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Preface

Pharmacology has always used methods from neighboring disciplines such as
physiology, anatomy, or pathology. At one time, experimental pharmacology
was mainly based on animal experiments and clinical observation. Later, impor-
tant methodological and conceptual influences came especially from biochemi-
stry. Drug actions could increasingly be explained on a molecular level as an
effect on a receptor, transporter, channel, or an enzyme. However, with the de-
scription of more and more protein subtypes and molecular processes, the
mechanism of action of individual drugs became increasingly complicated. Dur-
ing this development, which has often been called “reductionistic,” molecular
aspects of drug action and studies in single cells were emphasized. Recently,
molecular biology and the different genome projects have provided a plethora
of gene products, which represent potential drug targets or which may be in-
volved in the actions of drugs. While the reductionistic approach has broadened
our knowledge of the mechanisms of drug action enormously during the last
few decades, it conceptually conflicts with an integrative, holistic view embraced
by traditional pharmacology and required for a full understanding of drug ac-
tions in the context of the whole organism. One of the current challenges for
pharmacologists and other scientists working in the biomedical field is therefore
the correlation of in silico and in vitro data with in vivo findings. In vitro phar-
macology may help to identify novel target proteins, signaling pathways and
molecular mechanisms, and this knowledge provides the basis for development
and screening of new drugs. However, in most areas of pharmacology, in vivo
models are necessary so as to bridge the gap between the effects of drugs in in
vitro assay systems and the application of these drugs to humans. Under opti-
mal conditions, transgenic models should help to predict drug actions (and
unwanted side effects) in human patients. Transgenic expression and gene tar-
geting methods have progressed at a rapid pace and have opened the way into
an exciting new research field that allows us to manipulate individual genes and
gene products in the context of a living organism. Consequently, transgenic and
gene-targeted animals have revolutionized many areas of biomedical research,
including experimental pharmacology, by merging the reductionistic and the
holistic approach, which each alone have their limitations.



The aim of this volume—Transgenic Models in Pharmacology—of the Hand-
book of Experimental Pharmacology is to provide scientists in biomedicine with
up-to-date informa- tion on animal models generated by transgenic or gene-tar-
geting techniques. Naturally, the focus is on the mouse system. Each chapter has
been written by leading experts in the field and gives an overview on existing
animal models. This is facilitated by tables that list the most important geneti-
cally engineered animal models and their phenotypes. We hope that this volume
will illustrate the impact of transgenic animal models on the field of experimen-
tal pharmacology and toxicology, which includes their role in the understanding
of basic cellular mechanisms, the evaluation of potential drug targets, and the
testing for drug effects. We are extremely grateful to our colleagues who have
written excellent chapters on genetically modified animal models in their fields,
giving an impressive overview on the scientific quality as well as on thematic
scope of the ongoing research using this methodology. We would also like to
thank Susanne Dathe and Doris Walker of Springer-Verlag, who coordinated the
production of this volume.

Transgenic Models in Pharmacology is dedicated to the memory of Emeritus
Professor Hans Herken (1912–2003). Hans Herken was one of the leading phar-
macologists in postwar Germany. After his retirement, he followed the field of
experimental pharmacology enthusiastically, and was an important mentor and
advisor for many young colleagues until his recent death. Among his numerous
activities, he served as an editor of this series for more than three decades.
Many volumes, including this one, have been suggested and inspired by Hans
Herken.

L. Hein, W�rzburg, Germany
S. Offermanns, Heidelberg, Germany
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Novel Mouse Models in Biomedical Research:
The Power of Dissecting Pathways by Quantitative Control
of Gene Activities

S. Berger · H. Bujard
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Abstract The last decade has seen significant progress in the development and
refinement of genetic approaches applicable to the mouse, making this animal
the prime organism for the study of mammalian genetics. Particularly, the po-
tential to control individual gene activities in a temporally defined and tissue-
specific manner has allowed us to dissect gene functions and pathways in vivo
with unprecedented precision, yielding exciting new insights into such complex
biological processes as development, behavior, and disease. For biomedical re-
search, the new approaches of mouse molecular genetics open up new perspec-
tives for modeling human diseases. Particularly methods that allow quantitative
and reversible control over disease genes will enable the experimenter to not
only study the onset of a disease and its progression but also to examine its po-
tential reversibility and to investigate mechanisms of disease regression. In this
chapter, we summarize the principle of Tet regulation as a paradigm for a re-
versible gene control system and we briefly discuss Tet regulation-based mouse
models of human diseases in the area of cancer as well as of neurodegenerative
and cardiac diseases.



Keywords Conditional mouse mutants · Tetracycline controlled gene
expression · Models of human disease

1
Introduction

During the past decade, experimental approaches have emerged which allow the
conditional alteration of individual gene activities in higher eukaryotes in a
temporally defined and cell type restricted manner. Applying these approaches
to the mouse—thanks to transgenesis and embryonic stem (ES) cell technology,
the prime model of mammalian molecular genetics—is increasingly providing
new insights into fundamental biological processes. For biomedical research,
these technologies are of particular interest as they offer new opportunities for
modeling human diseases in transgenic rodents. Such models will more faithful-
ly mimic pathologies and, thus, will enhance our understanding of diseases at
the molecular and physiological level, thereby facilitating the development of
new strategies for interventions and for prevention.

The crucial precondition for the sensible application of gene activation/inac-
tivation approaches is specificity: interference should exclusively affect the gene
under study. This demanding prerequisite is met, to different extent, by systems
based either on elements heterologous to, e.g., the mammalian cell, or on modi-
fied endogenous components. The most commonly applied strategies presently,
which apparently fulfill the required criteria best, exploit prokaryotic elements,
evolutionarily most distant to higher eukaryotes.

Thus, the CRE/LoxP recombination system of Escherichia coli phage P1 has
been successfully applied, and the conditional knock-out approach in transgenic
mice has yielded a wealth of information. A second widely applied strategy,
which aims at controlling transcription of target genes in eukaryotes, is based
on regulatory elements of the E. coli tetracycline resistance operon.

When the two basic strategies—site-specific recombination and control with
gene expression—are compared, genetic analysis via temporally and spatially
restricted recombination has proven to be enormously successful. Nevertheless,
the potential of reversibly and quantitatively interfering with a gene�s activity,
e.g., at the level of transcription, adds another quality to the study of gene func-
tion in vivo: the well-defined and reversible perturbation of a system allows not
only comparisons between the normal and the perturbed state, but also moni-
toring of the system�s reaction when interference is terminated. Therefore, for
modeling human diseases in transgenic animals, the fully reversible control of
target genes appears to be particularly informative as will be shown below.

For these reasons we restrict our review to what one may call “truly condi-
tional,” i.e., reversible approaches. Moreover, being fully aware of the various
methods developed, we will focus on the Tet regulatory system as a paradigm
for which, due to its widespread application, an extended experience has accu-
mulated. For information on various other approaches, we refer the reader to

4 S. Berger · H. Bujard



some informative recent reviews (Sauer 1998; Lewandoski 2001; Gossen and Bu-
jard 2002; Kuehn and Schwenk 2002).

The Tet regulatory systems meet two essential criteria for genetic condition-
ality: (1) They allow the experimenter to reversibly alter the expression of a
gene and, thus, to study the impact of timely limited perturbations of gene ac-
tivities; (2) they enable the experimenter to not only switch a gene on and off,
but also to adjust its activity to intermediate levels, which often mimics patho-
logical states more closely than total gene inactivation. Thus, the activity of a
disease gene can be altered at a given time within an animal�s lifespan to differ-
ent degrees and, if required, for a defined time period only. These features per-
mit us to address a number of important questions regarding such issues as:

– Early events during the onset of a disease
– Disease progression
– Potential reversibility of pathologies upon inactivation of the disease-initi-

ating gene
– Disease regression

Disease models with such properties will be most suitable for the identifica-
tion and validation of genes and their products as targets for pharmacological
interventions. They will also be valuable as in vivo systems for preclinical drug
efficacy studies.

In the following, we will describe the principle of Tet regulation and some re-
cent technological advances before we highlight some conditional mouse mod-
els in the area of oncology as well as neurodegenerative and cardiac diseases.
Obviously, we cannot give a comprehensive survey and apologize to colleagues
whose excellent work could not be included in the context of this chapter.

2
The Tet Regulatory System—Principles, Components, and Approaches

The Tet regulatory systems act at the level of transcription whereby a gene of
interest is controlled via an artificial control circuit superimposed on the enor-
mously complex regulatory network of an eukaryotic cell. This circuit can be
controlled from outside, preferably by the tetracycline derivative doxycycline
(Dox). When properly set up, the circuit by itself will not at all or only
marginally affect the metabolism of the host cell, thereby relying on the Tet sys-
tems� exquisite specificity. The favorable properties of the Tet systems are based
on three crucial parameters (for reviews see Gossen and Bujard 2001; Baron and
Bujard 2000):

– The evolutionary distance between the regulatory core elements of the sys-
tem which are of prokaryotic origin and which appear not to engage in in-
teractions with essential components of the eukaryotic cell

Novel Mouse Models in Biomedical Research: The Power of Dissecting Pathways 5



Fig. 1A, B Outline of the Tet regulatory system. A Upper part, mode of action of the tetracycline con-
trolled transactivator (tTA). In absence of the effector substance Dox, tTA binds to tet operator se-
quences within Ptet and activates transcription of gene X. In the presence of Dox, tTA is prevented from
binding and activating Ptet. Lower part illustrates the response of tTA-dependent gene expression at
different concentrations of Dox. Gene activity is maximal in the absence of the antibiotic and is gradu-
ally downregulated at the single-cell level by increasing concentrations. B Upper part, mode of action
of the reverse tetracycline controlled transactivator (rtTA). The original rtTA differs from tTA in 4 amino
acids within the TetR moiety, resulting in the reverse phenotype which requires Dox for binding to tet
operator sequences and, thus, to Ptet. Lower part, response of rtTA-mediated gene expression using the
improved rtTA2S-M2 to different concentrations of Dox. By increasing effector concentrations beyond
10 ng/ml, transcription is gradually enhanced until it reaches the maximum at 80–100 ng/ml. In both
systems, tissue or cell-type specificity is brought about by the promoter Psp driving tTA/rtTA expression

Fig. 2A–C Schematic outline of the tetracycline-controlled transcription factors, their responsive pro-
moters, and induction profiles of rtTAs. A Fusions between the repressor protein (TetR) of the E. coli
Tn10 tetracycline resistance operon and domains capable of either activating or silencing transcription.
tTA is a fusion between the 207 amino acid TetR and the 128 amino acid long C-terminal portion of
VP16 of Herpes simplex virus. In all tTA2 and rtTA2 versions, the VP16 moiety is replaced by three 13
amino acid-long minimal activation domains (F). rtTA2S-S2 and rtTA2S-M2 are improved versions of

t
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rtTA, based on novel TetR mutants. tTA2 and the new rtTA versions are encoded in synthetic polynu-
cleotides optimized for expression in mammalian cells. tTSkid-1 is a fusion between TetRB/E and a 61
amino acid-long repression domain (KRAB) from the human kidney protein Kid-1. A nuclear localization
sequence is placed between TetR and the silencing domain. The TetRB/E version prevents heterodimer-
ization between tTS and rtTA monomers when coexpressed in one cell. B tTA/rtTA-responsive promot-
ers. Ptet is a fusion between seven tetO operators (gray boxes) and a minimal promoter derived from
the human cytomegalovirus promoter IE (PhCMV). The bidirectional promoter Ptetbi-1 consists of a core
of heptamerized tet operators which is flanked by two divergently oriented PhCMV-derived minimal pro-
moters. Bidirectional promoters allow the coregulation of two genes. Positions spanning promoter re-
gions and operator sequences are indicated with respect to the transcriptional start site (+1). C Induc-
tion of luciferase activity by rtTA, rtTA2S-S2, and rtTA2S-M2 at different Dox concentrations. HeLa cell
lines were used, which stably synthesize the respective transactivators under PhCMV control and which
also contain the stably integrated luciferase gene under Ptet control. Both new rtTAs (S2, M2) do not
show intrinsic background activities under these conditions. rtTA2S-M2 exhibits, in addition, an around
tenfold higher sensitivity towards Dox

Novel Mouse Models in Biomedical Research: The Power of Dissecting Pathways 7



– The unusual specificity of interaction between the Tet repressor (TetR) and
the tet operator (tetO) as well as between TetR and its inducer, Dox

– The well-studied chemical and physiological properties of the inducing
agents, i.e., various tetracyclines of which some, particularly Dox, have been
widely used in human and animal medicine

As outlined in Figs. 1 and 2, there are two complementary Tet control systems
which consist of three elements each: (1) the tetracycline-controlled transactiva-
tors (tTAs) or reverse tetracycline-controlled transactivators (rtTAs) which are
fusions between TetR and transcriptional activation domains; (2) a minimal,
i.e., enhancerless RNA polymerase II promoter, fused downstream to an array of
seven tetO sequences designated Ptet; and (3) the inducing compound Dox or
other tetracycline derivatives. In the tTA system, Dox prevents binding of tTA to
Ptet and, thus, abolishes transcription (Gossen and Bujard 1992). By contrast,
rtTA requires Dox for binding to and activation of Ptet (Gossen et al. 1995).

In transgenic animals, the rtTA approach is to be preferred whenever a gene
should be activated rapidly, since saturating a system with a small effector sub-
stance is an intrinsically more rapid process than its depletion (as required for
the tTA system). For the same reason, the tTA principle is advantageous when-
ever a fast shut off of a gene�s expression is required.

2.1
Operating the Tet Control Circuit with Dox

Dox penetrates cell membranes by diffusion. Therefore, Ptet-controlled genes
can be activated at the single-cell level in a ridgeless manner by properly adjust-
ing Dox concentrations. In cultured cells, Dox concentrations far below toxicity
levels (5–10 �g/ml for HeLa cells) are required. Thus, tTA is gradually inactivat-
ed between 0.05 and 5 ng/ml, whereas 20–100 ng/ml are sufficient for activating
the novel rtTA2S-M2 (Fig. 2 and below). To establish proper Dox concentration
in the mouse, the antibiotic is most conveniently supplied via drinking water
where 50–200 �g/ml are sufficient for switching off the tTA system in any organ
(Kistner et al. 1996). Higher concentrations are required even for the rtTA2S-M2
system (Fig. 2), but 2 mg/ml (in the water supply), an amount unproblematic
also over long periods of time, are usually sufficient. Rapid induction may be
achieved by i.p. injection (Fig. 3) whereby up to 2 mg of Dox in 0.2 ml of isoton-
ic saline every 24 h is a well-tolerated dosage in short term experiments (1 to
2 weeks; Hasan et al. 2001). Due to the excellent cell and tissue penetration
properties of Dox, appropriate concentrations for tTA inactivation and activa-
tion of rtTA2S-M2 are readily achieved in different compartments of the animal
including the placenta and the milk of lactating mothers. Thus, Tet regulation
can be imposed onto the developing embryo as well as on offspring before and
during weaning. Partial induction of Tet-controlled genes may be achieved by
adjusting the amount of Dox delivered, though it has to be reconciled that tissue
distribution and biological half-life of Dox differ from organ to organ (Kistner
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et al. 1996). Accordingly, proper calibration of experimental conditions is re-
quired. The various organs differ also in the kinetics of induction (Kistner et al.
1996), kidney and brain being the slowest, but as is shown in Fig. 3, luciferase
activity in the liver is detectable already 1 h after Dox injection (Hasan et al.
2001).

The brain poses a particular problem, as Dox penetrates the blood–brain bar-
rier less efficiently. For operating the tTA system, the amount of Dox that reach-
es the brain under the above feeding conditions is, however, sufficient (see work
described below) while, for the rtTA system, the novel M2 transactivator version
which is tenfold more sensitive towards Dox (Fig. 2) is expected to ameliorate
problems encountered with the originally described rtTA.

2.2
Modifications of the Tet System

Several significant modifications and improvements of the original tTA system
have been developed over the years, particularly the generation of the rtTA,

Fig. 3A–E In vivo imaging of Tet-regulated luciferase expression in live animals. A–C Animals of 3
mouse lines expressing the tTA gene under the control of PhCMV, PLAP, and PCamKII, respectively, were
crossed to individuals of the LC-1 strain (Schoenig et al. 2002) where the luciferase and the cre gene
are coregulated by Ptetbi-1 (Fig. 2). To demonstrate organ-/tissue-specific expression directed by the dif-
ferent promoters driving the transactivators, luciferase expression of double transgenic animals was an-
alyzed non-invasively via luciferase bioluminescence. A PhCMV, several organs/tissues. B PLAP, hepa-
tocytes. C PCamKII, brain. D Kinetics of induction for hepatocyte-specific luciferase synthesis. Luciferase of
rTALAP/LC-1 double transgenic animals was non-invasively monitored after i.p. injection of 2 mg of Dox
at the times indicated. First signs of luciferase activity can be detected after 1 h. E Switching luciferase
expression in the liver. As shown in multiple cycles of gene activation, exposure of TALAP-2/LC-1 mice to
Dox abolishes luciferase activity within 3 days. Reactivation can be monitored after 2 days (in the ex-
periment shown 7 days) after Dox withdrawal. The identical cycle of activation/inactivation is observed
when the same animals are re-examined after 3 months

Novel Mouse Models in Biomedical Research: The Power of Dissecting Pathways 9



which is based on a TetR mutant that exhibits fundamentally different DNA
binding characteristics: it requires Dox or anhydrotetracycline for its associa-
tion with tetO. The originally described rtTA has been replaced by greatly im-
proved versions (Urlinger et al. 2000) which are more sensitive towards Dox and
which exhibit negligible residual affinities towards tetO. Particularly, the trans-
activator version rtTA2S-M2 senses Dox at around tenfold lower concentrations
when compared to the original rtTA (Fig. 2).

