to the neighboring 1.8 kb Sphl-Ncol

fragment. D) Restriction map of pKS-6.0.

In order to determine the precise location of exon 4, the 1 kb Sphl-SphI fragment of

pKS-7.9 was subcloned into M13mpl8 in sense as well as antisense orientation and was

sequenced in both directions using the antisense primers KL5, KL7 and P4, the sense

primer KL8 and the universal primers Ml3-20 and Ml3-40. The location of exon 4 on the

1 kb Sphl/SphI fragment is shown in Fig. 9C.

Fig. 9. Strategy for targeting vector construction. Two mutations are to be introduced into

plasmid vector pKS 7.9: 1) the H101R point mutation in exon 4 together with a silent mutation in the

neighboring upstream codon 100 to generate a new BsaWTZBspEI restriction site and thus a restriction

fragment length polymorphism (B, C) and 2) a mutation in intron 3 to create a new Sail restriction site

(A, C). The targeting vector is assembled from the 3.9 kb BamHI-NcoI fragment of the mutated plasmid

pKS-7.9 and the 2.1 kb BamHI-Pstl fragment of plasmid pKS-6.0. The herpes simplex virus thymidine

kinase cassette is integrated next to the homology region and finally the loxP-flanked neomycin resistance

cassette is inserted into the novel Sail restriction site (C). Black box: exon with known exon-intron

borders, gray box: region containing an exon whose exact position is unknown.



66

wt: 5'-GTCTTC-3'

3'- CAGAAG- 5'

I
mut: 5'-[GTCGA<

34CAGCTGl

Sail

3-3"

Gj-5'

B wt: 5'-TTT CAC AAT- 3'

3'- AAA GTG TTA-5

F H N

100 101 102

i * t
mut: 5'-TTC CGG AVT-3'

3'-A AG GCC TTA-5'

BsaWI/BspEI

F R N

100 101 102

Sail*

I 1
7 0.1 T Q-:28

JESS

H101R

BsaWI*

BspEI*

.071

J3
a.

055 I

Sail

d
PstI BamHI

3.9 kb
,
2.1 kb

/S////////77777.

pKS-6.0

Sail

BamHI

h <t
- 3.9 kb

PstI

2.1 kb v

V///A\\
PKS-6.0SalI*BsaWI*neoTK

Ncol Sail

4.0 kb

pKS-7.9 b

final targeting vector

4.2.3. Construction of the targeting vector

An outline of the strategy for targeting vector construction is given in Fig. 9. In order to

replace histidine by arginine in position 101 of the oc2-subunit of the GABAa receptor, the

corresponding codon in exon 4 was changed from CAC to CGG. Additionally, a single

base change (TTT —> TTC, silent mutation) was introduced in the wobble position of the

neighboring codon 100. Thus, a new BsaWI/BspEI restriction site was generated which
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facilitates detection of the a2(H101R) mutation. Furthermore, a unique Sail restriction site

was created 355 bp upstream in intron 3 (GTCTTC —> GTCGAC) to enable the insertion

of a loxP-flanked neomycin resistance cassette in the final step of targeting vector

construction. The replacement vector was assembled from the 2.1 kb Pstl/BamHI fragment

of plasmid pKS-6.0 and the 3.9 kb BamHI/Ncol fragment of plasmid pKS-7.9 carrying

the mutations described above. Finally, the herpes simplex virus thymidine kinase cassette

was added 3' flanking to the genomic homology and the loxP-flanked neomycin resistance

cassette was inserted into the novel unique Sail restriction site in intron 3.

Site directed mutagenesis. The procedure for the introduction of the H101R point

mutation in exon 4 and the Sail point mutation in intron 3 of the a2-subunit gene is shown

in Fig. 10. The 1 kb Sphl-SphI fragment of pKS-7.9 was subcloned into M13mpl8 to

yield vector M13mpl8-1.0. Antisense single stranded DNA of this vector was used as a

template for the separate introduction of the two point mutations by site-directed

mutagenesis. Oligonucleotide KL10 was utilized to generate the H101R point mutation and

the new BsaWI/BspEI restriction site in exon 4, thereby creating vector M13mpl8-

l.OBsaWI*. The new Sail restriction site was introduced 100 bp downstream of the 5'-end

of the Sphl/SphI fragment with oligonucleotide KL11 resulting in vector M13mpl8-

l.OSal*.

In order to confirm the point mutations in vectors M13mpl8-1.0BsaWI* and M13mpl8-

l.OSall*, the sequences of these 1 kb Sphl-SphI fragments were determined using the two

mutated single-stranded DNA vectors as templates and the oligonucleotides KL14, KL8,

and KL15 (sense orientation) and the universal primer Ml3-40 as sequencing primers. The

presence of the introduced point mutations and the absence of any accidental mutations

from the Sphl-SphI fragments were demonstrated.

Subcloning of mutated fragments from M13mpl8 into plasmid vector

pKS-7.9. The Hindlll/Kpnl insert fragments of vectors M13mpl8-1.0SalI* and

M13mpl8-1.0BsaWI* were each subcloned into bluescript vector pKSII+ to generate

plasmids pKS-l.OSall* and pKS-l.OBsaWI*. Subsequently, the two mutations were

combined in a single pKSII+ vector by replacing the wild-type 620 bp PpuMI-Kpnl

fragment of pKS-l.OSall* with the mutated 620 bp PpuMI-Kpnl fragment of

pKS-l.OBsaWI*, thereby generating vector pKS-1.0SalI*BsaWI*. Finally, the Sphl-SphI

fragment of pKS-1.0SalI*BsaWI* was subcloned into plasmid pKS-7.9 lacking the

corresponding wild-type fragment, thereby producing vector pKS-7.9SalI*BsaWI*

(Fig. 10).
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Fig. 10. Introduction of the H101R and Sail point mutations into exon 4 and intron

3. The 1 kb Sphl-SphI fragment of pKS-7.9 was subcloned into M13mpl8. The HlOlR/BsaWI mutation

and the Sail mutation were separately introduced into vector M13mpI8-1.0 by site directed mutagenesis

using the oligonucleotides KL10 and KL11, respectively. The mutated 1 kb Sphl-SphI fragments of vectors

M13mpl8-1.0SalI* and M13mpl8-1.0BsaWI* were each subcloned into bluescript vectors with HindlTI and

KpnI. The mutated PpuMI-Kpnl fragment recovered from vector pKS-l.OBsaWI* was then used to replace

the PpuMI-Kpnl fragment of vector pKS-l.OSall* yielding vector pKS-1.0SalI*BsaWI*. The Sphl-SphI

fragment of this vector finally substituted for the 1 kb Sphl-SphI fragment in pKS-7.9, thereby generating

vector pKS-7.9SalI*BsaWI*.

Assembly of the replacement vector from genomic a2-fragments. The 6 kb

homology of the final replacement vector was constructed from the 3.9 kb BamHI/Ncol

fragment of mutated vector pKS-7.9SalI*BsaWI* and from the 2.1 kb Pstl/BamHI

fragment of vector pKS-6.0 (Fig. 11). For this purpose, the 3.9 kb Asp718-Pstl fragment

of pKS-6.0 was removed and replaced by the oligonucleotide hybrid KL22/KL23 in order

to retain the Asp718/Kpnl polylinker restriction site. Likewise, the 4 kb Ncol-Xhol

fragment of pKS-7.9SalI*BsaWI* was removed and replaced by the oligonucleotide

hybrid KL18/KL19, thereby conserving the Xhol restriction site of the pKSII+ polylinker.

The resulting vectors were designated as pKS-2.1 and pKS-3.9SalI*BsaWI*.

Subsequently, the 2.1 kb insert of pKS-2.1 was excised with KpnI and BamHI and the

3.9 kb insert of pKS-3.9SalI*BsaWI* with BamHI and Xhol. Both fragments were

subcloned into bluescript vector pKSII+ in a three-way ligation, to yield vector

pKS-6.0SaiI*BsaWI*. This vector contains the a2(H101R) point mutation in exon 4 and

the Sail restriction site in intron 3 (Fig. 11).

Insertion of selection cassettes. A 2.1 kb herpes simplex virus thymidine kinase

cassette was recovered from vector XhoI-pKS-MCl TK (Hasty et al., 1991) using the

restriction enzymes NotI and Sail and subcloned into the NotI and Xhol sites of vector

pKS-6.0SaII*BsaWI*, thereby creating vector pKS-6.0SalI*BsaWI*TK (Fig. 12). The

1.8 kb neomycin resistance cassette was excised from vector pPol II long-neo-bpA

(Soriano et al., 1991) with Hindlll and Xhol and was used to replace the Hindlll/Xhol-

MCl-TK/neopA fragment of vector pBC-loxNT (Bucher and Hengartner, personal

communication). Thus, a Pol II long-neo-bpA cassette surrounded by two loxP sites in

parallel orientation was obtained (pBC-loxN). The loxP-flanked neomycin resistance

cassette was recovered from vector pBC-loxN with Sail and was inserted in the same

transcriptional orientation as the cc2-subunit gene into the novel Sail restriction site in

vector pKS-6.0SalI*BsaWI*TK, thereby generating the targeting vector

pKS-6.0SalI*BsaWI*neoTK (Fig. 12). In summary, this targeting vector consists of a

3.3 kb 5' homology region (long arm) and a 2.35 kb 3' homology region (short arm)
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Fig. 12. Insertion of selection cassettes into pKS-6.0SaII*BsaWI*. The 2.1 kb herpes

simplex virus thymidine kinase (TK) cassette was isolated from vector Xhol pKS MCI TK (Thomas and

Capecchi, 1987, Hasty et al., 1991) with Sail and NotI and inserted in antisense orientation into the Xhol

and NotI restriction sites in the polylinker of vector pKS-6.0SalI*BsaWI*, thus generating vector

pKS-6.0SaII*BsaWI*TK. In the final step of the targeting vector construction the 1.8 kb loxP-flanked

neomycin resistance cassette (pPol II long neo bpA, Soriano et al., 1991) was inserted in sense orientation

into the unique Sail* restriction site in intron 3 of pKS-6.0SalI*BsaWl*TK. Prior to electroporation, the

targeting vector was linearized with NotI cleaving next to the TK-cassette.
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Confirmation of the integrity of exons 4 and 5 and the two loxP sites in the

targeting vector. The sequences of the exons 4 and 5 and the two loxP sites were

determined in the targeting vector pKS-6.0SalI*BsaWI*neoTK. Exon 4 was sequenced in

both directions using the sense primers KL14 and KL8 and the antisense primers KL17

and KL5. The exon 5-specific primer KL3 (sense orientation) was utilized to determine the

DNA sequence downstream of exon 5 in order to design the new antisense sequencing

primer KL24, which was then employed for complete sequencing of exon 5. The two loxP

sites were sequenced with primers UR59 (antisense) and UR56 (sense) annealing to the 5'-

and 3'-ends of the neomycin resistance cassette, respectively.

4.2.4. Homologous recombination in embryonic stem cells

An outline of the selection and screening procedure for the identification of homologous

recombinant embryonic stem (ES) cell clones is given in Fig. 13.

107 ES cells were electroporated with the Notl-linearized targeting vector and subsequently

subjected to selection with G418 and FIAU. G418 selects for ES cell clones with a stable

integration of the targeting vector containing the neomycin resistance cassette. FIAU is

used to counterselect against non-homologous integration of the targeting vector into the

ES cell genome. Since random integration usually occurs end-to-end, these random

integration events typically include the herpes simplex virus thymidine kinase cassette at the

insertion locus, resulting in the expression of the viral thymidine kinase and thus,

inhibition of DNA replication in the presence of FIAU. After 10 days of selection with

G418 and FIAU approximately 400-500 ES cell colonies were obtained. Comparison with

the number of ES cell colonies observed in the presence of G418 alone suggested a two¬

fold enrichment due to FIAU selection. Double-resistant ES cell colonies were picked

10-12 days after electroporation and were expanded prior to screening.

Since homologous recombination in ES cells with targeting vector

pKS-6.0SalI*BsaWI*neoTK results in the integration of the /oxP-flanked neomycin

resistance cassette at the a2 locus, the distance between two particular restriction sites is

either increased by the length of the selection cassette or decreased due to the incorporation

of additional restriction sites. These restriction fragment length polymorphisms can be

detected in Southern blot analysis (Fig. 14 A).

In a first round of Southern blot screening, DNA from individual ES cell clones was

digested with EcoRI and hybridized to the 5' flanking probe P3a and the neo-probe Pneo.