Several further modifications are worth mentioning. For a number of rea-
sons, the VP16 domain of the original tTA/rtTA was replaced by minimal activa-
tion domains yielding a set of transactivators with graded activation potential
(Baron et al. 1997). Moreover, all tTA/rtTAs of the new generation are encoded
in synthetic sequences optimized in various ways for expression in human cells
(Urlinger et al. 2000).

A development that had considerable impact was the generation of bidirec-
tional promoters, Ptetbi (Baron et al. 1995). Here, the heptamerized tetO se-
quences are flanked on both sides by minimal promoters (Fig. 2) which allow
for the simultaneous regulation of two genes, whereby the respective transcrip-
tion units face in opposite directions. These constructs are particularly useful
when one gene is used for a reporter function. Thus, the initial characterization
of functional transgenic animals is facilitated, particularly when expression of
the actual gene of interest is difficult to detect. By using the luciferase gene as
reporter, the range of regulation and the tightness of control can be readily as-
sessed, whereas, e.g., the lacZ or GFP gene allows monitoring of expression in
situ. As will be shown below, the luciferase gene appears particularly useful
since it permits the monitoring of gene activities in live animals in a non-inva-
sive way (Hasan et al. 2001).

A problem sometimes encountered is the so-called “leakiness,” which refers
to a basal level of expression of the Ptet-controlled transcription unit in the unin-
duced state. Although this issue caught considerable attention, it has only rarely
been addressed in a correct way. A thorough discussion of this topic can be
found elsewhere (Freundlieb et al. 1999) but in essence, one has to discriminate
between (1) Ptet-dependent and (2) integration site-dependent background ac-
tivity.

Ad (1): Ptet-1 is not necessarily silent in all cellular environments. It may have
an intrinsically elevated activity in cells which contain particular tran-
scription factors capable of binding to the promoter itself or to neigh-
boring sequences of the vector. This leakiness is, however, typical for
episomal states of the DNA carrying the transcription unit and for
transient expression situations in cell culture. As pointed out previous-
ly (Gossen and Bujard 1992), an adaptation of Ptet to particular cellular
environments may sometimes be advantageous.

Ad (2): The basal activity of a chromosomally integrated minimal promoter
depends strongly on its integration site. When inserted into an appro-
priate locus, Ptet-1 will be transcriptionally silent even though it may
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be activated by tTA or rtTA to high levels resulting in regulation fac-
tors of up to 106 (Kistner et al. 1996; Schoenig et al. 2002). By contrast,
when the Ptet-controlled transcription unit is located close to a nearby
enhancer, it may be activated even in the absence of its cognate activa-
tor tTA or rtTA. This problem can be circumvented by increasing the
number of clones (i.e., the number of independent integration events)
to be screened, or, more actively, by reducing the activity of Ptet-1 in
the uninduced state by shielding it via Tc-controlled transcriptional si-
lencer (tTS) proteins (Freundlieb et al. 1999). Ideally, tTS (Fig. 2) and
rtTA bind in a mutually exclusive manner to the tetO sequences within
Ptet, depending on the presence and absence of Dox. This approach
was shown to substantially reduce the basal activity of Ptet in a number
of cell lines (Freundlieb et al. 1999) and in transgenic mice (Zhu et al.
2001a).

As the latter approach allows active suppression of potential unregulated
background activity of Ptet even when caused by elements which are proximal to
the integration site of the minimal promoter, it seems to be more versatile than
the adaptation of Ptet as proposed above. However, it requires the inclusion of
one more component.

An issue that has raised concern is the potential toxicity of tTA and rtTA. Like
any other transcription factor, tTA and rtTA, when overexpressed induce unde-
sired pleiotropic effects by “squelching” (Gill and Ptashne 1988) which may
even lead to cell death. Thus, tTA or rtTA must not exceed a certain intracellular
concentrations. When generating tTA/rtTA in cell or mouse lines, there will au-
tomatically be a selection for well-tolerated, integration site-dependent expres-
sion levels. Thus, simple screening for proper clones or founder animals will be
sufficient as demonstrated by dozens of well functioning tTA/rtTA cell lines and
mouse strains. The situation changes, however, when a tTA or rtTA encoding
gene is to be integrated into a specific chromosomal locus, e.g., by homologous
recombination following the so-called knock-in strategy. Here, the result of inte-
gration is not subject to subsequent physiological pre-selection of a proper inte-
gration site. Instead, the expression level of the tTA/rtTA gene is locus-specific
and might be too high to be tolerated or too low to be effective. In such cases,
tTAs and rtTAs with a graded activation potential may be chosen which com-
pensate for different expression levels (Baron et al. 1997).

Finally, a remark regarding strategies for setting up Tet regulation is helpful
at this point. It is frequently attempted to establish the Tet regulation in cultured
cells or in mice in a one-step procedure, i.e., by coinjection (or cotransfection
in case of a cellular system) of the two essential DNA constructs. Even though
such an experimental shortcut may appear attractive, one should be aware that
the two DNAs preferably cointegrate at the same chromosomal locus—frequent-
ly in multiple copies—which generally leads to considerable crosstalk between
enhancers driving the expression of the transactivator gene and the minimal
promoter within Ptet, resulting in elevated background activities. This approach

Novel Mouse Models in Biomedical Research: The Power of Dissecting Pathways 11



is, therefore, only sensible if efficient screening or selection systems are avail-
able. In addition, it has to be kept in mind that it is of great value to separately
generate and characterize mouse strains which tissue-specifically produce tTA
or rtTA as well as mouse lines containing various genes of interest under Ptet

control as the combination of these various lines offer a higher degree of free-
dom in the design of experiments.

2.3
Non-invasive Monitoring of Tet-Controlled Transcription Units

The possibility of detecting luciferase activity via bioluminescence in life ani-
mals (Contag 1997) can be exploited to monitor the activity of a target gene
noninvasively. By coregulating a gene of interest with the luciferase gene via a
bidirectional promoter like Ptetbi (Fig. 2), luciferase bioluminescence can be ex-
ploited as an indicator for the activity of the target gene (Hasan et al. 2001;
Fig. 3). This approach is particularly useful in long-term experiments in which
the expression of a target gene may be subjected to regulatory regimens with re-
peated on-and-off cycles or in which partial induction of a gene is intended.
Furthermore, since the intensities of target gene expression can vary consider-
ably even among litter mates (Kistner et al. 1996), quantifying luciferase biolu-
minescence and correlating this activity with the expression of the target gene
in individuals enrolled in an experiment will permit a more precise interpreta-
tion of the action of the gene under study.

For further methodological and technical information, we like to refer the
reader to some recent reviews dealing with various aspects of Tet regulation
(Baron and Bujard 2000; Gossen and Bujard 2001; Gossen and Bujard 2002;
Schoenig and Bujard 2002).

3
Mouse Models for Human Diseases

Pathologies generally arise through mutations that result in either misexpres-
sion of genes or the synthesis of mutated gene products, whereby misexpression
refers to deviations from physiological expression levels as well as from tempo-
ral programs and spatial (cell-type) restrictions, while mutated gene products
may be effective by loss of function or by gaining dominant qualities.

Experimental approaches, which permit the quantitative control of individual
gene activities in a temporal and cell type-specific manner, are, therefore, suited
to model pathological condition that may rather faithfully mimic respective dis-
eases in transgenic animals. Like most conditional systems acting at the level of
gene expression, the Tet regulatory principle is binary in nature. Accordingly,
most researchers have followed the strategy of separately generating transgenic
tTA or rtTA mouse lines that produce the respective transactivator under the
control of a promoter which should relay tissue or cell-type specificity to the
system. As the function of promoters is frequently affected by the site of inte-
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gration, they may loose their specificity, to a different extent, the most common
result being position-effect variegation. Sometimes, loss of specificity is accom-
panied with a highly defined artificial activity pattern, which may be exploited
for studying respective subpopulations of cells.

The second mouse line required should contain the target gene under Ptet

control. The function of Ptet is again dependent on the integration site as dis-
cussed above. Thus, for tight control and wide range of regulation of a target
gene, one has to screen for an appropriate founder line. The identification of
such lines is greatly facilitated by the bidirectional promoter Ptetbi where, e.g.,
the luciferase gene is coregulated with the gene of interest and used for monitor-
ing the regulation potential of a newly generated mouse line (Hasan et al. 2001;
Schoenig et al. 2002). In any case, numerous mouse lines were described where
tight regulation was achieved, of which, in this regard, the most spectacular one
was generated by Glenn Fishman and colleagues (Lee et al. 1998) who placed the
gene encoding the diphtheria toxin A chain under Tet control in order to induce
ablation of specific cell populations.

More than 50 tTA/rtTA and about 80 “receiving” mouse lines containing tar-
get genes under Ptet control have been published so far (Tables 1, 2, and 3), and
numerous further lines are in the state of being characterized in various labora-
tories. The synergism that could be created when these rapidly increasing pools
of mouse lines would be freely exchangeable within the academic community is
certainly worth a call to our colleagues and to organizations maintaining reposi-
tories for cooperation.

The generation of useful transgenic animals will greatly profit from experi-
mental approaches that would allow us to generate mouse lines with defined
properties in a more efficient and predictable manner. In case of transactivator
lines, the integration of tTA/rtTA genes behind specific promoters via homolo-
gous recombination may sometimes be of advantage as it has led to animals that
express the transactivator faithfully (Bond et al. 2000; Perea 2001). But even with
this apparently safe approach, it cannot be excluded that the insertion of the
transactivator genes in close vicinity of the promoter may disturb the functional
program of some regulatory regions. For “receiving” mouse lines, it appears fea-
sible to identify “silent but activatable loci” where a Ptet-controlled transcription
unit may, upon integration, function in a predictable manner (K. Schoenig, PhD
dissertation 2003). Such loci could be targeted via homologous recombination
or by using the BAC technology converted into a vector for transgenesis. Even-
tually, we might learn more about transcriptional insulators in mammalian sys-
tems, which could then be used with similar success, as in drosophila (Burgess-
Beusse et al. 2002). Thus, it appears likely that the integrated use of various nov-
el approaches will in the near future significantly increase the efficiency of gen-
erating defined mouse lines with largely predictable regulatory properties.
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3.1
Modeling Cancer in Mice

A new generation of mouse tumor models became reality with the advent of ap-
proaches that allowed for the control of the activity of oncogenes and tumor
suppressor genes in a temporally defined and tissue-specific manner. Tumor ini-
tiation, progression, and maintenance could now be experimentally dissected
with unprecedented precision. The most striking and exciting discovery made
with these conditional tumor models is the complete regression of many, even
highly invasive, tumors after turning down the activity of the initiating onco-
gene. Nearly all oncogenes examined to date, including Myc, H-ras, K-ras,
ErbB2, Bcr-Abl1, Fgf7, and SV40 Tag, appear to be not only required for tumor
initiation but also for tumor maintenance. Thus, as first shown for Myc (Felsher
and Bishop 1999), inactivation of a single initiating oncogene can lead to com-
plete regression of 90% of tumors in the hematopoietic system. Similarly, malig-
nant melanomas which developed in an Ink4a- and Arf-tumor suppressor-defi-
cient background underwent complete regression when the initiating oncogene
H-ras was inactivated by Dox withdrawal (Chin et al. 1999). These and other
groups� findings convey an important and unexpected message: Mutations accu-
mulating in developing tumors do not necessarily introduce functional redun-
dancies that stabilize tumor development. These findings imply that targeting
the activity of a single oncogene could result in an effective therapy of a tumor.
This reasoning is most impressively supported by a recent report (Jain et al.
2002) describing a conditional mouse model for Myc-induced tumors. The au-
thors show that brief inactivation of Myc leads to sustained regression of osteo-
genic sarcoma and differentiation of osteogenic sarcoma cells into mature osteo-

Table 3 Mouse lines with cointegrated tTA/rtTA and Ptet-controlled genes

Promoter Tissue tTA/
rtTA

Gene under Ptet
control

Reference

Clara cell 10 kd protein Lung parenchyma rtTA Interferon-g Wang et al. 2001
Clara cell 10 kd protein Lung parenchyma rtTA Interleukin-9 Temann et al. 2002
Clara cell 10 kd protein Lung parenchyma rtTA Interleukin-11 Ray et al. 1997
Clara cell 10 kd protein Lung parenchyma rtTA Interleukin-13 Zheng et al. 2000
Clara cell 10 kd protein Lung parenchyma rtTA RANTES Pan et al. 2000
Collagen type II Chondrocytes tTA MMP-13 Neuhold et al. 2001
Insulin gene II Pancreas rtTA TNF-a Green et al. 2000
Insulin gene II Pancreas rtTA pdx-1 Antisense

RNA
Lottmann et al. 2001

LcK T cells rtTA GATA3 (KRR) Zhang et al. 1999
b-Lactoglobulin Mammary gland rtTA a-Lactoglobulin Soulier et al. 1999
Retinoblastoma (RB) Thalamus, muscle,

cerebrellum, eye
rtTA Cre recombinase Utomo et al. 1999

SK-channel 3 (SK3) Brain tTA SK-channel 3 SK3 Bond et al. 2000
Whey acidic protein
(WAP)

Mammary gland rtTA Cre recombinase Utomo et al. 1999
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cytes. Subsequent reactivation of Myc did not restore the malignant state of the
cells, as would be predicted, but instead induced apoptosis.

Together, the results emerging from several laboratories studying the condi-
tional activation/inactivation of various oncogenes shed new light on mecha-
nisms governing induction and commitment of tumorigenesis. They suggest
that many tumors are rather rigidly dependent on expression patterns that are
established under the governance of the initiating oncogene whose continued
function is required. This “oncogene addiction” apparently makes tumors vul-
nerable to interference with single oncogenes as shown by Felsher and cowork-
ers, where a brief interruption of Myc expression caused the breakdown of the
malignant state. On the other hand, when Myc is induced in mammary gland,
only 30% of the tumors arising regress upon inactivation of the oncogene,
whereas around 60% have acquired a Myc-independent but preferred secondary
pathway via mutations in K-ras gene (D�Cruz et al. 2001). This finding would
suggest that targeting of Myc and K-ras will result in the regression of many
known tumors.

It is likely that numerous human cancers will be modeled in conditional
mouse lines in the near future, yielding new insights into functions of genes
which contribute to tumor development, thereby revealing new pharmacological
targets.

3.2
Conditional Mouse Models for Neurodegenerative Diseases

The first impressive example for applying Tet control to brain functions stems
from the laboratory of Eric Kandel. Placing the tTA gene under control of the
aCamKII promoter yielded mouse lines which expressed the tTA gene in de-
fined areas of the forebrain, particularly in the hippocampus, cortex, amygdala,
and striatum. Crossing such mice with animals that contained a Ca2+-indepen-
dent version of the aCamKII gene under Ptet control resulted in double trans-
genic individuals suitable for the study of synaptic plasticity. In a first set of ex-
periments, Mayford et al. (1996) demonstrated that expression of the dominant
active gene product caused a loss of long-term potentiation in the hippocampus
and a deficit in spatial learning, whereas repression of the transgene reversed
both the physiological and memory deficit.

The same tTA mouse line was used by Ren� Hen and colleagues to model the
human Huntington�s disease (HD) in the mouse. HD is an inherited progressive
neurological disorder caused by an expansion of repeated CAG codons in the
huntingtin gene. In the genetic model described by Yamamoto et al. (2000), a
chimeric mouse/human huntingtin gene containing 94 CAG repeats was placed
under Ptet control. When respective mice were crossed with animals expressing
tTA via the aCamKII promoter, it was found that in double transgenic animals
the expression of the huntingtin gene in the adult brain led to neuroanatomical
abnormalities typical for HD. These neuropathological changes resulted in se-
vere progressive motor dysfunction. Strikingly, however, in symptomatic adult
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animals, the shut off of huntingtin gene expression via Dox could reverse the
HD phenotype. Specifically, the nuclear and cytoplasmic aggregates disappeared
and the behavioral phenotype approached again the one of control animals. In a
further publication (Martin-Aparicio et al. 2001), it was shown that aggregate
formation is dependent on the balance between huntingtin synthesis and its
degradation via proteasomes. Interestingly, neither mutant huntingtin nor its
aggregates are lethal to the cell, demonstrating that HD is due to neuronal dys-
function and not to cell death. These results have yielded significant insights as
they show that (1) for progressive HD the continued expression of the hunt-
ingtin gene is required, (2) the plasticity of the brain is likely to be sufficient for
recovery even from severe symptoms if one could influence the balance between
huntingtin production and degradation and, thus, (3) pharmacological interven-
tions may be successful even after symptoms have become visible.

Obviously, corresponding questions can be addressed to prion diseases which
result from transformation of cellular prion protein (PrPc) into a pathogenic
scrapie isoform (PrPsc). Indeed, Stanley Prusiner and his group described a
mouse model in which PrPc production was controlled via tTA in a PrPc-defi-
cient background. They found that high levels of PrPc are lethal during embryo-
genesis and postnatal development, whereas in the adult animal neither induc-
tion nor repression of PrPc was detrimental. By contrast, the development of the
prion disease upon infection of the animals with low amounts of PrPsc was
strongly dependent on the expression level of the transgene encoding PrPc.
These results indicate that while PrPc may not play an essential role in the brain
of adult animals, its continued presence is a prerequisite for acquiring the disor-
der. It will be interesting to learn whether neurodegenerative symptoms can be
halted or even reversed also in this disease by turning down the activity of the
PrPc gene. Mouse models as described by Tremblay et al. (1998) should, in prin-
ciple, be suitable to examine such questions.

3.3
Modeling Cardiac Diseases

Several routes have been followed in the quest of modeling cardiac pathologies.
A number of laboratories have made use of Fishman�s mouse line expressing
the tTA gene under the control of the aMHC promoter, highly specifically in
heart muscle (Passman et al. 1994). Cardiomyopathies were, for example, in-
duced by limited cell ablation via tTA-controlled diphtheria toxin induction
(Lee et al. 1998), by conditional expression of specifically designed Gi-coupled
receptors (Redfern et al. 1999), or by controlling the expression of the mineralo-
corticoid receptor (MR). Here, we would like to briefly discuss the recent work
of Fr�d�ric Jaisser and colleagues (Beggah et al. 2002), a particularly interesting
example representative of the approach. MR, a ligand-dependent transcription
factor of the steroid receptor family, is a target for hypertension therapy. It is
produced in the kidney, where it is involved in sodium reabsorption and potas-
sium excretion. It is also present in the heart, where its physiological role is not
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clear. To study MR function exclusively in the heart, the production of antisense
mRNA directed towards the murine transcript of the MR gene was placed under
heart muscle-specific tTA control. The resulting mouse model allowed for re-
versibly inhibited expression of MR in cardiomyocytes. Inhibition resulted in
dramatic cardiac hypertrophy, ventricular dysfunction, fibrosis, and heart fail-
ure. However, when expression of MR-specific antisense RNA was turned off by
Dox administration, heart failure and cardiac remodeling were reversed and
heart/body weight ratios returned to control values within one month. Most im-
pressively, interstitial cardiac fibrosis regressed as well, indicating that the
pathological extracellular matrix depositions were reversible, in contrast to pre-
vious observations (Redfern et al. 2000).

The different conditional mouse models for cardiac diseases will continue to
yield novel and complementing insights into complex pathological pathways.
Some of these models may develop into useful tools for drug efficacy studies in
not too distant future.

4
Concluding Remarks

The disease models briefly discussed herein just give a glimpse into a rapidly
growing area of biomedical research, where advances in the genetic manipula-
tion of the mouse are being exploited and begin to yield novel insights into
pathways and dynamics of pathological conditions. This is also underlined by
work compiled in Table 1–3, in which numerous other pathologies were mod-
eled in the mouse including the induction of autoimmune myositis (Nagaraju et
al. 2000), the study of autoimmunity in diabetes type I (Green and Flavell 2000;
Christen et al. 2001), lung development (Tichelaar et al. 2000), airway remodel-
ing in asthma (Zhu et al. 2001b), osteoarthritis (Neuhold et al. 2001), and Alz-
heimer�s disease (Lucas et al. 2001) to mention a few. In all these models, the
temporal program of pathological processes and its potential reversibility was
examined, and in an unexpected high number of cases, pathological states
could, despite severe symptoms, be abrogated by repressing the disease-causing
gene. Thus, already some of the first truly conditional disease models, which
demonstrated the reversibility of even advanced pathological conditions, have
changed our views on respective diseases, sparking at the same time new ideas
for pharmacological interventions.

Obviously, the mouse is by far the genetically most accessible mammalian
system with significant physiological similarities to humans and has become the
experimental animal of choice for studying gene functions in vivo and for un-
covering molecular mechanisms underlying pathological conditions. Indeed, we
can expect a wealth of new information on in vivo gene functions in the near
future. On the other hand, one has to keep in mind the physiological differences
between humans and mice, which limit the value of mouse models. Future ef-
forts have, therefore, to be directed towards “humanizing” the mouse, and mak-
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ing other suitable mammalian systems such as the rat more readily accessible
for defined genetic alterations.

Progress is also required in methods and technologies, which allow us to con-
trol from outside individual genes in vivo with high precision. Despite the great
potential of various experimental approaches available today, many problems
remain. Thus, as long as we know little about the influence of chromatin struc-
ture on gene expression and its sensitivity towards perturbations caused, e.g.,
by recombination events, reliable experimental designs where cell type specifici-
ty is maintained and position effect variegation is prevented will remain diffi-
cult. Precise and minimal disturbance, gene targeting, as well as the application
of the BAC technology may ameliorate some of these shortcomings in future.
On the other hand, approaches that leave the gene of interest totally untouched
in its genomic context would be highly valuable and may be available soon. For
example, controlling custom-made zinc finger-based transcription factors rec-
ognizing specific sequences within the promoter of a target gene or regulated
synthesis of RNAs interfering with the expression of mRNA or polypeptides that
attack specific gene products may develop into systems of choice. Finally, many
biological processes are governed by kinetics too fast to be resolved by methods
currently available. Progress in the development of noninvasive monitoring sys-
tems will overcome some of the present limitations. Obviously, in our strive to-
wards a better understanding of in vivo gene function, there is a broad spectrum
of problems waiting for good ideas.
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Abstract The adrenergic system is an essential regulator of cardiovascular, en-
docrine, neuronal, vegetative, and metabolic function. The biological effects of
the endogenous catecholamines epinephrine and norepinephrine are mediated
by nine distinct G protein-coupled receptor subtypes. These adrenergic recep-
tors can be divided into three different groups, the a1-receptors (a1A, a1B, a1D),
a2-receptors (a2A, a2B, a2C) and b-receptors (b1, b2, b3). In the absence of suffi-
ciently subtype-selective ligands, transgenic mouse models with targeted dele-
tions in the individual receptor genes as well as mouse lines with tissue-specific
overexpression of adrenergic receptors have been generated recently. Most ad-
renergic receptor subtypes have distinct physiological functions. Within the a2-



receptor group, a2A- and a2C-receptors operate together to control catechol-
amine release from adrenergic neurons, whereas a2B-receptors are essential for
angiogenesis in the developing placenta. Transgenic models of b1- and b2-adren-
ergic receptors in the heart have revealed differences in signal transduction be-
tween these receptors. Whereas both receptors may increase cardiac contractili-
ty, chronic signaling via b1-receptors in cardiac myocytes causes hypertrophy,
fibrosis, and heart failure. The a1-adrenergic receptor subtypes a1A, a1B, a1D are
primarily involved in the regulation of vascular tone and may have partially
overlapping functions in vivo. Transgenic mouse models have revealed a num-
ber of novel and distinct physiological functions for adrenergic receptors, neu-
rotransmitter transporters, and enzymes, and they may lead to novel therapeu-
tic applications for subtype-selective drugs.

Keywords Adrenergic receptors · Transgenic mice · Gene targeting

Abbreviations

aMHC a-Myosin heavy chain
AADC Aromatic l-amino acid decarboxylase
AR Adrenergic receptor
CAM Constitutively active receptor mutant
COMT Catechol-O-methyltransferase
DbH Dopamine b-hydroxylase
EMT Extraneuronal monoamine transporter
KO Knockout
MAO Monoamine oxidase
NET Norepinephrine transporter
NHE Na+-H+-exchanger
PNMT Phenylethanolamine N-methyltransferase
TH Tyrosine hydroxylase
VMAT Vesicular monoamine transporter
WT Wild-type

1
Introduction

The adrenergic system is an essential regulator to increase cardiovascular and
metabolic capacity during situations of stress, exercise, and disease. Nerve cells
in the central and peripheral nervous system synthesize and secrete the neuro-
transmitters norepinephrine and epinephrine. In the peripheral nervous system,
norepinephrine and epinephrine are released from two different sites (Fig. 1):
norepinephrine is the principal neurotransmitter of sympathetic neurons which
innervate many organs and tissues. In contrast, epinephrine—and to a smaller
degree also norepinephrine—are produced and secreted from the adrenal gland
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into the circulation. Thus, the actions of norepinephrine are mostly restricted to
the sites of release from sympathetic nerves, whereas epinephrine acts as a hor-
mone to stimulate many different cells via the blood stream.

The biological actions of epinephrine and norepinephrine are mediated via
nine different G protein-coupled receptors, which are located in the plasma
membrane of neuronal and non-neuronal target cells (Fig. 1). These receptors
are divided into two different groups, a-adrenergic receptors and b-adrenergic
receptors. The distinction between a- and b-adrenergic receptors was first pro-
posed based on experiments with various catecholamine derivatives to produce
excitatory (a) or inhibitory (b) responses in isolated smooth muscle systems
(Ahlquist 1948). Altogether, nine adrenergic receptors have been identified by
molecular cloning (Bylund et al. 1994): three a1-adrenergic receptors (a1A, a1B,
a1D), three a2-subtypes (a2A, a2B, a2C), and three b-adrenergic receptors (b1, b2,
b3) (Fig. 1). Due to the lack of sufficiently subtype-selective ligands, the unique
physiological properties of the a-receptor subtypes, for the most part, have not
been fully elucidated. However, recent studies in mice carrying deletions in the
genes encoding for individual adrenergic receptor subtypes have greatly ad-
vanced the knowledge about the specific functions of these receptors (for re-

Fig. 1 Functional organization of the adrenergic system in sympathetic nerves and in the adrenal
gland. In sympathetic nerves, norepinephrine is synthesized from the precursor tyrosine and stored in
synaptic vesicles. In the chromaffin cells of the adrenal gland, most of the norepinephrine is further
converted into epinephrine by PNMT. Both catecholamines mediate their biological actions via nine dif-
ferent G protein-coupled receptor subtypes, which are differentially distributed between pre- and post-
synaptic sites
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views, see Rohrer and Kobilka 1998; Hein et al. 1999b; Rohrer 2000; Kalsner
2001; Philipp et al. 2002b).

In addition to the adrenergic receptors, many of the enzymes which are in-
volved in the synthesis and degradation of catecholamines as well as catechol-
amine transporters are important drug targets which have been studied in
transgenic mouse models (for review see Carson and Robertson 2002).

2
a1-Adrenergic Receptors

a1-Adrenergic receptors mediate contraction and hypertrophic growth of
smooth muscle cells. Due to discrepancies between the pharmacological subtype
classification, mRNA and protein expression data, and experiments with cloned
a1-receptor subtypes, some confusion exists in the literature with respect to the
nomenclature of a1-receptor subtypes. In the present terminology, a1A (cloned
a1c), a1B (cloned a1b) and a1D-receptors (cloned a1d) can be distinguished (By-
lund et al. 1998). The a1-receptor subtypes can all activate Gq proteins, resulting
in intracellular stimulation of phospholipases C, A2, and D, mobilization of Ca2+

Fig. 2 Intracellular signaling pathways of adrenergic receptor subtypes. a1-adrenergic receptors couple
to several intracellular second messengers via Gq proteins, whereas a2-receptors engage G proteins of
the Gi family to transmit signals. b-Adrenergic receptors may couple to Gs and Gi proteins, dependent
on the receptor subtype
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from intracellular stores, and activation of mitogen-activated protein kinase and
PI3 kinase pathways (Fig. 2). Recently, phenotypes of mice carrying deletions in
all three genes encoding for a1-receptor subtypes have been described (Cavalli
et al. 1997; Rokosh and Simpson 2002; Tanoue et al. 2002; summarized in Ta-
ble 1).

2.1
Blood Pressure Regulation

Based on experiments with pharmacological ligands, all three subtypes of a1-ad-
renergic receptors seem to be involved in the regulation of vascular tone.
Knockout of the a1A- and a1D-receptor subtypes caused reduced blood pressure
at rest and following injection of vasoconstrictory catecholamines (Rokosh and
Simpson 2002; Tanoue et al. 2002) whereas in mice lacking a1B-receptors, resting
blood pressure was normal but vasoconstriction to a-agonists was blunted
(Cavalli et al. 1997). Interestingly, a1A-receptors were not expressed in large con-
duit arteries (thoracic aorta and carotid arteries) but in smaller arteries of the
gut, kidney, and skin, indicating that a1A-receptor-selective antagonists might
be useful to treat hypertension. The a1B-receptor may be responsible for vaso-
constriction and cardiovascular remodeling evoked by chronic adrenergic acti-
vation (Vecchione et al. 2002). These results suggest that a1-receptor subtypes
have overlapping functions in the vascular system.

2.2
Cardiac Hypertrophy Induced by a1-Adrenergic Receptors

In addition to their role in the regulation of vascular tone, a1-adrenergic recep-
tors exert important trophic and contractile effects on cardiac myocytes. Several
transgenic models with cardiac-specific or general overexpression of either
wild-type or constitutively active a1B-receptors have been generated (Table 1).
Whereas some transgenic lines with overexpression of wild-type a1B-receptors
did not show any cardiac hypertrophy (Akhter et al. 1997a; Grupp et al. 1998;
Lemire et al. 1998), others demonstrated massive dilated cardiomyopathy at old-
er age (Lemire et al. 2001). When a1B-receptors were overexpressed under con-
trol of their own promotor, transgenic mice with constitutively active a1B-recep-
tors developed greater cardiac hypertrophy than wild-type receptors (Zuscik et
al. 2001). These results demonstrate that a1B-receptors can induce cardiac hy-
pertrophy and are thus potential drug targets in human post-myocardial infarc-
tion and heart failure hypertrophy and remodeling.

2.3
Neuronal Function of a1-Adrenergic Receptors

While norepinephrine exerts a wide spectrum of effects in the central nervous
system, the contribution of the a1-receptor system to these neuronal functions
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is largely unknown. Mice lacking a1B-receptors showed an enhanced reactivity
to new situations (Drouin et al. 2002). In contrast, in the water maze, a1B-recep-
tor-deficient mice were unable to learn the task. They were perfectly able, how-
ever, to escape in a visible platform procedure. These results confirm previous
findings showing that the noradrenergic pathway is important for the modula-
tion of behaviors such as reaction to novelty and exploration, and suggest that
this behavior is mediated, at least partly, through a1B-adrenergic receptors
(Spreng et al. 2001). Locomotor hyperactivities induced by d-amphetamine, co-
caine, or morphine were dramatically decreased in mice lacking the a1B-subtype
when compared with wild-type littermates (Drouin et al. 2002). Moreover, be-
havioral sensitizations induced by d-amphetamine, cocaine, or morphine were
also decreased in a1B-deficient mice. These data indicate a critical role of a1B-
adrenergic receptors and noradrenergic transmission in the vulnerability to ad-
diction. In contrast, transgenic overexpression of wild-type or constitutively ac-
tive a1B-receptors under control of their own promotor resulted in an unexpect-
ed phenotype which was characterized by severe neurological degeneration with
Parkinson-like locomotor deficits and grand mal seizures (Zuscik et al. 2000).

3
a2-Adrenergic Receptors

Similar to the other subfamilies of adrenergic receptors, three genes encoding
for a2-adrenergic receptor subtypes, a2A, a2B and a2C, have been identified
(Fig. 1). Initially, an additional a2D-receptor was proposed based on affinity pro-
files for an array of pharmacological ligands. However, after cloning of the a2-
receptor genes from several species, the a2D-receptor was shown to be a species
variant of the human a2A-receptor in rat, mouse, and guinea pig (Bylund et al.
1994). Part of the pharmacological difference between a2A- and a2D-receptors
could be attributed to a Ser to Ala variation in the fifth transmembrane domain
of the a2A-receptor rendering this receptor less sensitive to the antagonists rau-
wolscine and yohimbine (Link et al. 1992). All three a2-receptor subtypes mod-
ulate several intracellular signaling cascades including inhibition of adenylyl cy-
clase, stimulation of phospholipase D, stimulation of mitogen-activated protein
kinases, stimulation of K+ currents, and inhibition of Ca2+ currents (Fig. 2).