In two representative clones shown in Fig. 14 B (13 and 14), probe P3a hybridized not

only to the 13.6 kb wild-type but also to the 5.5 kb EcoRI fragment representing the

targeted allele.
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Fig. 14. Southern blot analysis for the detection of gene targeting at the GABAA-

receptor oc2 locus in ES cells. A) Restriction fragment length polymorphism generated

by homologous recombination of the targeting vector pKS-6.0SalI*BsaWI*neoTK at

the a2 locus. Homologous recombination results in the integration of the loxP-flanked neomycin

resistance cassette and the novel H101R point mutation at the target locus, thus providing the targeted cc2

allele with additional Ncol-, EcoRI-, HindDil-, Hindi- and BsaWI restriction sites. Consequently, restriction

fragments produced at the targeted locus with the enzymes mentioned above are shorter than the

corresponding wild-type fragments. In contrast, the distance between two Bgin sites at the targeted locus is

increased by the length of the loxP-flanked neomycin resistance cassette. The restriction fragment length

polymorphism resulting from homologous recombination can be detected with target locus-specific external

flanking and internal probes. The expected fragment sizes are depicted for the wild-type and targeted locus.

B) ES cell screening. DNA prepared from single ES cell clones was digested with EcoRI and

hybridized to the 5'-flanking probe P3a. Only clones exhibiting the labeled 5.5 kb mutant band in addition

to the 13.6 kb wild-type band were candidates for homologous recombination and were analyzed further.

C-O) Confirmation of correct targeting in candidate ES cell clones 5H, 7F, 11H, 10G,

9, 11, 13, 15, 16 and 8B. Ncol-digested ES cell DNA was hybridized to the 5'-flanking probe PI

recognizing the 9.5 kb wild-type and the 8.2 kb mutant fragment (C). DNA prepared from wild-type E14

ES cells was used as a control (E14). Additionally, EcoRI-digested ES cell DNA was subjected to Southern

blot analysis using the 5'-flanking probe P3a detecting the 5.5 kb mutant and the 13.6 kb wild-type

fragment in targeted ES cell clones (D). Integration at the target locus was further confirmed by

hybridization to the 3'-flanking probe P5 (E-I), which recognized the 13.6 kb wild-type and the 10 kb

mutant fragment in EcoRI-digested DNA (E), the 7.1 kb wild-type and the 5.1 kb mutant fragment in

Hindi-digested DNA (F), the 5.95 kb wild-type and the 5.1 kb mutant fragment in Hindm-digested DNA

(G) and the 5.7 kb wild-type and the 7.6 kb mutant fragment in BglH-digested DNA (I). The presence of

the novel BsaWI restriction site and thus the H101R point mutation was directly monitored by hybridization

of HindTfl/BsaWI-digested DNA with probe P5 detecting the 2.95 kb mutant fragment in addition to the

partially digested wild-type fragment (H). The absence of the TK cassette from the targeted locus was

confirmed by hybridizing EcoRI-digested DNA to a TK specific probe (K). DNA obtained from a transfected

ES cell clone containing a TK cassette (E14TK) served as a positive control. Multiple integrations of the

targeting vector were excluded by hybridization with an internal probe annealing to the neomycin resistance

cassette (L-O). A single 5.1 kb fragment was detected in HindHI-digested DNA (L), a single 10 kb

fragment with EcoRI-digested DNA (M) and a single 7.6 kb band with BgUI-digested DNA (O). The neo

probe contains a Ncol restriction site and therefore hybridized to a 8.2- and a 3.2 kb fragment in Ncol-

digested DNA (N). No signals were detected with DNA prepared from wild-type ES cells (E14, L-O).

Candidate ES cell clones identified in the first round of screening were subjected to a

second round of Southern blot analysis, resulting in the identification of 10 correctly

targeted ES cell clones (5H, 7F, 11H, 10G, 9, 11, 13, 15, 16 and 8B, see Figs. 14 C-O)

In order to confirm that the integration of the targeting vector had occurred at the correct

target locus, DNA of individual ES cell clones was digested with the restriction enzymes

Ncol (Fig. 14 C), EcoRI (Figs. 14 D, E), Hindi (Fig. 14 F), HindHI (Fig. 14 G),

BsaWI/Hindffl (Fig. 14 H) and Bglll (Fig. 14 I) and subsequently hybridized to the

5'-flanking probes PI (Fig. 14 C) and P3a (Fig. 14 D) and to the 3'-flanking probe P5

(Figs. 14 E-I). DNA derived from wild-type E14 ES cells served as a control. In Ncol

digests, probe PI detected two fragments in all of the targeted ES cell clones, the 8.2 kb

Ncol fragment representing the mutant allele and the 9.5 kb fragment representing the wild-
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type allele (Fig. 14 C). Likewise, probe P3a hybridized to two bands in all of the EcoRI-

digested targeted clones, the 13.6 kb wild-type band and the 5.5 kb mutant band (Fig.

14 D). The 3'-flanking probe P5 detected the 13.6 kb wild-type and the 10 kb mutant

fragment in EcoRI-digested DNA of targeted ES cell clones (Fig. 14 E). Probe P5

hybridized to a 7.1 kb wild-type and a 5.1 kb mutant band in Hindi-digested DNA

(Fig. 14 F) and to a 5.95 kb wild-type and a 5.1 kb mutant band in Hindlll-digested DNA

(Fig. 14 G). Furthermore, probe P5 detected a 7.6 kb mutant and a 5.7 kb wild-type band

in Bglll-digested DNA (Fig. 141). Due to the novel BsaWI restriction site, the presence of

the a2(H101R) point mutation could be directly monitored by Southern blot analysis.

BsaWI/HindlH-digested DNA was hybridized to the 3'-flanking probe P5 which detected

the 2.95 kb mutant fragment in all correctly targeted ES cell clones (Fig. 14 H). Instead of

hybridizing to the expected 3.7 kb Hindlll/BsaWI wild-type fragment, probe P5 largely

hybridized to the 5.95 kb Hindlll/Hindlll fragment, indicating that the BsaWI restriction

site in intron 3 had not been cleaved efficiently in mutant clones and also in the E14 wild-

type controls.

The absence of the TK cassette from the genome of the ten targeted ES cell clones was

demonstrated by hybridization of EcoRI-digested DNA with probe PTK (Fig. 14 K). ES

cells which had been targeted with an insertion vector containing a TK cassette served as a

positive control (E14TK).

Since potential multiple integrations of the targeting vector cannot be detected with flanking

probes, Hindlll-, EcoRI-, Ncol- and Bglll-digested ES cell DNA was additionally,

hybridized to the internal probe Pneo (Figs. 14L-0). In Hindlll- (Fig. 14L), as well as

EcoRI- (Fig. 14M) and Bglll- (Fig. 140) digested DNA the neo probe detected a single

5.1 kb (Fig. 14L), 10 kb (Fig. 14M) and 7.6 kb (Fig. 140) band, respectively. This

indicates that none of the 10 clones 5H, 7F, 11H, 10G, 9, 11, 13, 15, 16 and 8B

contained multiple targeting vector integrations. The fact that Pneo detected two bands in

Ncol-digested ES cell DNA (Fig. 14N) is due to the presence of a Ncol restriction site

within the sequence recognized by the neo probe. This probe therefore hybridizes to the

8.2 kb as well as the 3.2 kb Ncol fragments.

The presence of the H101R point mutation in exon 4 of the oc2-subunit gene of targeted ES

cell clones was also detected by PCR analysis (Fig. 15). For this purpose, the sense primer

UR56 annealing to the neomycin resistance cassette 481 bp upstream of the point mutation

and the antisense primer UR57 annealing to intron 4 862 bp downstream of the point

mutation were used to selectively amplify a 1343 bp PCR product from the targeted allele.

When the point mutation was present, a BsaWI digest of the 1343 bp PCR product resulted

in 862 bp and 481 bp fragments (Fig. 15 A). Using this technique the oc2(H101R) point

mutation was confirmed in targeted ES cell clones 5H, 7F, 11H, 9, 11, 13, 15, 16, and 8B

(Fig. 15 B).
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wild-type cc2-subunit allele
H101

L

targeted cc2-subunit allele H101R

BsaWI

loxP

1343 bp PCR product

loxP

UR56

481 bp

UR57

UR57

862 bp

BsaWI digest

B

ob £ Oil £ oh £ ob £ ob 3* ob > ob S* ob S* ob ^
-a C/3 '! ) T1 a C/l T3 t/i o ^ T3 oO 'U v^ 'U «

c PQ c CQ c CQ c CQ S CQ 5 CQ S CQ 5 CQ C 03
+ + + + => + 3 + 3 + 3 + 3 +

1343 bp — f m
PS
*•< 1:fc•t |f 11 1, m

862 bp — im 1• 1K ip • HI m

481 bp — im i
jgfe;

HP 1•

iHt fife iif
.*». IIP

ES ES ES ES ES ES ES ES ES

11H 7F 5H 5 11 13 15 16 8B

Fig. 15. Detection of the introduced H101R point mutation in ES cells by

restriction digest of a PCR fragment specific for the targeted a2 locus. A) A 1343

bp PCR product is amplified from the targeted oc2-subunit allele using primers UR56 and UR57,

annealing to the neomycin resistance cassette and to intron 4, respectively. BsaWI digest of the PCR

product results in 481 bp and 862 bp subfragments and directly confirms the presence of the introduced

H101R point mutation. B) Detection of the H101R point mutation in homologous recombinant ES

cell clones 11H, 7F, 5H, 9, 11, 13, 15, 16 and 8B. PCR products obtained from single ES cell clones

were size-separated before (undig.) and after BsaWI digest (+ BsaWI).
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The targeting frequencies obtained in individual electroporation experiments are

summarized in Table II. AB2.1 embryonic stem cells obtained from Dr. A. Bradley as well

as E14 embryonic stem cells obtained from Drs. H. Bluthmann (HB), C. Weissmann

(CW) and H. Hengartner (Hen) were electroporated with the targeting vector

pKS-6.0SalI*BsaWI*neoTK. Between 96 and 288 G418 and FIAU double-resistant ES

cell clones were analyzed per electroporation. No gene targeting was observed in AB2.1

ES cells, even though the mouse genomic sequences in the targeting vector were derived

from a 129/SvEv library and were thus isogenic to the DNA of AB2.1 ES cells, which

were produced from blastocysts of the same mouse strain. In contrast, homologous

recombination was obtained with non-isogenic E14 embryonic stem cells derived from

blastocysts of mouse strain 129/Ola. The relative targeting frequencies varied considerably

from electroporation to electroporation. In 3 of 7 electroporations, none of the analyzed

clones was targeted, whereas targeting frequencies calculated for the remaining 4

electroporations were 0.35%, 0.52%, 2.6%, and 4.8%.

Electroporation No. 1 2 3 4' 5 6 7 8

targeting vector pKS -6.0SalI*BsaWI*neoTK

ES cell line AB2.1
E14

(HB)

E14

(HB)

E14

(HB)

E14

(HB)

E14

(CW)

E14

(CW)

E14

(Hen)

No. of analyzed G418

and FIAU resistant

ES cell clones

96 192 64 192 192 288 192 288-

No. of ES cell clones

with homologous
recombination

0 0 3 1 5 0 0 1

Relative targeting

frequencies
ofG418 and FIAU

resistant ES cell clones

0in96

0%

0 in 192

0%

lin21

4.8%

1 in 192

0.52%

lin38

2.6%

) in 288

0%

0 in 192

0%

1 in 288

0.35%

1 in 201

0.5%

Designation of

homologous
recombinant

ES cell clones

5H

7F

11H

10G

9

11

13

15

16

8B

Table II. Targeting frequencies in embryonic stem cells. Sources of the ES cells were Drs.

A. Bradley (AB1.2), H. Bluthmann (HB), C. Weissmann (CW) and H. Hengartner (Hen).
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4.2.5. Generation of chimeric mice from targeted embryonic stem cells

Five of the ten targeted ES cell clones, clones 7F, 11H, 10G, 16, and 8B, were chosen for

morula and blastocyst injections (Table III). Through this choice each of the successful

electroporations was represented with at least one targeted ES cell clone. In order to

ascertain the correct chromosome number, ES cells were karyotyped prior to injections.

Their undifferentiated state was assessed according to morphological criteria, i.e., growth

in compact, clearly delineated, three-dimensional colonies. Approximately 15-20 ES cells

were injected into blastocysts/morulae of mouse strain C57BL/6J. Injected morulae were

allowed to develop to the blastocyst stage in vitro and were then implanted into the uteri of

pseudopregnant foster mothers. Injected blastocysts were implanted immediately. Up to 20

blastocysts were transferred to one uterus horn.

Foster mothers which were implanted with blastocysts that had been injected with ES cell

clones 7F, 11H, or 10G did not give birth to any living offspring, even though pregnancy

of the foster mothers had clearly been verified. Offspring were either stillborn or eaten by

their mothers immediately after birth (Table III).

Injections of morulae with the ES cell clones 16 and 8B followed by the implantation of the

corresponding blastocysts to foster mothers resulted in 1 and 10 living offspring,

respectively. As was concluded from the black coat color, these animals were not chimeric,

indicating that the targeted ES cells had not been integrated into the donor morulae

(Table III).

In another injection experiment, some blastocysts of mouse strain C57BL/6J were injected

with ES cell clone 8B and others with the corresponding wild-type ES cells (E14 Hen).

Both types of blastocysts were implanted into the uteri of 3 foster mothers at a 2:1

(recombinant: wild-type) ratio. In this strategy, the wild-type embryos would be expected

to support the pregnancy and would guarantee a reasonable litter size, which might

improve the chance of survival of chimeric mutant mice. One of the three foster mothers

did not deliver at the due date. Autopsy revealed that this foster mother carried 9 dead

embryos in the uterus, 8 of which had developed to embryonic days (E)10-14 and one had

developed to E18. The other two foster mothers gave birth to 7 live offspring. One animal

was stillborn. Among the 7 offspring, 5 animals had a completely black coat, suggesting

that the injected ES cells, recombinant as well as wild-type, had not been integrated into the

blastocysts. In both litters one animal was chimeric. One of the chimeras was male, the

other female (Table HI).
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In order to investigate whether the two chimeric animals were derived from blastocysts

injected with ES cell clone 8B or from blastocysts injected with wild-type ES cells

(El4 Hen), Southern blot analysis was performed with DNA obtained from tail biopsies

(Fig. 16). DNA was digested with EcoRI and hybridized to probes P5 and Pneo

(Fig. 16A). In both chimeric animals, probe P5 detected the mutant 10 kb fragment in

addition to the 13.6 kb wild-type fragment and probe Pneo also recognized the 10 kb

mutant fragment (Fig. 16B), thus confirming the presence of the neomycin resistance

cassette in both chimeric animals. Therefore, both chimeras were derived from blastocysts

injected with clone 8B ES cells. The degree of chimerism as inferred from the relative

intensities of wild-type and mutant bands detected by probe P5 was higher for the male

than for the female chimera. Germ line chimerism was determined by genotype analysis of

the Fl generation derived from breedings of both chimeras with wild-type animals. 47 of

110 offspring of the male chimeric animal were carriers of the mutated oc2-subunit allele,

corresponding to a 86% chimerism of the germ line. All 18 offspring of the female chimera

displayed a completely black coat, suggesting that clone 8B-derived cells were not present

in the germ line. This result was not surprising, since the embryonic stem cells used are

derived from a male blastocyst. If a high percentage of cells in the reproductive tissues is

derived from male ES cells, the sex of the chimera is expected to be male rather then

female. Consequently, female chimeras are rarely germ line transmitters.

The male chimeric animal (Fig.l6C), which did not show any overt phenotype, was used

as a founder to establish a mouse line carrying the oc2(H101R) point mutation in the

GABAA-receptor oc2-subunit gene.

Fig. 16. Detection of the targeted a2-subunit allele in chimeric mice by Southern

blot analysis. A) EcoRI restriction fragment length polymorphism. A 13.6 kb EcoRI fragment can be

detected with the 3'-flanking probe P5 at the a2-subunit wild-type locus. P5, as well as Pneo, hybridize to a

10 kb fragment at the targeted a2 locus. B) DNA prepared from tail biopsies of two chimeric mice (male

and female) which both emerged from blastocysts injected with ES cell clone 8B, was digested with EcoRI

and hybridized to the 3'-flanking probe P5 and to the internal probe Pneo. EcoRI-digested DNA preparations

from the targeted ES cell clone 8B and from wild-type E14 ES cells were used for comparison. As can be

deduced from the relative intensities of the 13.6 kb wild-type and the 10 kb mutant fragments detected with

probe P5, the degree of chimerism was higher in the male than in the female chimeric animal. C) Male

chimeric founder.
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4.2.6. Generation of a2(H101R) point-mutated mice with the neomycin

resistance cassette at the targeted locus

In a first approach, the fastest possible breeding strategy was chosen to generate

homozygous a2(H101R) mutant mice in order to examine whether homozygous carriers

of the point mutation are viable or not. For this purpose, the chimeric founder was bred to

wild-type animals of mouse strain C57BL/6J, and heterozygous offspring of the Fl

generation (HR neo+/", mixed genetic background 129/Ola / C57BL/6J (50%:50%)) were

intercrossed to yield homozygous mutant F2 animals (RR neo+/+) (Fig. 17). The mutant

animals derived from this breeding still contained the loxP-flanked neomycin resistance

cassette in intron 3 of their oc2-subunit gene.

F0: o
HR neo+/"

chimeric founder

100% 129/Ola

HH neo"7-

wild-type animal

100% C57BL/6J

Fl:

50% 129/Ola / 50% C57BL/6J

rj 6
HRneo+/" HR neo+/" HH necr7" HHneo-'-

F2: i~f
RR neo+/+ RR neo+/+ HR neo+/" HR neo+/" HR neo+/" HR neo+/" HH necr7" HH neo-'-

Fig. 17. Breeding scheme for the generation of homozygous H101R point-mutated

mice containing the neomycin resistance cassette at the targeted oc2-locus. The male

chimeric founder (point-mutated germ cells from mouse strain 129/Ola) was bred to wild-type females of

mouse strain C57BL/6J. Animals heterozygous for the point mutation were identified in the Fl generation

and were intercrossed to produce homozygous mutant, heterozygous and wild-type mice in the F2 generation

on a mixed 129/Ola / C57BL/6J background (50%:50%). Genotypes are indicated: H= histidine, R= arginine

in position 101 of the oc2-allele; neo
,
neo

,
and neo = two, one, and no rx2-allele(s) with neomycin

resistance cassette, respectively. Black, gray and white circles/squares = homozygous mutant, heterozygous

and wild-type females/males, respectively. Background distributions in this and the following figures are

meant to represent statistical expectations.
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Heterozygous animals of the Fl generation were identified by PCR analysis (Fig. 18A, B,

C). A three-primer PCR was designed to detect both the mutant and the wild-type oc2-

subunit locus (Fig. 18A, PCR 1). Two of the three primers, KL25 and KL5, were chosen

to anneal upstream and downstream, respectively, of the Sail restriction site created for the

insertion of the neomycin resistance cassette and the third primer, KL27, was chosen to

anneal to the neomycin resistance cassette itself. Therefore, under our PCR conditions, a

526bp PCR product was generated by primers KL25 and KL5 at the wild-type locus and a

942 bp product was specifically amplified by primers KL27 and KL5 at the targeted locus

(Fig.l8A, PCR 1 and Fig. 18B). The ratio between wild-type (HH neo"7") and

heterozygous (HR neo+7") animals in the Fl generation was 34 (57,6%) : 25 (42,4%),

respectively. Furthermore, the a2(H101R) point mutation was confirmed in the Fl

generation by BsaWI digest of the 1343 bp PCR product specifically amplified from the

targeted a2-subunit locus by primers UR 56 and UR 57 (Fig. 18A, PCR 2 and Fig. 18C).

In the F2 generation, homozygous mutant (RR neo+/,+), heterozygous (HR neo+7~) and

wild-type (HH neo-7") animals were identified by the three-primer PCR described above

(PCR 1). A single 526 bp PCR product was indicative of wild-type (HH neo"7") animals, a

single 942 bp PCR product of homozygous mutant (RR neo+7+) animals, and both PCR

products of heterozygous animals (HR neo""*) (Fig. 18D).

Fig. 18. Genotyping of neo marker-containing mice from the Fl and F2 generation.

A) DNA obtained from tail biopsies was subjected to two different types of PCR (1 and 2). A three-primer

PCR (1) was designed to differentiate between the mutated and the wild-type a2-locus by determining the

presence or absence of the neomycin resistance cassette, respectively. At the cx2-wild-type allele a 526 bp

PCR product is generated by primers KL25 and KL5. A 942 bp PCR product is selectively amplified from

the targeted locus with the neo-specific primer KL27 and primer KL5. Due to the presence of the neomycin

resistance cassette in the targeted oc2 allele, the distance between the annealed primers KL25 and KL5 is too

large for a PCR product to be generated under the conditions chosen. In the second PCR (2), the presence of

the point mutation is directly monitored by a BsaWI digest of the 1343 bp PCR product specifically

amplified from the mutated a2 locus with primers UR56 and UR57. B) Three-primer PCR (1) performed

on mice from the Fl generation. Heterozygous animals showed both the 526 bp and the 942 bp fragments,

whereas wild-type mice displayed only the 526 bp PCR product. C) Screening for the presence of the a2-

subunit H101R point mutation in 14 animals of the Fl generation. The 1343 bp PCR-product was only

amplified when DNA preparations were derived from tail biopsies of heterozygous animals, whereas no

PCR product was obtained on DNA from wild-type mice. The H101R point mutation could be detected by a

BsaWI digest of the 1343 bp product yielding 481 bp and 862 bp subfragments (u = undigested, B = BsaWI

digested). D) Three-primer PCR (1) performed with mice from the F2 generation. HH neo'" wild-type,

HR neow" heterozygous and RRneo+/+ homozygous mutant mice were identified by 526 bp, 526- and

942 bp, and 942 bp PCR products, respectively. Genotypes are indicated above the respective lanes (wt =

wild-type, het = heterozygous, mut = homozygous mutant, H = histidme
,
R = arginine, neo

,
neo > and

neo = two, one, and no cc2-allele(s) with neomycin resistance cassette, respectively.
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PCR results were confirmed by Southern blot analysis. For this purpose, DNA obtained

from tail biopsies of mice from the F2 generation was digested with EcoRI and was

hybridized to the 5'-flanking probe P3a (Fig. 19). In homozygous mutant mice

(RR neo+/+) probe P3a detected only the 5.5 kb mutant fragment and in wild-type mice

(HH neo"/") only the 13.6 kb wild-type fragment. In heterozygous (HR neo"1"/") mice,

probe P3a hybridized to both fragments. A total of 130 mice from the F2 generation were

genotyped. The ratio between HH neo-/" wild-type, HR neo+/L heterozygous and

RR neo+/+ homozygous mutant mice was 28 (21.5%) : 74 (57%) : 28 (21.5%), thus

being in accordance with the expected Mendelian distribution of 25% : 50% : 25%.

A wild-type allele

EcoRI

EcoRI

EcoRI

3.6 kb

targeted allele

EcoRI
J_

P3a

EcoRI

EcoRI
i

H101R

BsaWI*

loxP loxP

5.5 kb

EcoRI

B

F2 generation

3 =S

E ^^ g^ E£ ^J S^ £j=£ ££j gg£B^xi£
—i—

,
—i— —i—

, , . —i—
.

i —i— —i—
, ,

i i

+ u+ + + + + u u u+ + + +
oooooooooooooo

ccccccccccnccc

QtXoZaictaioiXXXPipl&Qi
PiXXotXPiXXXXXPiXX

ooooooooooo

ccccccccccc

Qtalc6p£&,QtQlXXP<!iol
ffi W E Pnffi Kw ffi Sw S

mut —

allele

_13.6kb

5.5 kb

Fig. 19. Genotyping of neo marker-containing mice from the F2 generation by

Southern blot analysis. A) Schematic drawing showing the expected EcoRI fragments of wild-type

and mutated a2-loci detectable with the 5'-flanking probe P3a. B) RR neo+/+ homozygous mutant,

HR neo+/" heterozygous and HH neo' wild-type animals were identified in the F2 generation by

hybridization of probe P3a to 5.5 kb, 5.5 and 13.6 kb, and 13.6 kb fragments, respectively. Genotypes are

indicated above the lanes.



DNA prepared from tail biopsies of homozygous mutant mice from the F2 generation was

used to completely sequence the exons 4 and 5 of the GABAa-receptor a2-subunit allele.