Several mouse lines have been generated by gene-targeting in embryonic
stem cells which do not express functional a2-adrenergic receptors (Link et al.
1995, 1996; Altman et al. 1999). All of these mice developed apparently normally,
although mice lacking a2B-adrenergic receptors were not born at the expected
Mendelian ratios, indicating that this receptor may play a role during embryon-
ic development (Link et al. 1996; Cussac et al. 2001; for an overview, see Table 2).
Combined deletion of all three a2-receptor subtypes in mice caused embryonic
lethality due to severe defects of placental angiogenesis (Philipp et al. 2002a).
During early placenta development, a2B-receptors in trophoblast giant cells are
required for activation of the mitogen-activated protein (MAP) kinase pathway,
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which is a key signaling cascade in the formation of a vascular labyrinth of fetal
and maternal vessels in the placenta.

In addition, a point mutation has been introduced into the a2A-receptor gene
(a2A-D79 N) in order to evaluate the physiological role of separate intracellular
signaling pathways of this receptor in vivo (MacMillan et al. 1996). In vitro, the
a2A-D79 N receptor was defective in coupling to K+ channel activation
(Surprenant et al. 1992). In vivo this point mutation prevented K+ current acti-
vation and Ca2+ channel inhibition by a2-agonists (Lakhlani et al. 1997). Sur-
prisingly, introduction of this point mutation into the mouse genome led to a
reduction of a2A-D79 N receptor expression by 80% in vivo (MacMillan et al.
1996). Because of the decreased receptor density, a2A-D79 N mice behaved as
“functional knockouts” in most experiments (MacMillan et al. 1998). However,
the presynaptic a2-receptor function was largely preserved in these mice, indi-
cating that the remaining a2A-D79 N receptors were still fully functional at this
site (Altman et al. 1999).

3.1
Presynaptic Feedback Inhibition of Neurotransmitter Release

Feedback inhibition is an essential mechanism to control transmitter release
from neurons. In adrenergic neurons, a2-adrenergic receptors sense the trans-
mitter concentration in the synaptic cleft and inhibit further secretion of nor-
epinephrine, i.e., they function as “autoreceptors” (Starke et al. 1975). Experi-
ments in tissues from gene-targeted mice suggest that two a2-receptor subtypes,
a2A and a2C, operate together as presynaptic inhibitory regulators in sympathet-
ic nerves (Hein et al. 1999a). These two receptor subtypes inhibited neurotrans-

Table 2 Transgenic mouse models withaltered a2-adrenergic receptor (a2-AR) expression

Protein Gene Genetic model Phenotype Reference(s)

a2A-AR Adra2a Targeted deletion Tachycardia, hypertension,
increased sympathetic
norepinephrine release

Altman et al. 1999;
Hein et al. 1999a

Insulin promotor-
a2A-AR

Enhanced a2-mediated
inhibition of insulin secretion

Link et al. 1996;
Devedjian et al. 2000

Adipocyte promotor-
a2A-AR x b3-KO

High-fat diet-induced obesity Valet et al. 2000

a2B-AR Adra2b Targeted deletion Abolished hypertensive
response to a2-agonists

Link et al. 1996

a2C-AR Adra2c Targeted deletion Enhanced aggression Link et al. 1995;
Scheinin et al. 2001

a2C-promotor-a2CAR Altered behavior Scheinin et al. 2001
a2ABC-AR Adra2a,b,c Targeted deletion Embryonic lethal due

to defective placental
angiogenesis

Philipp et al. 2002a
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mitter release in several central and peripheral nervous system locations (Tren-
delenburg et al. 1999; Trendelenburg et al. 2001; B�cheler et al. 2002).

Presynaptic a2-autoreceptor subtypes can be distinguished functionally: a2A-
receptors inhibited transmitter release significantly faster and at higher action
potential frequencies than the a2C-receptors (Hein et al. 1999a; Scheibner et al.
2001b; B�cheler et al. 2002). When a2A- and a2C-receptors were stably expressed
together with N-type Ca2+ channels or G protein-gated inwardly-rectifying po-
tassium channel (GIRK) channels, deactivation kinetics after removal of norepi-
nephrine was greatly different between these two subtypes (B�nemann et al.
2001). The a2C-receptor was active for a significantly longer time after agonist
removal than the a2A-subtype. This difference in a2-receptor deactivation kinet-
ics could be explained by the higher affinity of norepinephrine for the a2C- than
for the a2A-receptor subtype. This property makes the a2C-receptor particularly
suited to control neurotransmitter release at low action potential frequencies
(Hein et al. 1999a). In contrast, the a2A-receptor seems to operate primarily at
high stimulation frequencies in sympathetic nerves and may thus be responsible
for control of norepinephrine release during maximal sympathetic activation.

In addition to their function as autoreceptors, a2-adrenergic receptors can
also regulate the exocytosis of a number of other neurotransmitters in the cen-
tral and peripheral nervous system, and thus operate as “heteroreceptors.” In
the brain, a2A- and a2C-receptors can inhibit dopamine release in basal ganglia
(B�cheler et al. 2002) as well as serotonin secretion in mouse hippocampus and
brain cortex (Scheibner et al. 2001a). In contrast, the inhibitory effect of a2-ago-
nists on gastrointestinal motility was mediated solely by the a2A-subtype
(Scheibner et al. 2002).

3.2
Cardiovascular Control by a2-Adrenergic Receptors

a2-Receptors are essential regulators of the cardiovascular system. Activation of
a2-receptors by intravenous application of a2-agonists causes a biphasic blood
pressure response: after a transient hypertensive phase arterial pressure falls be-
low the baseline. After oral application of a2-agonists, the hypotensive action
dominates and is being used to treat elevated blood pressure in hypertensive pa-
tients. In mice, the two phases of the pressure reponse are mediated by two dif-
ferent a2-receptor subtypes: a2B-receptors are responsible for the initial hyper-
tensive phase, whereas the long-lasting hypotension is mediated by a2A-recep-
tors (Link et al. 1996; MacMillan et al. 1996; Altman et al. 1999). Thus, the a2A-
receptor is a therapeutic target for subtype-selective antihypertensive agents.

Some evidence indicates that a2A-receptors may also participate in the vaso-
constriction mediated by a2-agonists in mice (MacMillan et al. 1996). Bolus in-
jection of norepinephrine caused transient hypertension in wild-type mice and
in a2B- and a2C-deficient mice but not in mice lacking the a2A-receptor (Duka et
al. 2000).
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In addition to its role as a vasoconstrictor, a2B-receptors in the central ner-
vous system are required for the development of salt-sensitive hypertension
(Makaritsis et al. 1999a,b; Makaritsis et al. 2000; Gavras et al. 2001; Kintsurash-
vili et al. 2001). Nephrectomy followed by salt loading has been established as a
model of hypertension in mice (Gavras et al. 2001). In this system, the develop-
ment of hypertension depends on increased vasopressin release and sympathet-
ic activation (Gavras and Gavras 1989). Bilateral nephrectomy and saline infu-
sion raised blood pressure in wild-type, a2A-, and a2C-receptor-deficient mice.
However, in a2B-deficient animals a small fall in arterial pressure was observed
(Makaritsis et al. 1999a).

Under certain conditions, even the a2C-receptor subtype may contribute to
vascular regulation: when kept below 37	C for a while, cutaneous arteries of the
mouse tail showed an a2C-receptor-dependent vasoconstriction which could not
be observed when the vessel segments were incubated at body temperature
(Chotani et al. 2000). This finding may be of great therapeutic interest for the
treatment of Raynaud�s disease. Patients with Raynaud�s phenomenon suffer
from severe vasoconstrictory periods of their fingers and toes which are usually
triggered by exposure to cold. Treatment of these patients with a2-adrenergic
antagonists diminished the vasoconstriction (Freedman et al. 1995). Thus, inhi-
bition of a2C-receptors may prove an effective treatment for Raynaud�s phenom-
enon.

3.3
Analgesia, Sedation, and Other CNS Effects

In the mouse, all three a2-receptor subtypes are involved in the regulation of
pain perception. The a2A-receptor mediates the antinociception induced by sys-
temically applied a2-agonists, including clonidine and dexmedetomidine
(Hunter et al. 1997; Stone et al. 1997; Fairbanks and Wilcox 1999). Interestingly,
a2A-receptor-deficient mice showed a reduced antinociceptive effect to isoflu-
rane (Kingery et al. 2002). In contrast, the imidazoline/a2-receptor ligand mox-
onidine caused spinal antinociception which was at least partially dependent on
a2C-receptors (Fairbanks et al. 2002).

Surprisingly, spinal a2B-receptors are required for the antinociceptive effect
of nitrous oxide which is used as a potent inhalative analgesic during anesthesia
(Guo et al. 1999; Sawamura et al. 2000). Activation of endorphin release in the
periaqueductal gray by nitrous oxide stimulates a descending noradrenergic
pathway which releases norepinephrine onto a2B-receptors in the dorsal horn of
the spinal cord (Zhang et al. 1999). In mice lacking a2B-receptors, the analgesic
effect of nitrous oxide was completely abolished (Sawamura et al. 2000).

In human patients, a2-agonists are used in the postoperative phase or in in-
tensive care as sedative, hypnotic, and analgesic agents (Scholz and Tonner
2000; Maze et al. 2001). The sedative effects of a2-agonists in mice are solely me-
diated by the a2A-receptor subtype (Lakhlani et al. 1997). Mice lacking a2B- or
a2C-receptors did not differ in their sedative response from wild-type control
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mice (Hunter et al. 1997; Sallinen et al. 1997). Similarly, the anesthetic-sparing
effect of a2-agonists was completely abolished in a2A-D79 N mice (Lakhlani et
al. 1997). The hypnotic effect of a2-agonists is most likely mediated in the locus
coeruleus. Neurons of the locus coeruleus express a2A-adrenergic receptors at
very high density (Wang et al. 1996). Furthermore, a2A-antisense oligonucle-
otide injection into the locus coeruleus in rats attenuated the sedative effects of
exogenous a2-agonists (Mizobe et al. 1996).

a2-Adrenergic receptors affect a number of behavioral functions in the cen-
tral nervous system (Sallinen et al. 1998; Sallinen et al. 1999; Bjorklund et al.
2000; Schramm et al. 2001). In particular, the a2C-receptor subtype has been
demonstrated to inhibit the processing of sensory information in the central
nervous system of the mouse (for a recent review see Scheinin et al. 2001). Acti-
vation of a2C-receptors disrupts execution of spatial and non-spatial search pat-
terns, whereas stimulation of a2A- and/or a2B-receptors may actually improve
spatial working memory in mice (Bjorklund et al. 2001). It may be concluded
that novel agonists devoid of a2C-receptor affinity can modulate cognition more
favorably than non-subtype selective drugs.

In contrast, drugs acting via the a2C-receptor may gain therapeutic value in
disorders associated with enhanced startle responses and sensorimotor gating
deficits, such as schizophrenia, attention deficit disorder, post-traumatic stress
disorder, and drug withdrawal (Sallinen et al. 1998). In addition to the a2C-sub-
type, the a2A-receptor has an important role in modulating behavioral func-
tions. Experiments using gene-targeted mice indicate that the a2A-receptor may
play a protective role in some forms of depression and anxiety and this receptor
may mediate part of the antidepressant effects of imipramine (Schramm et al.
2001). Thus, a2A- and a2C-receptors complement each other to integrate central
nervous system function and behavior.

In addition, a2-receptors are involved in the regulation of seizure threshold.
Activation of central a2A-receptors causes a powerful anti-epileptogenic effect in
mice (Janumpalli et al. 1998).

4
b-Adrenergic Receptors

Activation of cardiac b-adrenergic receptors by the endogenous catecholamines
epinephrine and norepinephrine represents the strongest stimulus to increase
myocardial performance (Brodde 1993). The b2-adrenergic receptor was the
first G protein-coupled receptor to be cloned (Dixon et al. 1986) and served as
the prototype to study the function and regulation of seven transmembrane do-
main-containing receptors. In the field of cardiac b-adrenergic signaling a mul-
titude of transgenic mouse models has been generated that has contributed to
our understanding of b-adrenergic signaling (Table 3).
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4.1
b-Adrenergic Receptors in the Cardiovascular System

Traditionally it has been assumed, that the b1-subtype mediates the myocardial
effects of b-adrenergic stimulation and that b2-adrenergic receptors would exert
their actions primarily in the smooth muscle cells of the lung, uterus, and blood
vessels. This view has been challenged as it is clear now that cardiomyocytes co-
express all three b-adrenergic receptor subtypes.

4.1.1
Transgenic Models for the b1-Adrenergic Receptor

The b1-adrenergic receptor (b1AR) is the predominant subtype on cardiac myo-
cytes. It accounts for about 60%–80% of the b-adrenergic receptor population
on cardiac myocytes and also dominates functionally in the non-failing myocar-
dium. Atrial overexpression of the b1-AR under control of the ANF promotor
led to enhancement of basal beating frequency (Bertin et al. 1993) and a de-
crease in heart rate variability (Mansier et al. 1996). Studies on isolated atria
from these mice showed a shift of the dose–response curve for isoproterenol-in-
duced force of contraction to the left with unchanged maximal effects, indicat-
ing that the overexpressed receptors acted mainly as functional spare receptors
(Zolk et al. 1998).

Two groups have independently generated transgenic mice with cardiac-re-
stricted overexpression of the human b1-adrenergic receptor under control of
the aMHC-promotor (Engelhardt et al. 1999; Bisognano et al. 2000). Moderate
overexpression of the human b1-adrenergic receptor (up to 46-fold compared to
wild-type animals) led to a phenotype resembling human heart failure with car-
diomyocyte hypertrophy and apoptosis, interstitial fibrosis, contractile dysfunc-
tion, and finally clinically overt heart failure between 10 and 12 months of age
(Fig. 3a; Engelhardt et al. 1999). Very early in the course of the disease, alter-
ations in cardiomyocyte calcium handling occurred which correlated with re-
duced expression of junctin, which is an important regulator of calcium trans-
port in the sarcoplasmic reticulum (Engelhardt et al. 2001a).

b1-AR transgenic mice showed upregulation of the cardiac Na+/H+-exchang-
er 1 (NHE1) on mRNA and protein level before fibrosis and contractile dysfunc-
tion become apparent in these mice (Engelhardt et al. 2002). Pharmacologic
NHE1-inhibition by cariporide prevented the development of b1-adrenergic re-
ceptor-induced hypertrophy, fibrosis, and heart failure. Thus, the cardiac Na+/
H+-exchanger 1 is essential for the detrimental effects of chronic b1-receptor
stimulation in the heart and may, in addition, become an important target for
the treatment of human heart failure.

Apart from defining the role of b-adrenergic receptor subtypes in myocardial
hypertrophy, b1-AR transgenic mice confirmed the occurrence of spontaneous
activity of the human b1-AR (Engelhardt et al. 2001b). This spontaneous activa-
tion in the absence of endogenous agonists could be clinically relevant, as
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among the pure b-receptor blocking agents used for the treatment of heart fail-
ure those with measurable inverse agonistic activity in the b1-AR transgenic
model were associated with a significant decrease in mortality in clinical trials.
On the contrary, xamoterol and bucindolol, agents which lack this property or
even display partial agonistic activity (Bristow 2000; Andreka et al. 2002), did
not lead to a reduction in mortality from heart failure. Thus, while the sponta-
neous activity of the human b1-adrenergic receptor is comparably small com-
pared to the b2-subtype (Bond et al. 1995), such small differences in activation
of b1-adrenergic receptors may become important for cardiac function in the
long run.

Fig. 3a, b Cardiac effects of b1- and b2-adrenergic receptors. a Left ventricular contractility is en-
hanced in young mice with cardiac overexpression of the human b1-adrenergic receptor as compared
with wild-type mice. Long-term enhancement of cardiac b1-adrenergic signaling leads to progressive
deterioration of cardiac function with overt heart failure at 35 weeks of age. (Data taken with permis-
sion from Engelhardt et al. 1999.) b Different effects of b1- and b2-adrenergic receptors on contraction
rate of isolated cardiomyocytes from neonatal mice lacking either b2-AR (left) or b1-AR (right). Activa-
tion of b1-AR by isoproterenol in b2-AR KO myocytes led to an increase in contraction rate which was
not altered after pretreatment with pertussis toxin (PTX). In contrast, stimulation of b2-AR in b1-recep-
tor-deficient myocytes showed a transient positive chronotropic response which was followed by a lon-
ger-lasting negative chronotropic effect. The negative chronotropic effect of b2-AR stimulation was me-
diated by Gi proteins, as this effect was completely abolished after PTX pretreatment. (Data adapted
from Devic et al. 2001)
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Disruption of the genes of all three b-adrenergic receptors has been de-
scribed (Susulic et al. 1995; Rohrer et al. 1996; Revelli et al. 1997; Chruscinski et
al. 1999). b1-adrenergic receptor knockout mice displayed embryonic lethality
which was dependent on the genetic background (Rohrer et al. 1996). In b1-AR
KO mice which survived until adulthood, the inotropic response to b-adrenergic
stimulation with isoproterenol was completely lost in b1-AR-knockout mice, in-
dicating that the b2-subtype may not contribute significantly to b-adrenergically
mediated increases of contractility in the murine heart. While one has to keep
in mind that the three b-adrenergic receptor subtypes might display compensa-
tory expression changes when one or more of them is genetically deleted
(Susulic et al. 1995; Hutchinson et al. 2001), this model led to new insights about
b-adrenergic signaling in cardiac myocytes.