Since exons 4 and 5 were present in the targeting vector, we wanted to exclude any

accidental mutation that might have occurred during homologous recombination in ES

cells.

targeted a2-subunit allele wild-type ct2-subunit allele

H101R

BsaWI

EEKE
loxP

k5
loxP

UR56 UR57

1343 bp

H10I

KL14 UR58

.11 bp

KL7 KL7

B

5'__„ATTV< C G GAA...3'

3—-TAA GGC CTT 5'

BsaWI

N R F

102 101 100

5' ATT GTG AAA .3'

3 —TAA CAC TTT 5'

N H F

102 101 100

Fig. 20. Detection of the introduced H101R point mutation in the a2-subunit gene in

homozygous mutant F2 mice by sequence analysis. A) A 1343 bp PCR product spanning the

mutated exon 4 of the a2-subunit gene was amplified from tail DNA of homozygous mutant F2 mice with

primers UR56 and UR57
.
The corresponding 1111 bp PCR product including the wild-type exon 4 of the

a2-subunit gene was generated with primers KL14 and UR58 on DNA isolated from F2 wild-type animals.

Both PCR products served as templates to determine the sequence of exon 4 using the internal antisense

sequencing primer KL7. B) Electropherograms obtained for the antisense strand around codon 101 of the

a2-subumt gene in homozygous mutant and wild-type mice. The H101R point mutation and the novel

BsaWI restriction site were confirmed in exon 4 of homozygous mutant F2 animals.
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DNA obtained from F2 wild-type mice from the same litter was utilized to determine the

corresponding wild-type sequences. Exon 4 containing sequences were amplified from the

mutant oc2-subunit allele with primers UR 56 and UR 57 and from the wild-type allele with

primers KL14 and KL58, yielding 1343 bp and 1111 bp PCR products, respectively. Both

PCR products were sequenced with the internal antisense primer KL7 annealing

downstream of exon 4 (Fig. 20A). A 438 bp PCR product including the exon 5 was

amplified from genomic DNA of homozygous mutant and wild-type mice with primers

KL24 and KL29. The exon 5 containing PCR products were sequenced in both directions

with primers KL24 and KL29 (not shown). Comparison of the exon 4- and 5-sequences

obtained from wild-type mice with those obtained from homozygous mutant mice revealed,

that no further unintended mutations had occurred in these two exons during homologous

recombination. Electropherograms of the region around codon 101 in the mutant and wild-

type a2-subunit alleles are shown in Fig. 20B.

Mice from the F2 generation containing the a2(H101R) point mutation in exon 4 and the

neomycin resistance cassette in intron 3 of the GABAA-receptor a2-subunit gene were used

to analyze the expression of the mutated oc2-subunit and its influence on the expression of

other GABAA-receptor subunits (see 4.3.1.).

4.2.7. Generation of oc2(H101R) point-mutated mice without neomycin

resistance cassette

In order to delete the neomycin resistance cassette from the mutated GABAA-receptor

cc2-subunit allele, HR neo+/- heterozygous mice from the Fl generation on a mixed

129/Ola / C57BL/6J genetic background (50%:50%) were bred to ere recombinase

transgenic mice (FVB/N / C57BL/6J (50%:50%)) (Fig. 21). The genotype of the F2

animals (C57BL/6J / 129/Ola/FVB/N (50% : 25% : 25%)) with regard to the absence or

presence of the a2(H101R) point mutation and the neomycin resistance cassette was

analyzed using the three-primer PCR depicted in Fig.l8A (PCR 1). In addition, a separate

PCR was performed with the ere recombinase-specific primers UR26 and UR36 to detect

the presence or absence of the transgene. Among the 38 F2 animals genotyped, 10 (26%)

were ere recombinase transgenic and additionally contained the mutated a2-subunit allele.

In all 10 animals, the neomycin resistance cassette had been excised from the a2-locus

(HR neo"/- cre+/").

The F3 generation was produced by interbreeding heterozygous mutant animals without

neomycin resistance cassette (HR neo_/" cre+/") (Fig. 21). Since it was theoretically

possible that ere recombinase expression was insufficient at the zygote stage, heterozygous

animals from the F2 generation might display a mosaic pattern with regard to the removal

of the neomycin marker. Therefore, the neomycin resistance cassette might still be present
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Fig. 21. Breeding scheme for the generation of homozygous a2(H101R) mutant mice

without neomycin resistance cassette. The chimeric founder (point-mutated germ cells derived from

mouse strain 129/Ola) was bred to wild-type C57BL/6J mice. HRneo+/" heterozygous Fl offspring still

carrying the neomycin resistance cassette at the mutated oc2-locus were selected and crossed with

hemizygous cre recombinase transgenic, oc2 wild-type mice on a FVB/N / C57BL/6J (50%:50%)

background. Cre recombinase transgenic F2 mice, which had excised the neomycin resistance cassette from

their targeted oc2-allcle were intercrossed to yield wild-type, a2(H101R) heterozygous, and a2(H101R)

homozygous mutant F3 mice. Wild-type and a2(H101R) homozygous mutant mice from the F3 generation

lacking the cre recombinase transgene were chosen to set up homozygous breedings for the production of

mice of all three genotypes in the F4 generation (C57BL/6J / 129/Ola / FVB/N (50%:25%:25%)).

Genotypes are indicated: C = cre recombinase-positive, crc*'\ crc+/ and crc'= two, one, and no genomic loci

containing the cre recombinase transgene, respectively. For explanation of other symbols see legend to

Fix. 17.
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in the germ line of F2 animals, despite detection of the excision event in the tail by PCR.

For this reason, the above mentioned three-primer PCR (Fig. 18A) was utilized once more

for genotyping of the F3 generation, enabling the detection of the neomycin resistance

cassette in F3 animals and thus the identification of mosaic animals in the preceding F2

generation. The three-primer PCR confirmed that none of the 117 genotyped animals from

the F3 generation contained the neomycin resistance cassette in the genome. Obviously, the

elimination of the neo marker from the mutated oc2-locus had been complete in all 12

heterozygous F2 parent mice. The ratio between wild-type (HH neo"/"), heterozygous

(HR neo"/") and homozygous mutant (RR neo"/~) animals in the F3 generation was

32 (27.4%) : 61 (52.1%) : 24 (20.5%), respectively, fitting to the expected Mendelian

distribution of 25% : 50% : 25%.

Homozygous mutant and wild-type mice without ere recombinase transgene were selected

from the F3 generation to set up breedings for the production of homozygous mutant

(RR neo"/" ere"/"), heterozygous (HR neo'/~ ere"/") and wild-type (HH neo"/" ere"/") F4

animals (Fig. 21). These F4 animals (C57BL/6J / 129/Ola / FVB/N (50% : 25% : 25%))

were used to analyze the expression of the mutated GABAA-receptor a2-subunit, which

was compared to the expression of the H101R mutated cc2-allele in RR neo+/+ mice still

containing the neomycin resistance cassette (see 4.3.1.).

4.2.8. Breeding of the a2(H101R) point mutation to 129/SvEv, 129/SvJ

and C57BL/6J genetic backgrounds

As described previously, the 0t2(H101R) point mutation has been successfully established

in the mouse germ line using E14 embryonic stem cells from strain 129/Ola. Therefore, the

most straightforward way of maintaining the mutation on a pure genetic background would

be interbreeding of the chimera and the following generations of cc2(H101R) mutated mice

with 129/Ola mice. In practice, this breeding strategy is not suitable for the generation of

large numbers of animals, since mice from strain 129/Ola breed very poorly. Furthermore,

heterozygous Fl hybrids on a mixed genetic background, e.g. 129/Ola / C57BL/6J cannot

be used to set up large numbers of F2 wild-type, heterozygous and homozygous mutant

animals for behavioral analysis, since the genetic variability in these mice is too high. For

behavioral studies, the a2(H101R) point mutation was therefore bred on the 129/SvJ,

129/SvEv, and C57BL/6J backgrounds for at least three generations, so that the

contribution of other backgrounds was reduced to less than 12.5% on average (Fig. 22).

This strategy of crossing the mutation to different genetic backgrounds allows the

identification of potential phenotypic background effects and enables the future generation

of hybrid animals on a defined mixed background (Banbury Conference on Genetic

Background in Mice, Neuron Vol. 19, 755-759, October 1997).
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Fig. 22. Breeding of the a2(H101R) point mutation to a C57BL/6J, 129/SvJ and

129/SvEv genetic background. For the establishment of a a2(H101R) mutant mouse line on a

C57BL/6J background, the chimeric founder was bred to C57BL/6J wild-type mice. Heterozygous Fl

offspring (HR neo+/") were crossed to ere recombinase transgenic mice on a mixed C57BL/6J / FVB/N

(50%:50%) background in order to remove the neomycin resistance cassette from the mutated <x2-locus. Cre

recombinase transgenic, heterozygous mice without neomycin resistance cassette (HR neo"'") were further

backcrossed to C57BL/6J wild-type mice. For the development of 129/SvJ and 129/SvEv oc2(H101R)

mutant mouse lines, the chimeric founder was bred to cre recombinase transgenic mice on a 129/SvEv

background. Cre recombinase transgenic, heterozygous mice without neomycin resistance cassette

(HR neo"'") were then either backcrossed to 129/SvJ or 129/SvEv wild-type mice. The cre recombinase

transgene was bred out in all three lines. The statistical genetic contribution of the different mouse strains is

indicated for each round of backcrossing. The symbols are the same as in Figs. 17 and 21.

In a first line of breeding (Fig. 22, left branch) the chimeric founder (129/Ola) was crossed

with C57BL/6J wild-type mice to yield heterozygous (HR neo+/") Fl animals still

containing the neomycin resistance cassette at their targeted oc2-locus. These Fl mice were

then crossed with cre recombinase transgenic mice (HH neo-'" cre+'") on a mixed

C57BL/6J / FVB/N (50%:50%) background. The resulting F2 generation was screened for

heterozygous mice without neomycin resistance cassette (HR neo"/" cre"1"/"). These mice

were subsequently bred to wild-type C57BL/6J animals to produce the F3 generation

(C57BL/6J / 129/Ola / FVB/N (75%: 12.5%: 12.5%)). Among the F3 animals only

heterozygous mice lacking the cre recombinase transgene (HR neo*/" cre"/") were chosen

for further rounds of backcrossing to C57BL/6J wild-type mice.

In a second line of breeding (Fig. 22, middle and right branch) the chimeric founder

(129/Ola) was first crossed with a cre recombinase transgenic mouse on a 129/SvEv

background to yield heterozygous mice without neomycin resistance cassette (HR neo"/"

cre"1"/") in the Fl generation. These Fl mice were then bred to either 129/SvEv or 129/SvJ

wild-type mice. In the F2 generation heterozygous mice without cre recombinase transgene

(HR neo"/" cre"/") were selected for further rounds of backcrossing to either wild-type

129/SvEv or 129/SvJ animals.

The elimination of the neomycin resistance cassette from the mutated a2 locus was

confirmed by PCR. Using the three primer (KL25, KL27, KL5) PCR depicted in

Fig. 23A, the wild-type a2-locus could be distinguished from the targeted oc2(H101R)

locus with the neomycin resistance cassette and the targeted a2(H101R) locus without

neomycin resistance cassette. Additionally, a separate PCR was performed with cre

recombinase-specific primers (UR26 and UR36) to monitor the presence or absence of the

transgene. Wild-type and a2(H101R) heterozygous mice with and without neo marker

were identified in the Fl generation emerging from breedings of the chimeric founder with

cre recombinase transgenic mice on a 129/SvEv background (Figs. 22, 23B).
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Fig. 23. Identification of a2(H101R) heterozygous mice without neomycin resistance

cassette. A) A three-primer PCR was designed to differentiate between the wild-type a2-locus, the

H101R point-mutated oc2-locus containing the loxP-flanked neomycin resistance cassette, and the H101R-

mutated oc2-locus without neomycin resistance cassette. Primers KL25 and KL5 amplify a 526 bp PCR

product from the wild-type locus and a 561 bp product from the mutated locus lacking the neomycin

resistance cassette. The size difference of 35 bp is due to the presence of one loxP site in intron 3 after the

excision of the neomycin resistance cassette with the ere recombinase. Primers KL27 and KL5 specifically

amplify a 942 bp PCR product from the HlOlR-mutated oc2-locus containing the neomycin resistance

cassette. B) Genotyping of Fl mice resulting from breedings of the chimeric founder with ere recombinase

transgenic, a2 wild-type mice (HH neo"'"cre+/"). The a2 genotype was determined using primers KL5, KL25

and KL27 in the three-primer PCR described above. The presence of the ere recombinase transgene was

detected in a separate PCR using a primer set (UR26 / UR36) specifically amplifying a 400 bp PCR

fragment from the transgene. Heterozygous mice containing the neomycin resistance cassette at the mutated

a2 locus (HR neo ) were identified by a combination of the 942 bp and 526 bp PCR products. In none of

these animals was the ere recombinase transgene detected. In contrast, whenever the ere recombinase

transgene was present and the animal had inherited one mutant oc2 allele, the neomycin resistance cassette

was excised (HR neo ) resulting in the generation of a 561 bp and a 526 bp product in the three-primer

PCR. Wild-type animals (HH neo ) only displayed the 526 bp fragment. C) Genotyping of F2 mice

emerging from interbreedings of heterozygous (HR neo"') Fl mice with 129/SvJ and 129/SvEv wild-type

mice. All animals of the F2 generation either carried two wild-type alleles of the a2 locus as indicated by

the 526 bp PCR product (HH neo genotype) or one wild-type and one mutated allele from which the

neomycin resistance cassette had been removed as illustrated by the 561 bp and 526 bp PCR products

(HR neo genotype). Thus, the ere recombinase had removed the neomycin resistance cassette from the

germ line of the Fl generation.

Wild-type mice (HH neo"'") displayed a single 526 bp PCR product. Heterozygous mice

(HR neo+/") showed a 942 bp fragment in addition to the 526 bp wild-type fragment when

the 400 bp ere recombinase-specific PCR product was absent, indicating that the target

locus still contained the neo marker. On the contrary, whenever the 400 bp transgene-

specific PCR product was present in heterozygous mice (15 of 52 (29%) Fl animals

genotyped), a 561 bp fragment was detected in addition to the 526 bp PCR product, thus

confirming that the ere recombinase had been active and had excised the neo marker from

the a2 locus (HR neo"'" mice). The size difference between the point-mutated allele after the

excision of the neomycin resistance cassette and the wild-type allele is due to the 35 bp

loxP site remaining in intron 3 after removal of the neo marker. F2 animals obtained from

breedings of heterozygous cre-transgenic Fl mice with either 129/SvJ or 129/SvEv wild-

type mice were again analyzed with the three-primer PCR described above (Fig. 23C).

Heterozygous F2 mice (HR neo"'") were identified by the 561 bp PCR product specific for

the mutated allele and the 526 bp product specific for the wild-type allele, whereas wild-

type animals (HH neo"'") only displayed the 526 bp PCR product. The fact that none of the

39 F2 animals genotyped displayed the 942 bp PCR product indicates that the neo marker

had been completely removed from the germ line of the Fl parent generation.
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After 3 rounds of backcrossing to the 129/SvJ background, heterozygous animals from the

F4 generation (HR neo-/- ere"'", 129/SvJ / 129/SvEv / 129/Ola (87.5% : 6.25% : 6.25%))

were selected and interbred to yield wild-type (HH neo~/~ ere-/"), heterozygous (HR neo"/_

ere"'") and homozygous mutant (RR neo"/" ere"/") mice in the F5 generation. The ratio

between genotypes was 61 (24,7%) : 126 (51%) : 60 (24,3%), respectively, which

corresponds to the expected Mendelian distribution of 25% : 50% : 25%. Wild-type and

homozygous mutant F5 animals were chosen to set up homozygous breedings for the

generation of wild-type and oc2(H101R) homozygous mutant F6 animals (129/SvJ /

129/SvEv/ 129/Ola(87.5% : 6.25% : 6.25%)) which were used for the initial behavioral

analysis.

4.3. Characterization of the a2(H101R) mutant mouse line

No overt phenotype was detected in oc2(H101R) heterozygous or homozygous mutant

mice, with or without neomycin resistance cassette. Animals of all genotypes were fertile

and the ratio between wild-type, heterozygous and homozygous mutant offspring emerging

from breedings of heterozygous mice with and without neo marker was in accordance with

mendelian ratios (28 (21,5%) HH neo'7": 74 (57%) HR neo+/": 28 (21,5%) RR neo+/+

and 93 (25,5%) HH neo"/": 187 (51,4%) HR neo"/": 84 (23,1%) RR neo"/").

4.3.1. Expression and regional distribution of mutated a2-GABAA

receptors

The expression level and the distribution of the H101R mutated oc2-subunit were analyzed

in F2 HH neo-7" wild-type, HR neo+7_ heterozygous and RR neo+7+ homozygous mutant

mice on a 129/Ola / C57BL/6J (50%:50%) hybrid background (Fig. 17).

Western blot analysis was performed with crude brain membrane preparations of mice

from the three genotypes and revealed that the mutated a2-subunit was expressed in

homozygous mutant animals at a level comparable to that of cc2-expression in wild-type

mice. Furthermore, no differences in the expression levels of the al-, a3-, (J2/3-, and y2-

subunits were observed for the three genotypes (Fig. 24), indicating that the expression of

these subunits is not affected by the mutation.
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Fig. 24. Western blot analysis of GABAA-receptor subunits in wild-type (HH),
+/- +/+

heterozygous (HRneo ) and homozygous mutant (RRneo ) mice. Brain membranes were

+/ -1*

prepared from wild-type (HH), heterozygous (HRneo ), and homozygous mutant (RRneo ) mice, the

proteins separated by SDS-PAGE, blotted onto nitrocellulose membranes and probed with subunit-specific

antibodies to the GABAA-receptor. Expression levels of the al-, a2-, a3-, f32/3- and y2- subunits are

largely unaltered in heterozygous and homozygous mutant mice compared to wild-type mice.

The regional distribution of the GABAA-receptor al-, a2-, a5- and y2- subunits was

analyzed by immunohistochemical staining of brain sections from wild-type (HH neo~'~)

and homozygous mutant (RR neo+/,+) mice (Fig. 25). This immunohistochemical study

was performed to assess whether the point mutation in the a2-subunit influenced the

regional expression pattern of the cc2-subunit itself and/or the distribution of other GABAA-

receptor subunits, such as the y2-subunit, which coassembles with the a2-subunit in

GABAA-receptors, or the a5-subunit which has been colocalized with the a2-subunit in

hippocampal pyramidal cells and olfactory bulb granule cells (Fritschy and Mohler, 1995).

The expression pattern of the al-subunit was analyzed, because the al-subunit is the most

abundant and most widespread a-subunit in the adult mouse brain. No differences in

subunit distribution and relative expression intensities in different brain areas were detected

between wild-type (HH neo"/-) and homozygous mutant (RR neo+/+) mice. Expression of

the a2-subunit was demonstrated in the olfactory bulb, the allocortex, the hippocampus,

the striatum, the tectum and in cranial nerve motor nuclei in both genotypes. The

distribution of the al-subunit was widespread with highest expression levels in the

cerebral cortex, the basal forebrain, the thalamus, the cerebellum and the superior colliculus

in wild-type as well as homozygous mutant animals. The a5-subunit was mainly

expressed in the olfactory bulb, the hippocampus and the spinal trigeminal nucleus. The
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expression pattern of the Y2-subunit was most widespread, overlapping with the

expression of the al-, a2-, and a5-subunits. The y2-subunit was detected in the cerebral

cortex, the hippocampus, the amygdala, the basal ganglia, the thalamus, the tectum, the

cerebellum and the brainstem in both genotypes (Fig. 25).

Fig. 25. Immunohistochemical staining of brain sections of wild-type and oc2(H101R)

homozygous mutant mice. Sagittal sections were processed for immunoperoxidase staining with

polyclonal antibodies recognizing the al-, a2-, a5- and y2- subunits of the GABA^-receptor Relative

staining intensities are depicted in a false color code (yellow= highest intensity, red = medium intensity,

blue = background staining) The distribution pattern and relative expression levels in different brain areas

are unaltered for the al-, a2-, a5- and y2-subunits in homozygous mutant compared to wild-type mice
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The presence of additional diazepam-insensitive benzodiazepine (BZ) binding sites in

heterozygous and homozygous mutant mice resulting from the incorporation of mutated

a2-subunits into GABAA-receptors was demonstrated in radioligand binding assays

(Fig. 26). Crude brain membrane preparations from pools of HH neo"'", HR neo+'~ and

RR neo+/+ mice were incubated with increasing concentrations of [3H]Ro 15-4513

(1-100 nM) in the presence of 100 uM diazepam. [3H]Ro 15-4513 binds to both diazepam

(DZ)-sensitive and DZ-insensitive BZ binding sites; it can be displaced from the diazepam-

sensitive sites with an excess of diazepam, so that only diazepam-insensitive sites are

labeled. Non-specific [3H]Ro 15-4513 binding was detected by the incubation of brain

membranes with [3H]Ro 15-4513 (1-100 nM) in the presence of an excess of flumazenil

(lOmM). The values obtained for the unspecific binding were subtracted from those

obtained for the diazepam-insensitive [3H]Ro 15-4513 binding. Bmax values for diazepam-

insensitive BZ sites were determined by Scatchard transformation.
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Fig. 26. [3H]Ro 15-4513 binding to diazepam-insensitive benzodiazepine (BZ) binding

sites in crude brain membrane preparations. Diazepam-insensitive BZ binding sites were detected

in oc2 point-mutated mice by incubation of whole brain membrane preparations with increasing

concentrations ot [3H] Ro 15-4513 (1-100 nM) in in the presence of 100 uM diazepam. All values were

determined in duplicate. The Bmix values are given. Compared to wild-type animals an increase in diazepam-
+/

insensitive benzodiazepine binding sites is observed in oc2(H101R) heterozygous (HR neo ) and
+/+

homozygous mutant (RRneo ) mice resulting lrom the expression ol GABAA-ieceptors containing the

novel H101R mutant oc2-subumt
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In wild-type brains, 102 fmol diazepam-insensitive [3H]Ro 15-4513 binding sites were

detected per mg of protein which likely represent the oc4- and oc6-subunit containing

GABAA receptors. In HR neo+'~ heterozygous and RR neo+/+ homozygous mutant mice

the number of diazepam-insensitive [3H]Ro 15-4513 binding sites was increased to

160 and 247 fmol/mg protein, respectively (Fig. 26), indicating that the GABAA-receptors

containing the a2-subunit are BZ-insensitive. The KD values for diazepam-insensitive BZ

binding sites were 6.1 nM in wild-type, 6.4 nM in heterozygous and 7.7 nM in

homozygous mutant animals.

Benzodiazepine binding sites were analyzed in brain sections by receptor autoradiography

(Fig. 27). For this purpose, sections of wild-type (HH neo-/L), heterozygous (HR neo~/~)

and homozygous mutant (RR neo~/~) mice without neomycin resistance cassette (genetic

background: C57BL/6J / 129/Ola / FVB/N (50%:25%:25%)) and of homozygous mutant

mice (RR neo+/+) with neomycin resistance cassette (genetic background: C57BL/6J /

129/Ola (50%:50%)) were incubated with 20 nM [3H]Ro 15-4513 in the absence or

presence of 100 jiM diazepam (Fig. 27). In this way, either all [3H]Ro 15-4513 binding

sites were labeled (left column), or exclusively the diazepam-insensitive [3H]Ro 15-4513

binding sites (right column). No difference in [3H]Ro 15-4513 binding was observed in

the absence of diazepam for the different genotypes, indicating that the total amount and

distribution of benzodiazepine receptors was not affected by the oc2(H101R) point

mutation. However, an increase in diazepam-insensitive benzodiazepine binding sites in

heterozygous and homozygous mutant animals was evident after selective displacement of

[3H]Ro 15-4513 from diazepam-sensitive binding sites. In wild-type mice (HH neo~/~),

diazepam-insensitive [3H]Ro 15-4513 binding sites were exclusively detected in the

cerebellum, due to the expression of oc6-subunit containing GABAA-receptors in cerebellar

granule cells (Quirk et al., 1994), and in hippocampus and olfactory bulb, resulting from

the expression of cc4-receptors in these brain areas (Benke et al., 1997). In heterozygous

(HR neo_/L) and homozygous mutant mice (RR neo_/L and RR neo+^+), additional

diazepam-insensitive [3H]Ro 15-4513 binding sites were detected in hippocampus,

striatum, tectum and the olfactory bulb, matching exactly the known expression pattern of

the a2-subunit. A gene dosage effect of the mutant oc2-subunit allele was observed as the

expression of additional diazepam-insensitive [3H]Ro 15-4513 binding sites was enhanced

in homozygous mutant (RR neo"^" and RR neo+/+) compared to heterozygous (HR neo_/L)

animals. No differences were observed between homozygous mutant mice with

(RR neo+/+) and without (RR neo~/~) neomycin resistance cassette. These results indicate,

that formerly diazepam-sensitive wild-type a2-GABAA-receptors had been successfully

transformed into diazepam-insensitive receptors by a histidine to arginine exchange in

position 101.
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[3H]Ro-15 4513 [3H]Ro-15 4513 + diazepam