4.1.2
Transgenic Models for the b2-Adrenergic Receptor

Transgenic overexpression of the human b2-adrenergic receptor (20–30 pmol of
receptor/mg membrane protein) in the ventricles of transgenic mice led to
marked enhancement of basal cardiac contractility, which could not be further
augmented by b-agonist treatment (Milano et al. 1994a). Given that the b2-sub-
type constitutes about 25%–30% of the total b-adrenergic receptor number
which is normally 50–70 fmol/mg of membrane protein, this corresponds to over
1,000-fold overexpression compared to endogenous receptor levels. In contrast
to overexpression of the b1-receptor, this dramatic level of receptor density re-
markably did not result in overt cardiac pathology. Even at more than 1 year of
age these animals were reported to show only minimal morphological alterations
of the myocardium (Koch et al. 2000). Thus, b2-adrenergic receptor gene therapy
was proposed to enhance myocardial function of failing hearts (Lefkowitz et al.
2000). At least on a short-term basis, this concept was proven to effectively en-
hance myocardial contractility in a rabbit model of heart failure (Akhter et al.
1997b) and in human cardiac myocytes isolated from failing hearts.

Overexpression of the human b2-adrenergic receptor in surgical or genetic
heart failure models led to ambiguous results, however. While high-density b2-
AR overexpression worsened cardiac function after aortic banding (Du et al.
2000a), it preserved cardiac contractility after myocardial infarction without ad-
verse consequences (Du et al. 2000b). In mice with cardiac overexpression of
Gaq (Dorn et al. 1999) and in mice carrying a mutation in the gene for cardiac
troponin T (Freeman et al. 2001), high-level overexpression of the b2-AR led to
further impairment of cardiac structure and function. However, if lower levels
of b2-AR-overexpression were used (30- to 60-fold), beneficial effects of b2-AR
overexpression could be demonstrated in the same model (Dorn et al. 1999; Lig-
gett et al. 2000). These observations were confirmed by a study of Liggett et al.
which showed that moderate (i.e., 60-fold) overexpression was well tolerated,
while very high densities of transgenic b2-AR receptors (350-fold) induced car-
diac pathology (Liggett et al. 2000).
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Several reports using transgenic or knockout mice indicate, that b1- and b2-
receptors differ in their intracellular signaling pathways (Fig. 2). In addition to
its activation of the Gs pathway, coupling of the b2-AR to Gi proteins could be
demonstrated in mice with cardiac overexpression of the b2-receptor (Xiao et al.
1999, Gong et al. 2000; Heubach et al. 2003). Dual coupling of cardiac b2-adren-
ergic receptors to Gs (within 10 min) and Gi proteins (from 10 min onwards)
also occurred in isolated neonatal cardiomyocytes from mice lacking b1- or b2-
receptors (Fig. 2b, Devic et al. 2001). However, contrary to what has been de-
scribed initially in HEK293 cells (Daaka et al. 1997), this switch from Gs to Gi-
coupling did not appear to be protein kinase A (PKA)-mediated (Devic et al.
2001). In isolated cardiomyocytes from gene-targeted mice, b1-AR stimulation
induced apoptosis but b2-AR stimulation had a protective effect on b1-AR in-
duced apoptosis (Zhu et al. 2001). At present, it is unclear whether b2-AR-medi-
ated stimulation of p38 MAP kinase (Communal et al. 2000) or Gi-mediated ac-
tivation of Akt-kinase (Chesley et al. 2000) is responsible for the anti-apoptotic
effect of b2-receptor activation.

b2-AR knockout mice display no overt pathology (Chruscinski et al. 1999).
While their heartfunction is normal both under basal and under stimulated con-
ditions, these mice show a blunted hypotensive response to isoproterenol. A de-
tailed analysis of the b-adrenergic subtypes responsible for the regulation of
vascular tone in mice was then carried out on isolated vessels from mice with
deletion of the b1AR and the b2AR (Chruscinski et al. 2001). In most isolated
arterial and venous blood vessel segments, the b1-receptor induced vasodilation
prevailed over b2-mediated vasorelaxation.

b1b2-double knockout animals had normal basal cardiac function and even
showed preserved maximum exercise capacity (Rohrer et al. 1999). Mice lacking
b1- and b2-receptor subtypes have also helped to clarify a longstanding question
as to whether a fourth b-receptor subtype exists (Kaumann and Molenaar
1997). The putative b4-adrenergic receptor has been postulated, based on func-
tional assays on isolated organs and ligand binding assays, where in the pres-
ence of high concentrations of the b-receptor antagonist CGP12177 cardiostim-
ulatory effects became apparent. In isolated atria from b1- and b2-knockout
mice, it has been demonstrated that the pharmacology of the putative b4-adren-
ergic receptor subtype is entirely dependent on the presence of the b1-adrener-
gic receptor, i.e., must be an atypical state of the b1-AR (Konkar et al. 2000; Kau-
mann et al. 2001).

4.1.3
Transgenic Models for the b3-Adrenergic Receptor

Although the b3-AR was the last of the three receptor subtypes to be cloned, the
b3-subtype was the first to be inactivated genetically in the mouse (Susulic et al.
1995). As expected from the expression pattern of the b3-AR, the phenotypic
analysis concentrated on the regulation of lipolysis in these mice (see below).
More recently, the function of the b3-AR in the myocardium has been studied
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by the use of b3-AR knockout mice. In experiments on isolated organs, the b3-
adrenergic receptor has been demonstrated to couple to inhibitory G proteins
in the heart (Gauthier et al. 1996) and to elicit a negative inotropic response via
the release of NO (Gauthier et al. 1998). Interestingly, the negative inotropic ef-
fect of nitric oxide release after b-adrenergic stimulation was dependent on the
presence of the b3-adrenergic receptor (Varghese et al. 2000). In neonatal car-
diomyocytes from b1-AR/b2-AR knockout animals, dual coupling of the b3-AR
to both Gs and Gi, with the Gi component dominating, was described (Fig. 3b,
Devic et al. 2001). Recently, Kohout et al. have generated transgenic mice with
cardiac-restricted overexpression of the human b3-adrenergic receptor (Kohout
et al. 2001). In marked contrast to the above-mentioned findings, the b3-AR me-
diated positive inotropic responses in this mouse model. This effect was Gs-me-
diated without measurable Gi coupling being present (Kohout et al. 2001).

4.2
b-Adrenergic Receptors in the Pulmonary System

b-adrenergic receptors play an important role in regulating the function of the
respiratory tract. Their activation has been shown to promote bronchodilation
(reviewed by Barnes 1995) mainly through the b2-subtype located on bronchial
smooth muscle cells and airway epithelial cells. Liggett and co-workers have in-
vestigated the role of the b2-adrenergic receptor in various cell-types of the lung
by overexpression of this receptor with tissue-specific promotors. By targeted
overexpression of the b2-AR to smooth muscle cells, they identified the b2-AR
as the limiting factor in the signal transduction cascade mediating epinephrine-
induced bronchial relaxation (McGraw et al. 1999). Mice with 75-fold overex-
pression of the receptor showed markedly enhanced relaxation to b-agonist
treatment and a blunted response to bronchoconstrictor treatment (McGraw et
al. 1999). Subsequently, the same group studied the role, which is much less de-
fined, of b2-adrenergic receptor signal transduction on alveolar epithelial cells.
By the use of the Clara cell secretory cell promotor they achieved a twofold in-
crease in b2-adrenergic receptor density in airway epithelial cells (McGraw et al.
2000). Again, these mice were more resistant to bronchoconstrictive stimuli
than their wild-type littermates. These results support a role for the epithelial
cells in the regulation of airway responsiveness in vivo. Recently, McGraw et al.
overexpressed the b2-adrenergic receptor also in alveolar type II cells by the use
of the rat surfactant protein C promotor (McGraw et al. 2001). In the absence of
exogenous b-agonists, the authors detected a marked increased alveolar fluid
clearance from the alveolar lumen.

4.3
Role of b-Adrenergic Receptors in Metabolic Pathways

All three b-adrenergic receptors have been implicated in the regulation of me-
tabolism. The b-adrenergic receptors regulate insulin secretion (b2-AR), glyco-

50 S. Engelhardt · L. Hein



genolysis (b2-AR), and lipolysis (b1-AR and b3-AR). Some of these aspects have
been addressed with the use of transgenic animals. b2-AR knockout mice have a
lower body fat content (Chruscinski et al. 1999) and show a lower respiratory
exchange ratio. The authors propose that this might be indicative of a defect in
glycogen mobilization which results in a shift from glycogen to fat metaboliza-
tion (Chruscinski et al. 1999). Two independent groups have generated mice
with targeted deletion of the b3-adrenergic receptor (Susulic et al. 1995; Revelli
et al. 1997). Both groups detected a moderate increase in body fat content, sup-
porting a role for the b3-adrenergic receptor in lipolysis. On the contrary, b1–3-
subtype triple knockout mice exhibited a more pronounced phenotype with re-
spect to metabolism (Bachman et al. 2002). These mice display impaired diet-
induced thermogenesis in response to a high-fat diet and subsequently develop
marked obesity.

4.4
Function of b-Adrenergic Receptors in the CNS

The adrenergic system plays a central role in regulating numerous functions of
the central nervous system including regulation of sympathetic tone, learning
and memory, mood, and food intake. A single study so far used transgenic mod-
els with altered b-adrenergic receptor expression to study b-adrenergic recep-
tors� role in long-term potentiation. By the use of mice with deletion of the b1-
and/or the b2-adrenergic receptor, the b1-subtype was found to be involved in
the modulation of long-term potentiation (Winder et al. 1999).

5
Enzymes and Transporters of the Adrenergic System

The endogenous catecholamines, dopamine, norepinephrine, and epinephrine,
are synthesized from the precursor amino acid tyrosine(Fig. 4). In the first bio-
synthetic step, tyrosine hydroxylase (TH) generates l-dopa, which is further
converted to dopamine by the aromatic l-amino acid decarboxylase (AADC).
Dopamine is then transported from the cytosol into synaptic vesicles by a vesic-
ular monoamine transporter (VMAT). In these vesicles, dopamine b-hydroxyl-
ase (DbH) generates norepinephrine, which is further converted to epinephrine
in the adrenal gland by phenylethanolamine N-methyltransferase (PNMT). A
detailed review about genetic mouse models (Table 4) and human mutations in
genes involved in synthesis and degradation of catecholamines has been pub-
lished recently (Carson and Robertson 2002).

Catecholamines are essential for embryonic development as targeted deletion
of the genes for tyrosine hydroxylase and dopamine b-hydroxylase in mice led
to embryonic lethality during mid-gestation (Thomas et al. 1995; Zhou et al.
1995). TH-deficient embryos died between embryonic days 11.5 and 15.5 with
bradycardia, disorganized cardiomyocytes, and blood congestion in liver and
large blood vessels. In mice that survived with a targeted disruption of the DbH
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gene, maternal behavior was greatly impaired (Thomas and Palmiter 1997b).
Deletion of the TH gene led to deficiency in dopamine, norepinephrine, and epi-
nephrine. When the synthesis of norepinephrine in sympathetic neurons was se-
lectively restored by transgenic overexpression of TH under control of the DbH
promotor, the embryonic lethality of TH-knockout mice could be rescued (Kim
et al. 2000). However, these mice were still lacking TH in their dopaminergic
neurons and thus were “dopamine”-knockouts and were hypoactive and hy-
pophagic and died by 3 weeks of age.

The vesicular monoamine transporter operates to accumulate cytosolic
monoamines into synaptic vesicles, using the proton gradient maintained across
the synaptic vesicular membrane. Until now, two separate vesicular monoamine
transporters have been cloned, VMAT1 and VMAT2. The brain vesicular mono-
amine transporter (VMAT2) pumps monoamine neurotransmitters and
Parkinsonism-inducing dopamine neurotoxins such as 1-methyl-4-phenyl-
phenypyridinium (MPP+) from the neuronal cytoplasm into synaptic vesicles.
Mice lacking functional VMAT2 died by the second week after birth (Takahashi
et al. 1997). Heterozygous VMAT2-KO mice displayed prolonged QT intervals
during telemetric ECG recording and were thus more prone to die from sponta-
neous arrhythmia (Itokawa et al. 1999).

Fig. 4 Enzymes and transporters for catecholamine biosynthesis, uptake, and metabolism. As cate-
cholamines do not cross the lipid phase of the plasma membrane, specific transporter proteins are re-
quired for concentration of catecholamines in synaptic/storage vesicles (VMAT) and for reuptake into
presynaptic neurons (NET) or neighboring cells (EMT). Two enzymes, monoamine oxidase (MAO) and
catechol-O-methyltransferase (COMT) are required for metabolic degradation of catecholamines
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The action of norepinephrine in the synaptic cleft is mostly terminated by re-
uptake into neurons by the norepinephrine transporter (NET) or by extraneu-
ronal uptake via the extraneuronal monoamine transporter (EMT, “uptake2”).
NET is the target of many pharmacological drugs, including tricyclic antide-
pressants (e.g., desipramine), selective norepinephrine reuptake inhibitors (e.g.,
reboxetine), and the psychostimulant amphetamine. NET-deficient animals be-
haved like antidepressant-treated wild-type mice. Mutants were hyper-respon-
sive to locomotor stimulation by cocaine or amphetamine (Xu et al. 2000).

Norepinephrine that is not recycled into its neuron via NET may be taken up
by another transport mechanism into surrounding cells, the EMT, which was
also termed “uptake-2” or organic cation transporter 3 (OCT-3). Homozygous
mutant mice lacking EMT were viable and fertile with no obvious physiological
defect and also showed no significant imbalance of norepinephrine or dopa-
mine. However, EMT-deficient mice showed an impaired uptake-2 activity as
measured by accumulation of intravenously administered MPP+ (Zwart et al.
2001).

Several mouse lines lacking enzymes required for catecholamine degradation
have been generated (for review see Carson and Robertson 2002). MAO-A-defi-
cient mice had increased brain levels of 5-HT, norepinephrine, and dopamine
and were more aggressive than control mice (Cases et al. 1995). In contrast,
MAO-B deficiency did not lead to altered 5-HT, NE, or dopamine levels (Grims-
by et al. 1997), but mutant mice were resistant to the neurodegenerative effects
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a toxin that induces a
condition reminiscent of Parkinson�s disease.

Catechol O-methyltransferase (COMT) is one of the major mammalian en-
zymes involved in the metabolic degradation of catecholamines and is consid-
ered a candidate for several psychiatric disorders and symptoms, including the
psychopathology associated with the 22q11 microdeletion syndrome. Mutant
mice lacking COMT demonstrated sexually dimorphic and region-specific
changes of dopamine levels, notably in the frontal cortex. In addition, homozy-
gous COMT-deficient female (but not male) mice displayed impairment in emo-
tional reactivity in the dark/light exploratory model of anxiety (Gogos et al.
1998).

6
Pharmacological Relevance of Transgenic Models
of the Adrenergic System

Transgenic and knockout mice with altered expression of adrenergic receptors,
enzymes, and transporters are essential tools (1) to identify the specific func-
tion of closely related proteins of the adrenergic system and (2) to explore novel
drug targets in those mouse models which resemble human diseases. Gene tar-
geting has led to the identification of specific, non-redundant functions of indi-
vidual receptor subtypes for the a2- and b-receptor subfamilies. Despite the fact
that there is some functional overlap between a2-receptor subtypes (Philipp et
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al. 2002b), the most important physiological roles of these receptors have been
identified: whereas a2A- and a2C-receptors operate together to control catechol-
amine release from adrenergic neurons, a2B-receptors are essential for angio-
genesis in the developing placenta labyrinth (Hein et al. 1999; Philipp et al.
2002a). Novel drugs with subtype selectivity for individual a2-receptor subtypes
may improve drug therapy for analgesia, hypertension, Raynaud�s syndrome,
postoperative sedation, psychiatric disorders, as well as chronic heart failure
and other diseases with enhanced sympathetic activity. Similarly, transgenic
models have added significant knowledge to our understanding of the function
of cardiac b-receptor subtypes. Most importantly, differences in signal trans-
duction between cardiac b1- and b2-receptors may unravel novel drug targets
for the treatment of human heart failure. The fact that some transgenic mouse
models are also useful as disease models to test novel treatment strategies is
highlighted by the observation that increased activity of the cardiac Na+-H+-ex-
changer 1 can be inhibited by cariporide to prevent hypertrophy, fibrosis and
heart failure in transgenic mice with cardiac overexpression of the b1-adrenergic
receptor (Engelhardt et a. 2002). Additional mouse models are currently being
generated to extend these observations to the family of three a1-adrenergic re-
ceptors. Furthermore, genetic mouse models may, in the future, be useful to
identify the relevance of genetic variants of adrenergic receptors, enzymes, and
transporters for the development or susceptibility for human diseases.
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Abstract Muscarinic acetylcholine receptors (mAChRs) play critical roles in
regulating the activity of many important functions of the central and peripher-
al nervous system. However, identification of the physiological and pathophysi-
ological roles of the individual mAChR subtypes (M1–M5) has proven a difficult
task, primarily due to the lack of ligands endowed with a high degree of receptor
subtype selectivity and the fact that most tissues and organs express multiple
mAChRs. To circumvent these difficulties, we and others have used gene target-
ing strategies to generate mutant mouse lines containing inactivating mutations
of the M1–M5 mAChR genes. The different mAChR mutant mice and the corre-
sponding wild-type control animals were subjected to a battery of physiological,
pharmacological, behavioral, biochemical, and neurochemical tests. The M1–M5

mAChR mutant mice (MXR
/
 mice) were all viable and reproduced normally.
However, each mutant mouse line displayed distinct phenotypical changes. For
example, M1R
/
 mice showed a pronounced increase in locomotor activity,
probably due to the increase in dopamine release in the striatum. In addition,
pilocarpine-induced epileptic seizures were absent in M1R
/
 mice. Pharmaco-
logical analysis of M2R
/
 mice indicated that the M2 subtype plays a key role in
mediating three of the most striking central muscarinic effects: tremor, hypo-
thermia, and analgesia. As expected, muscarinic agonist-mediated bradycardia
was abolished in M2R
/
 mice. M3R
/
 mice displayed a significant decrease in
food intake, reduced body weight and peripheral fat deposits, and very low se-
rum leptin and insulin levels. Additional studies showed that the M3 receptor
subtype also plays a key role in mediating smooth muscle contraction and glan-
dular secretion. Behavioral analysis of M4R
/
 mice suggested that M4 receptors
mediate inhibition of D1 dopamine receptor-mediated locomotor stimulation,
probably at the level of striatal projection neurons. Studies with M5R
/
 mice
indicated that vascular M5 receptors mediate cholinergic relaxation of cerebral
arteries and arterioles. Behavioral and neurochemical studies showed that M5

receptor activity modulates both morphine reward and withdrawal processes,
probably through activation of M5 receptors located on midbrain dopaminergic
neurons. These results offer promising new perspectives for the rational devel-
opment of novel muscarinic drugs.