Fig. 27. [3H]Ro 15-4513 autoradiography. Benzodiazepine (BZ) binding sites were detected on

brain sections ol wild type (wt), oc2(H101R) heterozygous (H/R) and homozygous mutant (R/R) mice

without neomycin resistance (neo) cassette and on brain sections of oc2(H101R) homozygous mutant mice

including the neo marker at the ex2 locus (Rneo/Rneo) All BZ binding sites (left column, one week

exposure), as well as diazepam-insensitive BZ binding sites (right column, three weeks exposure) were

identified by incubation of the brain sections with 20 nM [3H]Ro 15-4513 in the absence or presence of

100 (J.M diazepam respectively No differences were observed in expression and distribution of

benzodiazepine binding sites between the 4 different genotypes (left column), whereas the expression of

additional diazepam insensitive BZ-sites was detected in hippocampus striatum, cerebral cortex, tectum and

olfactoiy bulb in all tt2(H101R) mutant mice (right column) All these regions aie known to express the

0c2 subunit I he occurrence of mutation induced diazepam insensitive BZ sites was higher in homozygous

unit ml mice comp uccl to hcteiozygous mice
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4.3.2. Behavioral pharmacology of diazepam in a2(H101R) homozygous

mutant and wild-type mice

4.3.2.1. Myorelaxant, motor coordination impairment and anticonvulsant

effects of diazepam in a2(H101R) mutant and wild-type mice

Diazepam produces muscle relaxation and impairment of motor coordination and acts as a

potential antiepileptic in mice (Facklam et al., 1992). To assess the consequences of the

a2(H101R) point mutation on these pharmacological effects, a2(H101R) homozygous

mutant and wild-type mice were orally injected with increasing doses of diazepam

(0 (vehicle), 3, 10, and 30 mg/kg) suspended in 0.3% Tween 80. 30 min after, they were

analyzed in the horizontal wire and rotating rod tests and were then injected (i.p.) with

120 mg/kg pentylenetetrazol (Fig. 28). In wild-type animals, diazepam reduced the muscle

tonus in a dose dependent manner (X2 (3)=27.87, p<0.001) as assessed upon the

gradually increased percentage of mice exhibiting an impaired grasping reflex in the

horizontal wire test (Fig. 28A). On the contrary, none of the a2(H101R) homozygous

mutant mice injected with 3 and 10 mg/kg diazepam exhibited an impaired grasping reflex.

Only after injection with 30 mg/kg diazepam, 27% of the mutant mice showed an impaired

grasping, which was not significantly different from the vehicle-treated group (p<0.124,

Fisher's exact test) (Fig. 28A). Thus, oc2-subunit containing GABAA-receptors appear to

mediate the muscle relaxant action of diazepam.

Motor coordination impairment induced by diazepam was assessed in the rotarod test

(Figs. 28 B, C). In wild-type as well as a2(H101R) homozygous mutant mice, diazepam

increased the percentage of animals unable to stay on the rod for at least 1 min in a dose

dependent manner (wt: X2(3)=25.83, p<0.001; a2(H101R) mut: X2 (3)=25.05, p<0.001)

(Fig. 28B). Likewise, diazepam decreased the mean latency to fall down from the rod with

increasing doses (wt: F(3,36)=28.6, p<0.001 and a2(H101R) mut: F(3,37)=19.24,

p<0.001 (ANOVA)) (Fig. 28 C). Since diazepam impaired motor coordination in mice of

both genotypes, diazepam-binding to oc2-subunit containing GABAA-receptors does not

seem to be relevant for the mediation of this effect.

The anticonvulsant effect of diazepam was investigated by evaluating its potential to protect

mice from pentylenetetrazol-induced tonicoclonic seizures (Fig. 28 D, E). No major

differences in the anticonvulsant action of diazepam were observed between wild-type and

a2(H101R) homozygous mutant mice.
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Fig. 28. Myorelaxant, motor coordination impairment, and anticonvulsant effects of

diazepam in oc2(H101R) homozygous mutant and wild-type mice. Mice were orally injected

with either vehicle or 3, 10 and 30 mg/kg diazepam and were tested 30 min later in the horizontal wire test

(A) and the rotarod test (B,C). Immediately thereafter, they were injected (i.p.) with 120 mg/kg PTZ (D, E)

(n=10per treatment group, except n=ll for mutant mice injected with 30 mg/kg diazepam). Diazepam did

not induce a dose-dependent myorelaxant effect in oc2(H101R) mutant mice as observed for wild-type

animals (X2(3) = 27.87, *** p<0.001) (A). The motor coordination impairment (B, C), as well as the

anticonvulsant effect of diazepam (D, E) were unaltered in oc2(H101R) mutant mice. The percentage of

animals displaying a motor impairment in the rota rod test increased with increasing doses of diazepam in

wild-type (X2(3) = 25.83, *** p<0.001) as well as <x2(H101R) mutant mice (X2(3) = 25.05, *** p<0.001)

(B, C). Likewise, diazepam reduced the percentage of mice developing tonicoclonic seizures in a dose

dependent manner in both genotypes (wt: X2(3) = 32.38, *** p<0.001, cc2(H101R) mut: X2(3) = 28.13,

*** p<0.001). Mean values and standard errors of the mean are given in C and D.

In both genotypes, diazepam reduced the percentage of mice developing tonicoclonic

seizures (wt: X2(3)=32.38, p<0.001; <x2(H101R) mut: X2(3)=28.13, p<0.001) and the

latency to clonic seizure occurrence (wt: H=30,74, p<0.001; oc2(H101R) mut: H=32.43,

p<0.001, Kruskal-Wallis test) in a dose dependent manner. Full protection from tonic

seizures was achieved at a dose of 10 mg/kg diazepam in both, wild-type and oc2(H101R)

mutant mice. These results indicate that oc2-subunit containing GABAA-receptors are of

minor or no relevance in mediating the anticonvulsant action of diazepam.

4.3.2.2. Ethanol-potentiating effect of diazepam in a2(H101R) mutant and

wild-type mice.

Ethanol has been demonstrated to potentiate chloride conductance produced by the

GABAA-receptor agonists muscimol and isoguvacine (Allan et al., 1991). Ethanol, injected

at a dose which does not induce the loss of righting reflex in mice produces a loss of this

reflex when administered in combination with diazepam (Stephens et al., 1990). Therefore,

the influence of the point mutation in oc2(H101R) mutant mice on the ethanol potentiating

effect of diazepam was investigated (Fig. 29). Wild-type and oc2(H101R) mutant mice

were orally injected with either vehicle or 1, 2, 3, and 6 mg/kg diazepam and received an

intraperitoneal injection of 3 g/kg ethanol (15% in water) 30 min thereafter. In wild-type

animals, diazepam potentiated the effect of ethanol on the righting reflex in a dose

dependent manner as shown by the increase in the median latency of righting reflex

recovery at 2 and 3 mg/kg diazepam (H(3)=10.74, p<0.01). In contrast, in a2(H101R)

mutant mice, the median latencies of righting reflex recovery were strongly reduced to

1.2 and 0.1 min after pretreatment with 3 and 6 mg/kg diazepam, respectively

(H(3)=0.87, not significant). Thus, the ethanol potentiating effect of diazepam appears to

be mediated by the a2-GABAA-receptor subtype.
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Fig. 29. Ethanol potentiating effect of diazepam. Wild-type mice were orally injected with

vehicle (n = 5), 1 mg/kg (n = 5), 2 mg/kg (n = 4) and 3 mg/kg (n = 6) diazepam and oc2(H101R) mutant

mice with vehicle (n = 5), 1 mg/kg (n = 5), 3 mg/kg (n = 7) and 6 mg/kg (n = 5) diazepam. 30 min later

they were i.p. injected with 3 g/kg ethanol (15% in water). The righting reflex recovery was increased up to

1.5 hours in wild-type animals treated with 2 and 3 mg/kg diazepam, respectively, compared to vehicle

treated mice which did not loose the righting reflex. In oc2(H101R) mutant mice, diazepam, up to 6 mg/kg
did not potentiate the effect of ethanol.

4.3.2.3. Amnesic effect of diazepam in a2(H101R) homozygous mutant

and wild-type mice

Diazepam has been demonstrated to cause a time dependent retrieval memory deficit in mice

(Borde et al., 1997). To assess whether the oc2-receptor subtype is involved in mediating

this drug effect, vehicle- and diazepam-treated a2(H101R) homozygous mutant and wild-

type mice were investigated in the T-maze test (Fig. 30 A). Animals were twice forced to

enter the the same arm of the T-maze apparatus in an acquisition session and were injected

with either 2 mg/kg diazepam or with vehicle 30 min thereafter. Alternation behavior was

assessed after a retention interval of lh, followed by a second acquisition session and a

retention trial after only 30 s. In wild-type mice, 69% of the vehicle-treated animals

exhibited a spontaneous alternation behavior after a 1 hour retention interval, which is

clearly above chance level, whereas spontaneous alternation was reduced to 38% after

diazepam injection (p<0.078, Fisher's exact test (compared to 69%)). Spontaneous

alternation behavior after a 30 s retention interval (63%) was unaffected by the diazepam

treatment, indicating that diazepam causes a time-dependent retrieval memory deficit. This

deficit was not observed in oc2(H101R) mutant mice displaying exactly the same

percentage of animals performing a spontaneous alternation after a 1 hour delay with and
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without diazepam treatment (67%). Therefore, a2-subunit containing GABAA-receptors

are likely to mediate the observed diazepam-induced time-dependent retrieval memory

deficit.
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Fig. 30. Amnesic effects of diazepam in oc2(H101R) homozygous mutant and wild-type

mice. Diazepam-induced time-dependent retrieval memory deficits were tested in the delayed alternation task

in the T-maze. (Fig. 30 A). Mice were orally injected with 2 mg/kg diazepam or with vehicle 30 min prior

to the retention trial (n - 16 per treatment group in wild-type mice, n = 18 per treatment group in

a2(H101R) mutant mice). Spontaneous alternation behavior was reduced from 68.75% in vehicle-treated

wild-type mice to 37.5% in diazepam-treated wild-type mice after a 1 h retention interval. The percentage of

mice displaying a spontaneous alternation behavior after a 30 s retention interval was unaffected by the

diazepam treatment (63%). The diazepam-induced time-dependent retrieval memory deficit was not observed

in oc2(H101R) homozygous mutant mice, which exhibited the same percentage of spontaneous alternation

with and without diazepam treatment after retention intervals of lh (67%) and 30 s (78%).
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The anterograde amnesic effect of diazepam was investigated in the one-trial passive avoidance test

(Fig. 30 B). Mice were orally injected with either vehicle or 6 mg/kg diazepam (n=10 per treatment group)
30 min before the acquisition trial, during which they received an electric foot shock upon entering the dark

compartment of the test apparatus. The mean step-through latency for re-entering the dark compartment 24

hours later was reduced in diazepam-treated wild-type mice compared to vehicle controls (F(l, 36) = 3.96, **

p<0.01, Newman Keuls test). The mean step-through latency was reduced in vehicle-treated oc2(H10lR)
mutant mice compared to vehicle-treated wild-type mice (* p<0.05, Newman Keuls test). Step-through
latencies between vehicle- and diazepam-treated mutant mice were not significantly different. Mean values

and standard errors of the mean are given.