Keywords Acetylcholine · Analgesia · Gene targeting · Knockout mice ·
Morphine · Muscarinic agonists · Muscarinic receptors · Oxotremorine ·
Parasympathetic nervous system · Pilocarpine
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Abbreviations

ACh Acetylcholine
AGRP Agouti-related peptide
CNS Central nervous system
i.c.v. Intracerebroventricular
i.t. Intrathecal
LDT Laterodorsal tegmental nucleus
M1R
/
 (M2R
/
, etc.) M1(2, etc.) muscarinic receptor-deficient (mice)
mAChR Muscarinic acetylcholine receptor
MCH Melanin-concentrating hormone
POMC Proopiomelanocortin
s.c. Subcutaneous
VTA Ventral tegmental area
WT Wild-type

1
Introduction

Acetylcholine (ACh) is a major neurotransmitter both in the central and in the
peripheral nervous system (Wess et al. 1990). ACh exerts its diverse physiologi-
cal functions through activation of two distinct classes of plasma membrane re-
ceptors, the nicotinic and muscarinic ACh receptors. Whereas the nicotinic ACh
receptors function as ligand-gated ion channels, the muscarinic ACh receptors
(mAChRs) are prototypical members of the superfamily of G protein-coupled
receptors (Wess 1996). Molecular cloning studies have revealed the existence of
five molecularly distinct mAChR subtypes (M1–M5) (Caulfield 1993; Wess 1996;
Caulfield and Birdsall 1998). Based on their differential G protein coupling prop-
erties, the five receptors can be subdivided into two major functional classes.
Whereas the M2 and M4 receptors are preferentially coupled to G proteins of the
Gi family, the M1, M3, and M5 receptors are selectively linked to Gq/11 proteins
(Caulfield 1993; Wess 1996; Caulfield and Birdsall 1998).

Receptor localization studies have shown that mAChRs are present in virtual-
ly all organs, tissues, or cell types (Caulfield 1993; Levey 1993; Vilaro et al. 1993;
Wolfe and Yasuda 1995). It is well known that peripheral mAChRs mediate the
actions of ACh at parasympathetically innervated effector tissues (organs), in-
cluding reduction in heart rate and stimulation of glandular secretion and
smooth muscle contraction (Wess et al. 1990; Caulfield 1993). Central mAChRs
are involved in a very large number of vegetative, sensory, cognitive, behavioral,
and motor functions (Wess et al. 1990; Levine et al. 1999, 2001). Moreover, a
considerable body of evidence indicates that disturbances in the central mAChR
system may play a role in a number of pathophysiological conditions including
Alzheimer�s and Parkinson�s disease, depression, schizophrenia, and epilepsy
(Coyle et al. 1983; Wess et al. 1990; Janowsky et al. 1994; Bymaster et al. 1999;
Eglen et al. 1999; Levine et al. 1999, 2001; Felder et al. 2000).
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A key question is which specific mAChR subtypes (M1–M5) are involved in
mediating the diverse physiological actions of ACh. Such information is not
only of theoretical interest but also of considerable therapeutic relevance for the
development of novel muscarinic drugs. In the past, identification of the physio-
logical roles of the individual mAChR subtypes has been a difficult task, primar-
ily due to the lack of ligands that can activate or inhibit individual receptor sub-
types with a high degree of selectivity (Wess 1996; Caulfield and Birdsall 1998;
Felder et al. 2000). This task is further complicated by the fact that most organs,
tissues, or cell types express multiple mAChRs (Caulfield 1993; Levey 1993; Vi-
laro et al. 1993; Wolfe and Yasuda 1995). To overcome these obstacles, we recent-
ly used gene-targeting techniques to generate mouse lines deficient in each of
the five mAChR genes (Gomeza et al. 1999a,b; Yamada et al. 2001a,b; Miyakawa
et al. 2001; Fisahn et al. 2002). M1 (Hamilton et al. 1997; Gerber et al. 2001), M3

(Matsui et al. 2000), and M5 (Takeuchi et al. 2002) receptor mutant mice have
also been generated by other laboratories.

In this chapter, we will summarize the results of recent studies carried out
with M1–M5 mAChR-mutant mice. While we will focus in some more detail on
our own work in this area, all other relevant studies will also be outlined (see
Table 1 for a summary of major phenotypes). The clinical implications of the
newly generated data will be discussed throughout the text.

2
General Strategy Used to Generate mAChR-Mutant Mice

During the past few years, we used gene ablation techniques to generate mutant
mouse strains lacking M1 (Miyakawa et al. 2001; Fisahn et al. 2002), M2 (Gomeza
et al. 1999a), M3 (Yamada et al. 2001a), M4 (Gomeza et al. 1999b), or M5

mAChRs (Yamada et al. 2001b). All mutant mouse strains were obtained by us-
ing a similar strategy which is summarized briefly below.

To generate M1–M5 receptor mutant mice, we initially cloned the murine M1–
M5 mAChR genes from a 129SvJ mouse genomic library (Genome Systems).
Subsequently, we constructed targeting vectors containing two copies of the her-
pes simplex virus thymidine kinase gene and a phosphoglycerate kinase (PGK)-
neomycin resistance cassette which replaced functionally essential segments of
the receptor coding sequences. The targeting vectors were linearized and intro-
duced into embryonic stem cells by electroporation. The M1, M3, M4, and M5 re-
ceptor constructs were electroporated into TC1 (129SvEv) cells (Deng et al.
1996), and the M2 receptor construct was introduced into 1290J10 cells (Gomeza
et al. 1999a). Clones resistant to G418 and ganciclovir were tested for the occur-
rence of homologous recombination via Southern hybridization. Properly tar-
geted embryonic stem cell clones were microinjected into C57BL/6 J blastocysts
to generate male chimeric offspring, which in turn were mated with female CF-1
(Charles River Laboratories), C57BL/6 J (The Jackson Laboratories), or 129SvEv
mice (Taconic Farms) to generate F1 offspring. F1 animals heterozygous for the
desired mAChR mutation were then intermated to produce homozygous
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mAChR mutant mice (F2). Most studies reviewed in the following were carried
out with littermates of the F2 or F3 generation.

To examine whether disruption of a specific mAChR gene led to secondary
changes in the expression levels of the remaining four mAChRs, we (Gomeza et
al. 1999a,b; Miyakawa et al. 2001; Yamada et al. 2001a; Fisahn et al. 2002) and
Hamilton et al. (1997) carried out a series of immunoprecipitation studies. For
these studies, mAChR-containing membrane preparations were labeled with the
non-subtype-selective muscarinic antagonist, [3H]quinuclidinyl benzilate, fol-
lowed by receptor solubilization and immunoprecipitation by subtype-selective
antisera. These studies showed that the inactivation of a specific mAChR gene
did not lead to significant changes in the expression levels of the remaining four
mAChR subtypes (Hamilton et al. 1997; Gomeza et al. 1999a,b; Miyakawa et al.
2001; Yamada et al. 2001a; Fisahn et al. 2002).

Mutant mice lacking M1, M2, M3, M4, or M5 mAChRs were viable and were
obtained at the expected Mendelian frequency. None of the mutant mouse
strains displayed any gross behavioral or morphological abnormalities. More-
over, the different mAChR mutant mouse strains did not differ from their wild-
type (WT) littermates in fertility and longevity.

3
M1R�/� Mice

3.1
M1R�/� Mice Are Hyperactive

In the central nervous system (CNS), M1 mAChRs are abundantly expressed in
all major forebrain areas including cerebral cortex, hippocampus, and striatum
(Levey et al. 1991; Levey 1993; Vilaro et al. 1993; Wolfe and Yasuda 1995). An
initial behavioral analysis of M1 muscarinic receptor-deficient (M1R
/
) mice
showed that the lack of M1 receptors did not lead to any significant deficits in
sensory-motor gating, nociception, motor coordination, and anxiety-related be-
havior (Miyakawa et al. 2001). However, M1R
/
 mice displayed a pronounced
increase in locomotor activity that was consistently observed in all tests that in-
cluded locomotor activity measurements (Miyakawa et al. 2001). M1 receptors
are abundantly expressed in the striatum (Weiner et al. 1990; Levey et al. 1991;
Bernard et al. 1992; Hersch et al. 1994), a region known to play a key role in the
regulation of locomotor activity (Di Chiara et al. 1994). We therefore speculated
that the lack of striatal M1 receptors might be responsible for the hyperactivity
phenotype displayed by the M1R
/
 mice. M1 receptors represent the predomi-
nant mAChR subtype expressed by striatal projection neurons giving rise to the
so-called striatopallidal pathway (Weiner et al. 1990; Bernard et al. 1992; Hersch
et al. 1994), activation of which is thought to reduce locomotor activity (Di
Chiara et al. 1994). It is therefore possible that this inhibitory striatal outflow is
reduced in M1R
/
 mice, resulting in the observed hyperactivity phenotype.
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Interestingly, Gerber et al. (2001) recently reported that the hyperactivity
phenotype of M1R
/
 mice is associated with a significant increase (~2-fold) in
extracellular striatal dopamine concentrations, most probably due to an increase
in dopamine release. These authors proposed that the lack of stimulatory M1 re-
ceptors present on a subset of inhibitory striatal (striosomal) neurons project-
ing to the dopamine-containing neurons of the substantia nigra pars compacta
may be responsible for the observed increase in striatal dopamine levels dis-
played by the M1R
/
 mice.

Independent of the precise molecular mechanisms by which the lack of M1

receptors leads to an increase in locomotor activity, these recent findings sug-
gest that blockade of striatal M1 mAChRs may represent a useful strategy to im-
prove locomotor activity in patients suffering from Parkinson�s disease, a dis-
ease characterized by drastically reduced striatal dopamine levels. Since at least
some forms of schizophrenia are associated with increased dopaminergic trans-
mission in various areas of the brain, Gerber et al. (2001) also proposed that M1

receptor dysfunction might be involved in the pathophysiology of certain forms
of schizophrenia.

3.2
M1R�/� Mice Perform Well in Learning and Memory Tasks

A considerable body of behavioral and pharmacological data suggests that M1

mAChRs play an important role in learning and memory processes (Hagan et
al. 1987; Quirion et al. 1989; Fisher et al. 1996; Iversen 1997). To further test this
concept, we subjected M1R
/
 mice to several hippocampus-dependent learning
and memory tasks. Somewhat surprisingly, we found that the lack of M1 recep-
tors did not lead to major cognitive deficits (Miyakawa et al. 2001).

M1R
/
 mice performed equally well as their WT littermates in the Morris
water maze, a test which is frequently used to assess spatial reference memory
in rodents (Miyakawa et al. 2001). Moreover, in fear conditioning studies,
M1R
/
 mice displayed normal freezing levels during context testing carried out
24 h after conditioning. Similarly, the lack of M1 receptors did not lead to signif-
icant cognitive deficits in the eight-arm radial maze test during training with a
30–120 s delay time between individual trials (Miyakawa et al. 2001).

However, we noted that M1R
/
 mice exhibited reduced freezing in auditory-
cued testing carried out 48 h after fear conditioning and during context testing
carried out 4 weeks after conditioning (Miyakawa et al. 2001). Moreover, in the
eight-arm radial maze test, M1R
/
 mice displayed an increased number of re-
visiting errors during trials without delay (Miyakawa et al. 2001). This pheno-
type is therefore somewhat reminiscent of human attention deficit-hyperactivity
disorder in which hyperactivity is often accompanied by cognitive deficits
(Paule et al. 2000). However, since the M1R
/
 mice showed an excellent correla-
tion between increased locomotor activity and impaired performance in the fear
conditioning and eight-arm radial maze tests, it is likely that the behavioral def-
icits displayed by the M1R
/
 mice are primarily caused by their hyperactivity
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phenotype. Nevertheless, the possibility exists that the observed hyperactivity
phenotype masks minor cognitive deficits caused by the absence of M1

mAChRs. Consistent with this notion, Greene et al. (2001) observed that M1R
/


mice exhibit deficits in some measures of spatial learning and memory.
Based on the many behavioral and pharmacological studies implicating M1

receptor activity in many cognitive functions, our finding that M1R
/
 mice did
not show major cognitive impairments was somewhat surprising. It is therefore
conceivable that compensatory developmental changes have occurred in the
M1R
/
 mice that restore normal cognitive function even in the absence of M1

receptors. This hypothesis could be tested in future studies by using novel gene
targeting techniques that allow the ablation of specific genes in an inducible
fashion.

3.3
Pilocarpine-Induced Epileptic Seizures Are Absent in M1R�/� Mice

Interestingly, Hamilton et al. (1997) showed that high doses of systemically ad-
ministered pilocarpine, a non-subtype-selective muscarinic agonist, consistently
induced epileptic seizures in WT mice but failed to do so in M1R
/
 mice. How-
ever, the lack of M1 receptors had no significant effect on the initiation and
maintenance of seizures induced by kainic acid. We recently found that the lack
of M2–M5 receptors does not interfere with pilocarpine-induced seizure re-
sponses (F.P. Bymaster et al., unpublished observations). These results raise the
possibility that increased M1 receptor activity may contribute to the pathophys-
iology of at least certain forms of epileptic seizures (Hamilton et al. 1997).

3.4
M1R�/� Mice Show Distinct Electrophysiological Deficits

Electrophysiological studies demonstrated that muscarinic agonist-mediated M
current (Im) inhibition was abolished in sympathetic ganglion neurons derived
from M1R
/
 mice (Hamilton et al. 1997). Since muscarinic suppression of Im

increases the firing rate of sympathetic neurons (Cole and Nicoll 1984), the lack
of this activity in M1R
/
 mice is likely to lead to reduced neuronal excitability
in response to preganglionic stimulation. Consistent with this concept, the stim-
ulatory cardiovascular effects following systemic administration of the musca-
rinic agonist McN-A-343, which preferentially activates M1 mAChRs on postsyn-
aptic sympathetic neurons in vivo, were absent in M1R
/
 mice (Hardouin et al.
2002).

Somewhat surprisingly, patch-clamp studies showed that the lack of M1 re-
ceptors had no significant effect on muscarinic agonist-mediated inhibition of
Im in mouse hippocampal CA1 pyramidal cells (Rouse et al. 2000). Likewise,
hippocampal pyramidal cells derived from WT and M1R
/
 mice displayed a
similar degree of inhibition of two additional potassium conductances, the af-
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ter-hyperpolarization current, Iahp, and the leak potassium conductance, Ileak

(Rouse et al. 2000).
Patch-clamp studies using sympathetic ganglion neurons derived from

mAChR mutant mice also demonstrated that the slow, voltage-independent
muscarinic inhibition of N- and P/Q-type Ca2+ channels was absent in M1R
/


mice (Shapiro et al. 1999). On the other hand, the fast, voltage-dependent mus-
carinic inhibition of N- and P/Q-type Ca2+ channels remained intact in M1R
/


mice but was lacking in M2R
/
 mice (Shapiro et al. 1999). These results indi-
cate that distinct mAChR subtypes are involved in mediating fast and slow mus-
carinic inhibition of voltage-gated Ca2+ channels in mouse sympathetic neu-
rons.

Interestingly, Fisahn et al. (2002) recently showed that muscarine failed to in-
duce g-oscillations in the CA3 area of hippocampi from M1R
/
 mice. On the
other hand, this activity remained unaffected by the lack of M2–M5 receptors.
Fisahn et al. (2002) also demonstrated that M1 receptor activation depolarizes
hippocampal CA3 pyramidal neurons by increasing the mixed Na+/K+ current,
Ih, and the Ca2+-dependent nonspecific cation current, Icat, but not by inhibition
of Im. g-Oscillations involve the synchronized firing of large ensembles of neu-
rons at high frequency (20–80 Hz). Such oscillations occur in different areas of
the brain under various behavioral conditions including the performance of cer-
tain cognitive tasks (see Fisahn et al. 2002 and references cited therein).
Whether or not the absence of hippocampal g-oscillations in M1R
/
 mice is as-
sociated with specific behavioral deficits remains to be investigated.

3.5
M1R�/� Mice Display Distinct Biochemical Deficits

Activation of brain mAChRs leads to pronounced increases in the breakdown of
phosphoinositide (PI) lipids and the activation of the mitogen-activated protein
kinase (MAPK) pathway (Hamilton and Nathanson 2001, and references there-
in). It is well known that MAPK activation plays an important role in neuronal
plasticity, differentiation, and survival. Strikingly, muscarinic agonist-induced
MAPK activation was virtually abolished in primary cortical cultures from new-
born M1R
/
 mice (Hamilton and Nathanson 2001). Consistent with this find-
ing, Berkeley et al. (2001) reported that muscarinic agonist-mediated MAPK ac-
tivation was absent in CA1 hippocampal pyramidal neurons from M1R
/
 mice.
On the other hand, this activity remained unaffected by the lack of M2–M4

mAChRs (Berkeley et al. 2001).
Hamilton and Nathanson (2001) also demonstrated that muscarinic agonist-

stimulated PI hydrolysis was reduced by more than 60% in primary cortical cul-
tures from newborn M1R
/
 mice. In a related study, Porter et al. (2002) used an
antibody capture/guanosine triphosphate (GTP)gS binding assay for the Gaq/
Ga11 G protein subunits (this class of G proteins is linked to activation of the PI
pathway) to study mAChR-mediated activation of Gq/G11 in the mouse hippo-
campus and cerebral cortex. They found that muscarinic agonist-induced GT-
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PgS binding to Gq/G11 was virtually abolished in tissues prepared from M1R
/


mice (Porter et al. 2002). In contrast, no significant loss in signaling was ob-
served in the corresponding tissues from M3R
/
 mice (Porter et al. 2002). Con-
sistent with these in vitro studies, muscarinic agonist-induced in vivo PI hydrol-
ysis in cortex and hippocampus was found to be specifically eliminated in
M1R
/
 mice (F.P. Bymaster et al., unpublished results).

In conclusion, the lack of M1 receptors is associated with pronounced electro-
physiological and biochemical deficits in mouse cerebral cortex and hippocam-
pus. The behavioral correlates, if any, of these deficits remain to be elucidated.

4
M2 and M4 mAChR-Deficient Mice

As indicated in the introduction, the M2 and M4 mAChRs are both coupled to G
proteins of the Gi family. At a cellular level, activation of these two receptors
therefore results in similar biochemical and electrophysiological responses
(Caulfield 1993; Wess 1996; Caulfield and Birdsall 1998). However, while M2 re-
ceptors are widely expressed both in the CNS and in the body periphery, M4 re-
ceptors are clearly more abundant in the CNS, where they are expressed at par-
ticularly high levels in the forebrain (Levey 1993; Wolfe and Yasuda 1995).

4.1
Role of M2 Receptors in Cardiac and Smooth Muscle Function

In the body periphery, M2 mAChRs are abundantly expressed in the heart and
in smooth muscle organs (Caulfield 1993; Eglen et al. 1996; Brodde and Michel
1999). Stengel et al. (2000, 2002) recently reported that the cholinergic agonist,
carbachol, induced concentration-dependent bradycardic effects in isolated
spontaneously beating mouse atria prepared from WT, M3R
/
, and M4R
/


mice. Strikingly, this activity was completely abolished in atrial preparations
from M2R
/
 mice (Stengel et al. 2000). This observation is consistent with the
outcome of many previous pharmacological studies and the fact that the vast
majority of cardiac mAChRs represent M2 receptors (Caulfield 1993; Brodde and
Michel 1999).

In order to examine the potential functional role of smooth muscle M2 recep-
tors, Stengel et al. (2000) studied carbachol-induced contractile responses in
isolated smooth muscle preparations from stomach fundus, urinary bladder
and trachea of WT and M2R
/
 mice. In these experiments, carbachol proved to
be roughly twofold more potent in WT than in M2R
/
 preparations, suggesting
that the M2 receptor subtype contributes to the efficiency of mAChR-mediated
smooth muscle contraction. In contrast, the lack of M4 receptors had no signifi-
cant effect on the magnitude of the contractile responses observed in the differ-
ent smooth muscle preparations (Stengel et al. 2000). Recent studies (Matsui et
al. 2000; Stengel et al. 2002) carried out with isolated tissues from M3R
/
 mice
indicate that M3 receptors play a predominant role in muscarinic agonist-medi-

Muscarinic Acetylcholine Receptor Knockout Mice 75



ated smooth muscle contraction, consistent with a vast body of pharmacological
evidence (Caulfield 1993; Eglen et al. 1996; see Sect. 5.2).

4.2
M2 Receptors Mediate Tremor and Hypothermic Responses

Systemic administration of oxotremorine or other centrally active muscarinic
agonists results in several pharmacological effects including akinesia and trem-
or (Ringdahl et al. 1988; Sanchez and Meier 1993), two of the key symptoms of
Parkinson�s disease. Oxotremorine-induced tremor responses can be suppressed
by pretreatment of animals with widely used anti-Parkinson drugs such as mus-
carinic antagonists and l-dopa (Horst et al. 1973; Korczyn and Eshel 1979;
Quock and Lucas 1983). For these reasons, oxotremorine-induced tremor has
often been used as an animal model to identify new anti-Parkinson drugs. In
WT mice, as expected, systemic administration of oxotremorine, a non-sub-
type-selective muscarinic agonist, resulted in dose-dependent tremor responses
(Gomeza et al. 1999a). Strikingly, this response was totally abolished in M2R
/


mice (Gomeza et al. 1999a). On the other hand, the lack of M1 (Hamilton et al.
1997), M3 (F.P. Bymaster et al., unpublished results), M4 (Gomeza et al. 1999b),
or M5 (Yamada et al. 2001b) mAChRs had essentially no effect on oxotremorine-
induced tremor responses. These findings convincingly demonstrate that mus-
carinic agonist-induced tremor responses are mediated by the M2 receptor sub-
type. The molecular mechanisms by which M2 receptor activation triggers Par-
kinson-like symptoms remain unclear at present.

A considerable body of evidence indicates that mAChRs located in ther-
moregulatory centers of the hypothalamus contribute to the regulation of body
temperature (Myers 1980). Consistent with the concept, systemic administration
of oxotremorine leads to dose-dependent decreases in body temperature in WT
mice (Gomeza et al. 1999a,b). Studies with mAChR-mutant mice showed that
the oxotremorine-induced hypothermia responses were significantly reduced in
M2R
/
 but not in M4R
/
 mice (Gomeza et al. 1999a,b), suggesting that central
M2 receptors play a key role in cholinergic regulation of body temperature.
Since oxotremorine-induced hypothermia was reduced but not abolished in
M2R
/
-mutant mice, other mAChR subtypes also appear to be involved in this
activity.

4.3
Role of M2 Receptors in Muscarinic Stimulation
of the Hypothalamic–Pituitary–Adrenocortical Axis

Hemrick-Luecke et al. (2002) recently studied mAChR-mediated increases in
corticosterone levels in WT and mAChR-mutant mice. Consistent with previous
pharmacological studies, systemic administration of the partial muscarinic ago-
nist, BuTAC ([5R-(exo)]-6-[4-butylthio-1,2,5-thiadiazol-3-yl]-1-azabicyclo-
[3.2.1]-octane) led to robust increases in serum corticosterone levels in WT
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mice. This response remained unaffected in M4R
/
 mice but was abolished in
M2R
/
 mice (Hemrick-Luecke et al. 2002). These data suggest that the M2 re-
ceptor subtype plays a key role in mediating muscarinic activation of the hypo-
thalamic–pituitary–adrenocortical axis in mice.

4.4
M4R�/� Mice Show Increases in Basal and D1 Dopamine Agonist-Stimulated
Locomotor Activity

The M4 mAChR, like the M1 receptor subtype, is expressed at particularly high
levels in the striatum (Levey 1993; Hersch et al. 1994; Wolfe and Yasuda 1995).
Interestingly, studies with M4R
/
 mice showed that the lack of M4 receptors
was associated with a slight but statistically significant increase in basal locomo-
tor activity (Gomeza et al. 1999b). We also demonstrated that the locomotor
stimulation following the administration of a centrally active D1 dopamine re-
ceptor agonist was greatly enhanced in M4R
/
 mice (Gomeza et al. 1999b). Pre-
vious studies have shown that virtually all D1 dopamine receptor-expressing
striatal projection neurons also express M4 mAChRs (Bernard et al. 1992; Ince
et al. 1997) and that activation of this set of neurons facilitates locomotion (Di
Chiara et al. 1994). Moreover, Olianas et al. (1996) recently demonstrated that
D1 receptor-mediated increases in cyclic adenosine monophosphate (cAMP) lev-
els in striatal membrane preparations can be inhibited by concomitant stimula-
tion of M4 mAChRs. Taken together, these findings are consistent with the con-
cept that activation of striatal M4 receptors inhibits D1 receptor-stimulated loco-
motor responses, suggesting that blockade of striatal M4 receptor might be ben-
eficial in the treatment of Parkinson�s disease and related extrapyramidal move-
ment disorders by potentiating the stimulatory locomotor effects of dopamine
receptor agonists. On the other hand, M4 receptor agonists may become useful
in the treatment of schizophrenia and related psychoses by suppressing the hy-
peractivity of limbic dopamine systems which also coexpress D1 dopamine and
M4 muscarinic receptors (Bymaster et al. 1999; Felder et al. 2000).

4.5
Role of M2 and M4 Receptors in Mediating Analgesic Effects

4.5.1
M2 and M4 Receptors Mediate Analgesic Effects at Spinal and Supraspinal Sites

Many laboratories have shown that systemic administration of centrally active
muscarinic agonists induces pronounced analgesic effects and that this activity
is dependent on both spinal and supraspinal mechanisms (Yaksh et al. 1985;
Green and Kitchen 1986; Hartvig et al. 1989; Iwamoto and Marion 1993; Swed-
berg et al. 1997). Interestingly, it has been suggested that the potential use of
muscarinic agonists as analgesic drugs is less likely to lead to tolerance and ad-
diction associated with the use of classical opioid analgesics (Widman et al.
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1985; Swedberg et al. 1997). Identification of the mAChR subtype involved in
this activity is therefore of considerable therapeutic interest.

Since activation of G proteins of the Gi family frequently results in reduced
neuronal activity, we considered it likely that M2 and/or M4 receptors are in-
volved in mediating muscarinic agonist-dependent antinociceptive responses.
To test this hypothesis, we studied the pain sensitivity of M2R
/
 and M4R
/


mice, using the tail-flick and hot-plate analgesia tests (Gomeza et al. 1999a,b).
In the first set of studies, analgesia was induced by systemic (subcutaneous) ad-
ministration of oxotremorine. As expected, oxotremorine induced dose-depen-
dent analgesic effects in WT mice (Gomeza et al. 1999a,b). Interestingly, these
effects were markedly reduced, but not abolished, in M2R
/
 mice (Gomeza et
al. 1999a), indicating that the M2 receptor subtype plays a key role in mediating
muscarinic agonist-dependent analgesia. On the other hand, M4R
/
 mice
showed analgesic responses that were similar to those observed with WT mice
(Gomeza et al. 1999b). Moreover, a recent study demonstrated that ox-
otremorine was completely devoid of analgesic activity in mutant mice lacking
both M2 and M4 receptors (M2R
/
/M4R
/
 mice; Duttaroy et al. 2002). Similar
results were obtained with other centrally active muscarinic agonists (Duttaroy
et al. 2002). These findings indicate that muscarinic agonist-induced antinoci-
ception is mediated predominantly by M2 receptors but that M4 receptors also
contribute to this activity. In fact, we recently demonstrated that maximum an-
algesia can be achieved even in the absence of M2 receptors by simply increasing
the dose of the administered agonist (Duttaroy et al. 2002). It is likely that the
antinociceptive activity of M4 receptors remained undetected in the M4 receptor
single knockout mice (M4R
/
 mice) due to the presence of the predominant M2

receptor pathway (Gomeza et al. 1999b).
To assess the relative contribution of spinal versus supraspinal mechanisms

to muscarinic agonist-mediated analgesic effects, Duttaroy et al. (2002) also car-
ried out a series of intrathecal (i.t.) and intracerebroventricular (i.c.v.) injections
studies. Independent of the route of application, the analgesic activity of ox-
otremorine (10 mg/mouse; i.t. or i.c.v.) was greatly reduced in M2R
/
 mice (by
~50–90%), little changed in M4R
/
 mice, and essentially abolished in M2R
/
/
M4R
/
 mice (shown for the i.t. injection experiments in Fig. 1). This pattern
was very similar to that observed after systemic administration of oxotremorine
(Gomeza et al. 1999a,b; Duttaroy et al. 2002).

These data indicate that both M2 and M4 receptors are involved in mediating
the analgesic effects of muscarinic agonists at the spinal and supraspinal level.
Clearly, the M2 receptor-dependent analgesic pathway predominates, most likely
to the high expression levels of this receptor subtype in the spinal cord (Dut-
taroy et al. 2002). However, the results of the i.c.v. injection studies indicate that
activation of supraspinal (brain) M2 and M4 receptors also leads to robust anal-
gesic effects. Several lines of evidence suggest that both presynaptic and post-
synaptic mechanisms contribute to the mAChR-mediated analgesic responses
(discussed in Duttaroy et al. 2002). Since M4 receptors, unlike M2 receptors, do
not appear to play a significant role in cardiac and smooth muscle function, the

78 J. Wess et al.



development of selective M4 receptor agonists as novel analgesic agents appears
to be an attractive goal.

4.5.2
M2 Receptors Mediate Desensitization of Peripheral Nociceptors

Recent studies have shown that activation of mAChRs present on peripheral no-
ciceptors of the skin can also suppress the transmission of pain impulses
(Bernardini et al. 2001a,b). Electrophysiological and neurochemical studies with
skin or skin-saphenous nerve preparations showed that muscarine-induced pe-
ripheral antinociception was abolished in M2R
/
 mice (Bernardini et al. 2002).
In contrast, muscarine-mediated peripheral antinociceptive responses were sim-
ilar in WT and M4R
/
 mice (Bernardini et al. 2002). It is possible that this pe-
ripheral M2 receptor activity contributes to the analgesic effects observed after
systemic administration of muscarinic agonists in the hot-plate and tail-flick ex-
periments (see above). Several studies suggest that ACh is synthesized and re-
leased by different cell types of the skin (Grando et al. 1993; Buchli et al. 1999),
raising the possibility that non-neuronally released ACh might be involved in
modulating peripheral nociception via activation of M2 mAChRs.

Fig. 1A–C Pain sensitivity of WT and mAChR-mutant mice following intrathecal (i.t.) administration of
oxotremorine. A M2R�/� and WT control mice. B M4R�/� and WT control mice. C M2/M4 receptor dou-
ble-knockout mice (M2R�/�/M4R�/� mice) and WT control animals. Adult male mice (n=5–6/group)
were injected i.t. with a single dose (10 mg/mouse) of oxotremorine, and analgesic effects were deter-
mined using the tail-flick and hot-plate assays as described (Duttaroy et al. 2002). Data are given as
mean€SD (*p<0.05, compared to WT). (Data were taken from Duttaroy et al. 2002)
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4.6
Role of M2 and M4 Receptors as Muscarinic Autoreceptors and Heteroreceptors

4.6.1
Central Muscarinic Autoreceptors

ACh, like many other neurotransmitters, can inhibit its own release via stimula-
tion of so-called inhibitory autoreceptors present on cholinergic nerve endings
(Kilbinger 1984; Starke et al. 1989). Physiologically, this mechanism probably
serves to fine-tune ACh release at cholinergic synapses. Classical pharmacologi-
cal studies have often led to contradictory results regarding the identity of the
inhibitory muscarinic autoreceptors expressed in a given peripheral or central
tissue (Kilbinger 1984; Starke et al. 1989), probably primarily due to the limited
receptor subtype selectivity of the ligands used in these studies.