Diazepam has further been demonstrated to produce anterograde amnesia in mice when

administered prior to inhibitory avoidance training (Cahill et al., 1986). To assess the

consequences of the a2(H101R) point mutation on diazepam-induced anterograde

amnesia, a2(H101R) mutant and wild-type mice were tested in the one-trial passive

avoidance paradigm (Fig. 30 B). Mice were orally injected with either vehicle or 6 mg/kg

diazepam 30 min prior to the training session in which they received an electric foot shock

upon entering a dark compartment. Diazepam reduced the mean step-through latency for re¬

entering this compartment 24 hours after shock delivery in both genotypes. However, this

reduction was only significant in diazepam-treated compared to vehicle-treated wild-type

mice (F(l,36)=3.96, p<0.05, two way ANOVA, p<0.01, Newman Keuls test) and not in

ct2(H101R) mutant mice. This was due to the fact that the mean step-through latency in

vehicle-treated oc2(H101R) homozygous mutant mice was already significantly reduced

compared to vehicle-treated wild-type mice (p<0.05, Newman Keuls test). This

observation points to a diazepam independent point mutation phenotype influencing

memory function in a2(H101R) mutant mice.
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5. Discussion

Classical benzodiazepines such as diazepam are in wide clinical use as anxiolytics,

hypnotics, myorelaxants, and anticonvulsants. They act by potentiating GABA-induced

chloride currents at GABAA-receptors expressing the al-, al-, a3-, or a5-subunit in

combination with p% and y-subunits. In the mammalian brain, the major BZ-sensitive

receptor subtypes (alJ32y2, a2P3y2, a3J33y3, and a5P2/3y2) exhibit characteristic

distribution patterns and are expressed in functionally distinct neuronal populations

(Fritschy and Mohler,1995). The contribution of the individual receptor subtypes to the

pharmacological spectrum of BZs is of pivotal importance for the understanding of BZ

action. We decided to address this issue by the generation of mouse lines carrying a point

mutation in the al-, a2-, a3-, or a5-subunits rendering the respective GABAA-receptor

subtypes BZ-insensitive. The deficit in the diazepam response observed in these mice can

thus be attributed to the mutated receptor subtype. A conserved histidine residue in

position 101, 101, 126 and 105 of the N-terminal extracellular domain of the al-, a2-,

a3-, and a5-subunits, respectively, appeared to be a suitable target for mutagenesis for

several reasons: 1) The homologous histidine residue in the bovine al-subunit had been

identified as part of the BZ-binding site by photoaffinity labeling with 3[H]flunitrazepam

(Duncalfe and Dunn, 1996). 2) This histidine residue is absent from the a4- and a6-

subunits which contribute to BZ-insensitive receptors and instead carry an arginine

residue in the homologous position (Wieland et al., 1992). 3) The exchange of the

histidine residue in position 101 of the al-subunit by an arginine residue has been

demonstrated to render recombinant al(H101R)P2y2-receptors diazepam-insensitive

without altering GABA-sensitivity (Wieland et al., 1992; Kleingoor et al., 1993) 4) A

histidine to arginine exchange in the al-, a2-, a3-, and a5-subunits is unlikely to

interfere with synthesis and targeting of the mutant subunits, since a4- and a6-receptors

naturally contain an arginine residue in the homologous positions 99 and 100 of their

a-subunits, respectively, and are properly expressed and assembled in vivo.

In this context, the present thesis project involved the generation and analysis of the

a2(H101R) point-mutated mouse line.
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5.1. A single histidine residue in position 101 of the cc2-subunit

determines BZ-sensitivity in recombinant a2(33y2 receptors

A prerequisite for the construction of the a2(H101R) mutant mouse line was the

demonstration on recombinant receptors that the histidine to arginine exchange in position

101 of the cc2-subunit rendered oc2(H101R)p,372-receptors BZ-insensitive without

altering the GABA-response in analogy to the findings on al(H101R)P272 receptors

(Wieland et al., 1992; Kleingoor et al., 1993). The substitution of the histidine residue in

position 101 of the a2-subunit with an arginine residue lead to a complete loss of

diazepam potentiation of GABA-induced chloride currents in recombinant

a2(H101R)p3Y2-receptors (Figs. 4B and C). The same phenomenon was also observed

for recombinant a3(H126R)P3')2 and a5(H105R)P2y2 receptors carrying the amino acid

substitution in the homologous position (Benson et al., 1998). This lack of response to

diazepam in mutated oc2-, oc3-, and a5-receptors is most likely due to a lack of affinity

for diazepam, as has been demonstrated in radioligand binding assays for recombinant

mutated al(H101R)(3272-receptors (Wieland et al, 1992) and for wild-type a4p2Y2 and

oc6p2y2 receptors (Whittemore at al., 1996; Knoflach et al., 1996; Hadingham et al.,

1996; Wafford et al., 1996).

In addition, the responses of recombinant a2(H101R)P3y2 receptors to atypical BZ-site

ligands such as the partial agonist bretazenil and the partial inverse agonist Ro 15-4513

were investigated. Bretazenil potentiation of GABA-evoked currents on oc2(H101R)P3y2

receptors was increased compared to bretazenil potentiation on oc2P3t2 wild-type

receptors. The same held true for bretazenil action on mutated oc1(H101R)P2y2,

a3(H126R)|3372, and a5(H105R)p2y2 receptors (Benson et al., 1998). This uniform

increase in bretazenil potentiation on His-Arg-mutated compared to wild-type recombinant

receptors is unlikely to result from an increase in the affinity for bretazenil, since

bretazenil binds to oc6|33Y2-receptors (K, = 12.7 nM) with a lower affinity than to

al|3372-receptors (K, = 0.35 nM) (Hadingham et al., 1996). Thus, the increased

potentiation of GABA-currents in recombinant point-mutated receptors is likely to be due

to an increased bretazenil efficacy resulting from an altered coupling of bretazenil binding

to the BZ-site and channel gating.

Ro 15-4513, which acts as a partial inverse agonist on wild-type receptors switched its

efficacy to act as an agonist on mutant oc2(H101R)p3Y2-receptors, as was also observed

for cd(H101R)p272-, oc3(H126R)p3Y2-, and a5(H105R)p2Y2-receptors (Benson et al.,

1998). This change in efficacy is in line with the agonistic action of Ro 15-4513 on

diazepam-insensitive a4piY2-, oc4P2y2-, a6pi72-, and oc6P272-receptors (Whittemore

at al., 1996; Knoflach et al., 1996; Hadingham et al., 1996; Wafford et al., 1996) and
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with its high affinity to diazepam-insensitive ocl(H101R) and a6-receptors (KD = 10 nM)

(Wieland et al., 1992).

A point mutation in the y2-subunit of the GABAA-receptor has also been demonstrated to

influence the efficacy of various BZ-site ligands. The substitution of a threonine residue

in position 142 of the 72-subunit with a serine residue switched the efficacy of

Ro 15-4513 and Rol5-1788 on recombinant aipiy2-receptors from partial inverse

agonism and antagonism, respectively, to partial agonism. Interestingly, the potentiation

of the GABA-response by the two BZ-site full agonists diazepam and flunitrazepam was

doubled (Mihic et al., 1994).

The differential efficacies of various BZ-site ligands induced by a single histidine to

arginine mutation in the al-, a2-, a3-, and a5- subunits of the GABAA-receptor point to

distinct domains of interaction of the BZ-binding site with different BZ-site ligands and to

a spatial separation of binding and allosteric coupling domains. Boileau et al. (1998)

demonstrated that these two types of domains were located in different parts of the BZ-

site. In a molecular dissection approach utilizing chimeric y2/al-subunits two areas were

identified in the y2-subunit (K41-W82 and R114-D161) which were necessary and

sufficient for high affinity flunitrazepam binding to chimeric recombinant al(32y2/al

receptors but failed to mediate allosteric coupling between the GABA and BZ-sites

(Boileau et al., 1998). The domain(s) responsible for allosteric coupling remain to be

identified.

In summary, a single histidine to arginine mutation in the al-, a2-, a3-, and a5-

subunits has been demonstrated to render recombinant al(H101R)P2y2-,

a2(H101R)p372-, a3(H126R)p372-, and a5(H105R)P272-receptors diazepam-

insensitive. The potentiation of GABA-currents by bretazenil was increased and

Ro 15-4513 acted as an agonist instead of acting as a partial inverse agonist. Thus, the

pharmacological consequences of the histidine to arginine mutation were common to al-,

a2-, a3-, and a5-GABAA-receptor subtypes. Furthermore, current amplitudes observed

in response to GABA and the sensitivity to Ro 15-4513 confirmed the assembly of the

point-mutated a-subunits in a(3y-receptors. The histidine to arginine substitution did not

appreciably affect GABA potency. Therefore, substitution of the conserved histidine

residues in the al-, a2-, a3-, and a5-subunits of the GABAA-receptor by arginine

residues constitutes a tool to render the respective a-receptor subtypes insensitive to

classical benzodiazepines in vivo.
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5.2. Cre loxP-mediated gene targeting for the introduction of the H101R

point mutation into the GABAA-receptor a2-subunit gene

In order to define the role of oc2-subunit containing GABAA-receptor subtypes in BZ-

action, the mouse oc2-receptors were rendered BZ-insensitive by substitution of the

histidine residue in position 101 of the a2-subunit with an arginine residue. The

corresponding point mutation was introduced into the mouse oc2-subunit gene using a

novel cre-loxP mediated gene targeting strategy, requiring only a single round of ES cell

culture, nevertheless allowing the elimination of the neomycin resistance cassette from the

targeted locus. This strategy is based on the use of a transgenic mouse line expressing the

cre-recombinase under the control the adenoviral Ella promoter (Lakso et al., 1996).

Briefly, targeted ES cells clones containing the histidine to arginine point mutation in

exon 4 of the a2-subunit locus and the loxP-flanked neomycin resistance cassette in the

neighboring upstream intron were injected into blastocysts to yield chimeric mice. One of

the two chimeras obtained was male and exhibited 86% germ line chimerism. This

chimeric mouse was either directly bred to EHa-cre recombinase transgenic mice or was

first bred to wild-type mice to produce cc2(H101R) heterozygous mutant offspring which

were then bred with cre recombinase-transgenic mice. Approximately 25% of the

offspring were cc2(H101R) heterozygous and had completely excised the neomycin

resistance cassette from the target allele as assessed by PCR analysis of tail DNA,

indicating that the cre transgene was expressed at early embryonic stages. These findings

are in line with Ella promoter activity in mouse oocytes and preimplantation embryos as

detected by the injection of different mouse embryonic stages with plasmids containing

the Ella promoter coupled to various reporter genes (Dooley et al., 1989). To confirm the

excision of the neo cassette from the germ line, progeny of first generation cre-

recombinase transgenic, oc2(H101R) mutant mice were analyzed for the presence of the

neo-cassette by PCR. Only 2 of 213 animals tested contained the neomycin resistance

cassette and could be traced back to the same parents. Thus, only 1 or 2 out of 19 parent

mice originally identified as neo-deficient by PCR analysis of tail DNA were mosaic

animals and had only incompletely excised the loxP-flanked neomycin resistance cassette

from their germ line. The efficiency of the cre recombinase transgene to excise loxP-

flanked DNA sequences from the mouse chromosome may be locus dependent. Lakso et

al. (1996) reported that breeding of homozygous mutant mice carrying a loxP-flanked

neomycin resistance cassette in the immunoglobulin light chain kappa locus with the same

line of homozygous EHa-cre recombinase-transgenic mice resulted in a complete excision

of the selection marker in only 50% of the offspring (compared to 90% in our approach).

The remaining 50% were mosaic animals with regard to the elimination of the selection

cassette.



112

The neomycin resistance cassette was excised from the target locus to exclude any

undesired phenotypic effects of the neo cassette unrelated to the point mutation. Several

authors have reported that the promoter and enhancer elements of the neomycin resistance

cassette might deregulate transcription of neighboring genes, especially when genes are

organized in clusters and contain joint locus control elements. Insertion of a neomycin

resistance cassette driven by the phosphoglycerate kinase (PGK) promoter into the

murine granzyme B gene abrogated the expression of several downstream granzyme

genes within the cluster, even at distances greater than 100 kb from the mutation (Pham et

al., 1996). Replacement of part of the (3-globin locus control region with the PGK-neo

cassette caused a clear reduction in expression of all P-globin genes. This effect was

reversed after removal of the selectable marker from the target site by means of the FLP

site-specific recombinase, indicating that the reduced expression was attributable to the

insertion of the selectable marker and not to the deletion (Fiering et al., 1995). A strategy

to detect potentially harmful defects of the selection cassette was designed by Ramirez-

Solis et al. (1993). Two different methods were chosen to create a Hoxb-4 null allele: In a

first approach, the first exon of the Hoxb-4 gene was interrupted with a PGK neo bpA

expression cassette, containing two enhancer-promoter units, and in a second approach a

premature stop codon was introduced into the homeobox of this gene by the hit and run

procedure, yielding a non-functional truncated Hoxb-4 protein. Both mutations caused

partial homeotic transformation of the second cervical vertebra from axis to atlas.

Interestingly, an additional defect in sternum morphogenesis was only observed in the

presence of the selection cassette (Ramirez-Solis et al., 1993).

GABAA-receptor subunits are known to be organized in chromosomal clusters, each of

which contains a-, (3-, and y-subunit genes, which might include joint locus control

elements. The oc2-subunit gene is clustered with the a4-, fil-, and yl-subunit genes on

human chromosome 4 (for review see Barnard et al., 1998).

In our strategy, the neomycin resistance cassette in intron 3 of the GABAA-receptor a2-

subunit gene was therefore flanked with loxP sites which enable its removal from the

target locus by ere recombinase mediated intrachromosomal recombination.
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5.3. The substitution of a histidine residue in position 101 of the oc2-

subunit with arginine renders cc2-receptors diazepam-insensitive in vivo

The introduction of the H101R point mutation into the GABAA-receptor oc2-subunit gene

resulted in the generation of novel diazepam-insensitive [3H]Ro 15-4513 binding sites

which are detected in addition to the naturally diazepam-insensitive [3H]Ro 15-4513

binding sites contributed by the hippocampal and olfactory bulb a4- and the cerebellar a6-

receptor subtypes. As demonstrated in autoradiographs of brain sections, these novel

diazepam-insensitive [3H]Ro 15-4513 binding sites are located in hippocampus, striatum,

tectum and the olfactory bulb and thus perfectly match the expression pattern of the a2-

subunit. Furthermore, immunohistochemical staining revealed that the distribution of the

oc2-subunit in different brain areas was unaltered in a2(H101R) homozygous mutant

compared to wild-type mice. In Western blots comparable cc2-subunit expression levels

were detected in mice from both genotypes. Thus, it can be concluded that the H101R

point-mutated a2-subunit substitutes for its wild-type counterpart in a2-receptors of

homozygous mutant mice, thereby rendering this receptor subtype diazepam-insensitive. In

addition, it was demonstrated in Western blot and immunohistochemical analyses that the

expression levels and the distribution patterns of the al-, a3-, a5-, |32/3-, and Y2-subunits

were unaffected by the point-mutated a2-subunit. The a2(H101R) point-mutated mouse

line with its diazepam-insensitive a2-receptors will be of major importance for determining

the significance of this receptor subtype in diazepam action.

5.4. Behavioral analysis of oc2(H101R) mutant mice requires backcrossing

to a pure genetic background

The a2(H101R) point mutation was introduced into the a2-subunit gene of E14 embryonic

stem cells derived from mouse strain 129/Ola, one of the few ES cell lines which were

available at the time this project was started. 129/Ola mice are poor breeders and are not

well characterized in behavioral tests. Therefore, the mutation was bred to the 129/SvJ,

129/SvEv and C57BL/6J backgrounds instead of maintaining it on a pure 129/Ola

background. We refrained from directly analyzing hybrid F2 animals (129/Ola / 129/SvJ,

129/Ola / 129SvEv or 129/Ola / C57BL/6J hybrids, 50% genetic contribution of both

strains on average) because of their high intrinsic genetic variability (Banbury Conference

on Genetic Background in Mice, Neuron Vol. 19, 755-759, October, 1997). F2 animals

identified as homozygous mutant, heterozygous or wild-type with regard to the introduced

point mutation may have inherited zero, one, or two homologues of any unlinked

chromosome from one particular strain. Furthermore, the mutant chromosome itself is

likely to have mainly contributions from mouse strain 129/Ola in F2 hybrides, whereas the
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corresponding wild-type chromosome may predominantly contain contributions from

strains 129/SvJ, 129SvEv or C57BL/6J. Therefore, in F2 hybrids, wild-type littermates

may not be ideal controls for the homozygous mutant animals and a weak phenotype might

be masked by the high genetic variability.

An initial behavioral analysis of the oc2(H101R) mutant mouse line was performed after

three rounds of backcrossing on the 129/SvJ background (87.5 % contribution of strain

129/SvJ on average). Mice from strain 129/SvJ have been demonstrated to perform well in

a variety of behavioral setups including anxiety tests (Crestani, personal communication).

Even after 12 rounds of backcrossing to a defined inbred strain resulting in an expected

99,98% representation of the desired genetic background, a 16 centiMorgan chromosomal

segment from strain 129/Ola (ES cell strain) on average will be maintained around the

mutation locus (Gerlai, 1996). This so called differential segment representing about 1% of

the genome and comprising some 300 genes might contain strain-specific allelic variants

potentially influencing the phenotype of the mutation. This concern is of minor relevance in

our approach, since analysis of the a2(H101R) mutant mouse line will mainly focus on

behavioral pharmacology assessing drug effects on mutant and wild-type mice by

comparing vehicle and drug treatments.

To allow the study of the point mutation in different genetic backgrounds, a2(H101R)

mutant mice were also backcrossed with animals from the inbred strains 129/SvEv and

C57BL/6J. This issue may be of great importance since markedly different sensitivities of

different inbred strains to drugs such as apomorphine (Seale et al., 1984), cocaine (Tolliver

and Carney, 1994), morphine (Brase et al., 1977), nicotine (Miner and Collins, 1989),

phencyclidine (Holsztynska et al., 1991), and chlordiazepoxide (a classical

benzodiazepine) (Cooper and Francis, 1979) have been reported. Backcrossing of the

a2(H101R) point mutation to different genetic backgrounds would also make possible the

generation of Fl hybrids with a defined mixed background. The Fl hybrids would be

generated by crossing for example a heterozygous mouse constituting the tenth backcross

on the 129/SvJ background with a heterozygous mouse constituting the tenth backcross on

the C57BL/6J background. These Fl hybrids would have equal contributions of the two

parent strains.

The study of hybrid mice has been proposed by participants of the Banbury Conference on

genetic background in mice in 1997 (Neuron Vol. 19, 755-759, October, 1997) to

overcome problems such as spatial learning deficits and passivity often observed in 129

inbred strains and poor avoidance learning experienced with C57BL/6J mice. Specific

deficits of inbred strains are assumed to be rescued by the other strain used for the

generation of Fl hybrids. For example, in the Morris water maze, 129 x C57BL/6J

hybrids perform better than the two constituent strains themselves (H.-P. Lipp, personal

communication).
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5.5. a2(H101R) Mutant mice do not exhibit muscle relaxation, retrieval

memory deficits, and potentiation of the ethanol effect in response to

diazepam treatment

In order to assess the contribution of oc2-GABAA-receptors to the pharmacological

spectrum of diazepam, the responses of oc2(H101R) mutant mice to this drug were

assessed in various behavioral paradigms. Any effect of diazepam in wild-type mice that is

not observed in oc2(H101R) mutant mice is likely to be mediated by a2-receptors.

Conversely, any effect of diazepam that is identical in wild-type and a2(H101R) mutant

mice cannot be ascribed to a2-receptors, but is instead mediated by one or more of the

other receptor subtypes.

In the horizontal wire test, the diazepam-induced myorelaxation seen in wild-type mice is

absent in the a2(H101R) mutant mice, indicating that diazepam-induced central

myorelaxation is mediated by a2-receptors. Similarly, in the T maze, the diazepam-induced

impairment of the retrieval memory seen in wild-type mice is absent in the a2(H101R)

mutant mice, demonstrating that this action is also mediated by the a2-receptors. In

contrast, the anticonvulsant action of diazepam in the pentylenetetrazol convulsion test and

the diazepam-induced impairment of motor coordination in the rotarod test are

indistinguishable in wild-type and oc2(H101R) mutant mice, indicating that these actions

are not mediated by the a2-receptors. Surprisingly, in the passive avoidance test, the step-

through latency of vehicle-injected cc2(H101R) mutant mice was significantly lower than

that of vehicle-injected wild-type mice. Though diazepam may decrease the step-through-

latency further, this was not statistically significant. The questions whether the a2(H101R)

mutation influences memory functions in the absence of diazepam and whether a significant

diazepam-induced anterograde amnesic effect can be demonstrated in a2(H101R) mutant

mice warrant further investigations. Likewise, the presence or absence of the anxiolytic and

sedative actions of diazepam in the oc2(H101R) mutant mice needs to be explored in the

future.

The finding that oc2-receptors mediate diazepam-induced myorelaxation correlates with me

expression of a2-receptors on brain stem motoneurons (Fritschy and Mohler, 1995) and is

furthermore in line with the observation that the selective BZ-site agonist abecarnil, acting

as a full agonist on recombinant al- and oc3-GABAA-receptor subtypes, but only as a

partial agonist on cc2- and oc5-receptor subtypes (Pribilla et al., 1993; Knoflach et al.,

1993), exhibits a considerably reduced muscle relaxant effect compared to diazepam

(Stephens et al., 1990; Lytle et al., 1995).
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Proposed functional roles

of GABAA-receptor subtypes in diazepam-induced behavior

a2 al, a3, a5

Myorelaxation (HWT) + —

EtOH potentiation (LRR) +
—

Retrieval memory deficit (T-maze) + —

Motor coordination impairment (RR) —

+

Anticonvulsion (PTZ) — +

Table IV. The myorelaxant (HWT = horizontal wire test), ethanol-potentiating (LRR = loss of the

righting reflex) and retrieval memory impairing (T-maze test) effects of diazepam are mediated by the a2-

receptor subtype, whereas motor coordination impairment (RR = rotating rod test) and the anticonvulsant

effect (PTZ = pentylenetetrazol convulsion test) ofdiazepam are mediated by one or more of the al-, a3-,

or a5-receptor subtypes.

A al(H101R) mouse line has been generated in our laboratory which has been shown to

express diazepam-insensitive a1-receptors (Rudolph et al., 1998). Behavioral analysis of

this mouse line in the passive avoidance test and recording of horizontal motor activity in

an IR actimeter revealed that a1-receptors mediate the anterograde amnesic and sedative

actions of diazepam, respectively (Crestani, personal communication). The latter

observation is in line with the hypno-selective spectrum of Zolpidem, binding preferentially

to al-GABAA.receptor-subtypes (Costa and Guidotti, 1996). The anticonvulsant action of

diazepam appears to be partially mediated by al-receptors (Crestani, personal

communication). Since it has been demonstrated in the present study, that a2-receptors are

not involved in the mediation of the anticonvulsant effect of diazepam, a3- and a5-receptor

subtypes remain potential candidates. Analysis of the al(H101R) mouse line further

revealed that the myorelaxant and anxiolytic effects of diazepam are not mediated by al-

receptors (Crestani, personal communication). The anxiolytic effect is rather expected to be

mediated by oc2-receptor subtypes, since high levels of a2-expression have been detected

in the amygdala and hippocampus (Fritschy and Mohler, 1995) and direct injections of

benzodiazepines in these brain structures have been demonstrated to be anxiolytic (Nagy et

al., 1979; Campbell et al., 1980). Electrical stimulation of the amygdala has further been

shown to induce anxiety symptoms and the destruction of lateral, basal or central nuclei of

the amygdala resulted in the disappearance of fear and anxiety in animals (Kuhar, 1986).

The contribution of the amygdala to fear conditioning became apparent as lesions of the

central nucleus of the amygdala interfered with the conditioning of fear reactions (Kapp et
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al., 1984). The anxiolytic action of diazepam in oc2(H101R) mutant mice will be

investigated in the near future.

The results obtained in the analysis of ocl(H101R) and a2(H101R) mutant mice prove

convincingly that various GABAA-receptor-subtypes mediate different aspects of the

pharmacological spectrum of diazepam. This finding provides a rational basis for the

development of drugs specific for certain receptor subtypes, which will have fewer side

effects than the benzodiazepines that are currently in chnical use. The "side effects" of

benzodiazepines, e.g., the anterograde amnesic effect or the sedative effect when used as

anxiolytics, are all mediated by GABAA-receptor-subtypes and not in an unspecific

fashion. Thus, the knowledge which drug effects are mediated by which subtype will serve

as a guide for the design of novel drugs. Testing diazepam action on the al(H101R)

mutant mice could theoretically be considered as testing a drug that binds to oc2-, oc3-, and

a5-receptors, but not to a1-receptors. Such a drug.would be an anxiolytic and a

myorelaxant, but it would not have sedative and anterograde amnesic actions, which are the

major side effects in current BZ drugs. Testing diazepam action on oc2(H101R) mice could

be considered as testing a drug that binds to the al-, a3- and oc5-receptors, but not to the

oc2-receptors. Such a drug would have the sedative action, but not the myorelaxant and

ethanol potentiating action of diazepam.

Once all four point-mutated mouse lines (ccl(H101R), a2(H101R), a3(H126R), and

a5(H105R)) are available, it will also be possible to breed double-subunit and triple-

subunit mutant mice. The only receptor subtype that is diazepam-sensitive in a

od(H101R)-a3(H126R)-a5(H101R) triple mutant mouse would be the oc2-receptor.

Testing diazepam on this triple mutant could be considered as a simulation of a drug that

acts specifically at oc2-recepotors.

One of the major problems of benzodiazepine use is the development of tolerance and

dependence. It is conceivable that the action of diazepam on specific receptor subtypes is

required for tolerance and/or dependence. This would make the development of drugs with

no affinity to the respective receptor subtype(s) very attractive.

In summary, the oc2(H101R) mice represent an animal model whose study provides

valuable information about the role of the oc2-receptors for various diazepam actions. The

knowledge gained in these studies is expected to be of major relevance for the

development of new GABAA-receptor subtype-specific drugs.
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