Since autoinhibition of neurotransmitter release is most frequently mediated
by receptors coupled to G proteins of the Gi family, we initially studied whether
autoinhibition of ACh release was altered in tissues from M2R
/
 and M4R
/


mice. We first examined the identity of the muscarinic autoreceptors in various
central mouse tissues (Zhang et al. 2002a). Specifically, we studied ox-
otremorine-mediated inhibition of potassium-stimulated [3H]ACh release using
superfused hippocampal, cortical, and striatal slices that had been preincubated
with [3H]choline to label cellular ACh pools. Proper regulation of ACh release in
these brain regions is known to be important for a number of important CNS
functions including cognitive processes and the control of locomotor activity
and coordination.

In WT preparations, oxotremorine inhibited potassium-stimulated [3H]ACh
release in all three tissues in a concentration-dependent fashion (by up to
~80%), probably due to stimulation of presynaptic release-inhibitory muscarin-
ic autoreceptors (Zhang et al. 2002a). In the absence of M2 receptors (M2R
/


mice), the release-inhibitory activity of oxotremorine was abolished in hippo-
campal and cortical preparations but remained largely intact in striatal slice
preparations. Reciprocally, in the absence of M4 receptors (M4R
/
 mice), the
release-inhibitory activity of oxotremorine was not significantly affected in hip-
pocampal and cortical preparations but was no longer detectable in striatal slice
preparations (Zhang et al. 2002a).

These findings demonstrate that autoinhibition of ACh release is mediated
predominantly by M2 receptors in the mouse hippocampus and cerebral cortex,
but primarily by M4 receptors in the mouse striatum, indicating that autoinhibi-
tion of ACh release can involve different mAChRs in different regions of the
brain. These results should provide a rational basis for the development of novel
muscarinic drugs designed to enhance or decrease muscarinic cholinergic trans-
mission in a variety of pathophysiological conditions including Alzheimer�s and
Parkinson�s disease.
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4.6.2
Peripheral Muscarinic Autoreceptors and Heteroreceptors

Zhou et al. (2002) recently used isolated tissues from mAChR-mutant mice to
characterize the release-inhibitory muscarinic autoreceptors in two peripheral
tissues, mouse heart atria and urinary bladder. They demonstrated that both M4

and non-M4 (probably M2) mAChRs are involved in mediating autoinhibiton of
ACh release in mouse heart atria. On the other hand, autoinhibition of ACh re-
lease was found to be mediated predominantly by M4 receptors in the mouse
urinary bladder (Zhou et al. 2002).

It is well known that activation of mAChRs located on peripheral sympathetic
nerve terminals (so-called heteroreceptors) leads to the inhibition of norepi-
nephrine (Fuder and Muscholl 1995). In a recent study, Trendelenburg et al.
(2002) carried out a series of in vitro [3H]norepinephrine release studies to de-
termine the molecular identity of the muscarinic heteroreceptors mediating in-
hibition of sympathetic transmitter release in mouse atria, urinary bladder, and
vas deferens. Specifically, electrically evoked norepinephrine release was as-
sessed using tissue preparations from WT, M2R
/
, and M4R
/
 mice, following
preincubation of tissues with [3H]norepinephrine. This analysis showed that the
release-inhibitory muscarinic heteroreceptors represent mixtures of M2 and
non-M2 receptors in all three tissues studied (Trendelenburg et al. 2002). Where-
as the identity of the non-M2 heteroreceptors in the cardiac and bladder prepa-
rations could not be assessed with a sufficient degree of certainty, the non-M2

heteroreceptors present in the vas deferens are likely to represent primarily M4

receptors (Trendelenburg et al. 2002). These results should contribute to a better
understanding of the molecular mechanisms governing the interplay between
the sympathetic and parasympathetic nervous systems under physiological and
pathophysiological conditions.

5
M3R�/� Mice

The M3 mAChR subtype is widely expressed throughout the CNS (Levey et al.
1994). At present, however, little is known about the physiological roles of these
central M3 receptors. In the periphery, M3 mAChRs play a role in mediating
muscarinic stimulation of smooth muscle contraction and glandular secretion
(Wess et al. 1990; Caulfield 1993; Matsui et al. 2000; Stengel et al. 2002).

5.1
M3R�/� Mice Show Reduced Body Weight, Peripheral Fat Deposits,
and Food Intake

Analysis of M3R
/
 mice showed that the lack of M3 receptors was not associat-
ed with any obvious behavioral deficits (Yamada et al. 2001a; T. Miyakawa et al.,
unpublished results). Immediately after birth, WT and M3R
/
 mice showed
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similar body weights. However, starting at about 2–3 weeks after birth, M3R
/


mice showed a significant reduction in body weight (Yamada et al. 2001a). This
difference in body weight continued to increase during the following weeks and
persisted throughout the life of the animals. Generally, adult male or female
M3R
/
 mice weigh about 25% less than their WT littermates. However, the lack
of M3 receptors did not interfere with linear growth (Yamada et al. 2001a).

More detailed studies showed that that the mass of peripheral fat deposits
was significantly reduced (by ~50%) in M3R
/
 mice (Yamada et al. 2001a).
Moreover, serum triglyceride levels were found to be reduced by approximately
25% in M3R
/
 mice. The lack of M3 receptors also led to pronounced reduc-
tions (~5–10-fold) in serum leptin and insulin levels, consistent with the con-
cept that the levels of these two hormones usually correlate well with the
amount of total body fat (Schwartz et al. 2000). However, it is possible that the
absence of pancreatic M3 receptors, which are thought to play a role in facilitat-
ing insulin release (Boschero et al. 1995), also contributes to the observed re-
duction in serum insulin levels. Despite reduced insulin levels, M3R
/
 mice did
not develop hyperglycemia, probably because the insulin sensitivity of peripher-
al tissues is increased in lean individuals (Schwartz et al. 2000).

Additional studies showed that locomotor activity patterns, metabolic rate,
and gastrointestinal motor activity in vivo were similar in WT and M3R
/
 mice
(Yamada et al. 2001a). On the other hand, systematic food intake studies dem-
onstrated that M3R
/
 mice consumed considerably less food than their WT lit-
termates. This difference in food intake was observed not only with standard
dry pellet food but also with a wet mash diet (Fig. 2). This latter finding sug-
gests that it is unlikely that impaired salivation associated with dry mouth (see
Sect. 5.3) is a major factor responsible for the reduced food intake displayed by
the M3R
/
 mice.

Radioligand binding studies showed that M3 receptors are expressed at high
levels (~1 pmol/mg membrane protein) in the hypothalamus (Yamada et al.

Fig. 2A, B M3R�/� mice consume less food than their WT (+/+) littermates. Daily consumption of (A)
standard dry food pellets and (B) wet mash food by adult male mice. Food intake was measured daily
over a 5-day observation period. Data are expressed as food intake per mouse or as food intake per
(body weight in g)0.75 ("metabolic body weight"; Kleiber 1975). Data are given as mean€SEM (n=10
per group; data were taken from Yamada et al. 2001a). *p<0.05 (compared to WT)
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2001a), the key control center for the regulation of appetite. To test the hypothe-
sis that the lack of M3 receptors was associated with altered expression levels of
appetite-regulating hypothalamic neuropeptides, we measured the expression
levels of proopiomelanocortin (POMC), agouti-related peptide (AGRP), prepro-
orexin, and melanin-concentrating hormone (MCH) which are considered criti-
cal regulators of feeding and energy balance and act downstream of the hypo-
thalamic leptin system (Elmquist et al. 1999; Schwartz et al. 2000). Whereas
POMC- and AGRP-containing neurons are present in the arcuate nucleus and
are the primary leptin targets, MCH and the orexins are synthesized by second-
order neurons in the lateral hypothalamus which receive innervation from the
POMC and AGRP neurons (Elmquist et al. 1999; Schwartz et al. 2000).

RT-PCR studies (Yamada et al. 2001a), complemented by Northern blotting
experiments, demonstrated that M3R
/
 mice showed increased expression lev-
els of the appetite-stimulating peptide, AGRP, and reduced levels of the appe-
tite-suppressing peptide, POMC, both of which are expressed in so-called first-
order leptin-sensitive hypothalamic neurons in the arcuate nucleus. This pattern
is typically seen in fasted mice or under conditions of leptin deficiency and
serves to stimulate food intake by reducing the activity of hypothalamic mela-
nocortin receptors (Elmquist et al. 1999; Schwartz et al. 2000).

Interestingly, M3R
/
 mice displayed a significant decrease in the expression
of MCH (Yamada et al. 2001a), an appetite-stimulating peptide synthesized vir-
tually exclusively in second-order neurons of the lateral hypothalamus. This was
a surprising observation since increased AGRP levels and reduced POMC levels
usually trigger an increase in MCH levels resulting in increased food intake
(Elmquist et al. 1999; Schwartz et al. 2000). It should be noted in this context
that hypothalamic MCH neurons receive abundant cholinergic innervation from
lower brain regions and that muscarinic agonists can stimulate hypothalamic
MCH expression (Bayer et al. 1999). Consistent with this latter observation, in
situ hybridization/immunohistochemistry double labeling studies showed that
M3 receptors are found on most hypothalamic MCH-containing neurons (Yama-
da et al. 2001a).

I.c.v. infusion experiments indicated that M3R
/
 mice failed to increase their
food intake following administration of AGRP. In contrast, the appetite-stimu-
lating effects of MCH remained fully intact in M3R
/
 mice (Yamada et al.
2001a), suggesting that MCH-dependent downstream signaling pathways remain
unaffected in M3R
/
 mice.

Taken together, these findings strongly suggest that hypothalamic M3 recep-
tors are required for maintaining proper MCH expression and proper respon-
siveness of MCH neurons to input from first-order hypothalamic neurons. It is
likely that the loss of this activity is a key factor responsible for the reduced
food intake displayed by the M3R
/
 mice. In agreement with this proposal,
MCH-deficient mice show a phenotype that is very similar to that of the M3R
/


mice (Shimada et al. 1998). Pharmacological manipulation of this newly identi-
fied hypothalamic cholinergic pathway may represent a novel strategy for the
control of food intake.
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5.2
Role of M3 Receptors in Smooth Muscle Function

Consistent with a large body of pharmacological evidence (Wess et al. 1990;
Caulfield 1993; Eglen et al. 1996), Matsui et al. (2000) recently showed that
M3R
/
 mice showed deficits in mAChR-mediated smooth muscle contraction.
These authors reported, for example, that M3R
/
 mice had enlarged pupils,
consistent with the predicted involvement of M3 receptors in parasympathetic
stimulation of the tone of the pupillary sphincter muscle. It was noted, however,
that M3R
/
 mice retained a weak light reflex and that atropine further in-
creased the pupil size of M3R
/
 mice (Matsui et al. 2000), indicating that non-
M3 mAChRs also make a contribution to the contractility of ocular smooth mus-
cles.

Matsui et al. (2000) also found that male M3R
/
 mice exhibited severely dis-
tended urinary bladders, which, however, did not seem to affect renal function.
Consistent with this observation, carbachol-induced contractile responses of
isolated urinary bladder strips were almost completely abolished in tissues de-
rived from male or female M3R
/
 mice (Matsui et al. 2000; Stengel et al. 2002).
However, for reasons that are unclear at present, the degree of bladder disten-
sion was much less severe in female than in male M3R
/
 mice (Matsui et al.
2000).

Additional studies examined whether the lack of M3 receptors also affected
mAChR-mediated contractions of smooth muscle preparations from mouse ile-
um, stomach fundus, trachea, and gallbladder (Matsui et al. 2000; Stengel et al.
2002; Stengel and Cohen 2002). These studies showed that the magnitude of car-
bachol-mediated contractile responses were significantly reduced (by ~40%–
80%) in all four preparations studied, suggesting that both M3 and non-M3 re-
ceptors play a role in mediating smooth muscle contraction in these tissues. On
the other hand, M3R
/
 mice did not display any apparent gastrointestinal com-
plications in vivo such as diarrhea, constipation, hemorrhage, and histological
abnormalities (Matsui et al. 2000) or decreased gastrointestinal transit time, as
studied in a charcoal transit test (Yamada et al. 2001a). These findings indicate
that the presence of M3 receptors is not essential for gastrointestinal function in
vivo, probably due to the presence of many other receptor systems regulating
gastrointestinal function.

5.3
Role of M3 Receptors in Salivary Secretion

Two studies reported that the oral cavity of M3R
/
 mice was moist, suggesting
that M3R
/
 mice were not severely impaired in basal salivary flow (Matsui et al.
2000; Yamada et al. 2001a). Matsui et al. (2000) first reported that pilocarpine
(1 mg/kg, s.c.) failed to stimulate salivary secretion in M3R
/
 mice. In contrast,
we found, by using three different doses of pilocarpine (1, 5, and 15 mg/kg, s.c.)
that pilocarpine-induced salivation was significantly reduced (by ~50%) only at
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the intermediate dose (5 mg/kg), suggesting that both M3 and non-M3 mAChRs
(M1 receptors?) mediate muscarinic stimulation of salivary secretion. One possi-
ble explanation for these discrepant results is that Matsui et al. (2000) only ex-
amined one single low dose (1 mg/kg, s.c.) of pilocarpine and used a different
method to quantitate salivary flow (note that the strategy used to disrupt the M3

receptor gene was identical in both studies).

6
M5R�/� Mice

The M5 receptor was the last mAChR subtype to be cloned (Bonner et al. 1988).
M5 receptors are expressed, at rather low levels, in both neuronal and non-neu-
ronal cells (Caulfield and Birdsall 1998; Eglen and Nahorski 2000). Until very re-
cently, the physiological roles of the M5 receptor remained obscure. However,
recent studies with M5R
/
 mice have revealed several important physiological
functions that are mediated by activation of M5 receptors (Yamada et al. 2001b;
Basile et al. 2002; Forster et al. 2002; Takeuchi et al. 2002).

6.1
M5 Receptors Facilitate Dopamine Release in the Striatum

Receptor localization studies (Vilaro et al. 1990; Weiner et al. 1990) have shown
that the M5 receptor is the major mAChR subtype expressed by the dopamine-
containing neurons of the midbrain (substantia nigra pars compacta and ventral
tegmental area). The dopamine-containing neurons of the substantia nigra pars
compacta provide the major dopaminergic innervation of the striatum. Since
muscarinic agonists are known to facilitate striatal dopamine release (Lehmann
and Langer 1982; Raiteri et al. 1984), Weiner et al. (1990) suggested that M5 re-
ceptors located on dopaminergic nerve terminals may mediate this activity. To
test this hypothesis, we carried out a series of in vitro dopamine release studies
using striatal slice preparations prelabeled with [3H]dopamine. In agreement
with previous studies (Lehmann and Langer 1982; Raiteri et al. 1984), incuba-
tion of WT striatal slices with increasing concentrations of oxotremorine result-
ed in concentration-dependent increases in potassium-stimulated [3H]dopa-
mine release (Yamada et al. 2001b). In M5R
/
 mice, the oxotremorine concen-
tration-response curve was shifted to the right by a factor of about 5–10 (Yama-
da et al. 2001b), suggesting that both M5 and non-M5 mAChRs are involved in
facilitating striatal dopamine release. In agreement with this notion, ox-
otremorine-mediated increases in striatal dopamine release were totally abol-
ished in striatal slices prepared from M4R
/
 mice (Zhang et al. 2002b), indicat-
ing that the presence of striatal M4 receptors is essential for this activity. In this
latter study (Zhang et al. 2002b), we also demonstrated that activation of striatal
M3 receptors inhibits oxotremorine-mediated dopamine release, indicating that
at least three mAChR subtypes are involved in modulating striatal dopamine
outflow. The precise neuronal pathways through which the individual mAChRs
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exert their modulatory effects on striatal dopamine release remain to be eluci-
dated.

6.2
M5 Receptors Mediate ACh-Induced Dilation of Cerebral Arteries and Arterioles

ACh is a powerful dilator of most vascular beds. This activity is known to be
mediated by activation of endothelial mAChRs triggering the release of NO, the
actual vasorelaxing agent (Furchgott and Zawadzki 1980; Rosenblum 1986;
Huang et al. 1995; Faraci and Sigmund 1999). Recently, M5 receptor mRNA has
been identified in various peripheral and cerebral blood vessels (Phillips et al.
1997; Elhusseiny et al. 1999). To test the hypothesis that vascular M5 receptors
are involved in mediating the vasorelaxing effects of ACh, we investigated
whether the lack of M5 receptors led to changes in vascular tone using several in
vivo and in vitro vascular preparations. These studies showed that ACh-mediat-
ed dilation of extra-cerebral arteries (carotid and coronary arteries) remained
fully intact in M5R
/
 mice (Yamada et al. 2001b). Strikingly, however, ACh vir-
tually lost the ability to dilate cerebral arteries and arterioles in M5R
/
 mice, as
studied with the basilar artery and pial arterioles as model systems (Yamada et
al. 2001b; Fig. 3). These findings support the concept that cerebral arteries and
arterioles are endowed with endothelial M5 receptors which mediate the vasore-
laxing effects of ACh. On the other hand, this activity is mediated by non-M5

mAChRs (M3?) in extra-cerebral arteries.
A considerable body of evidence indicates that neuronally released ACh is in-

volved in the regulation of cerebral vascular resistance and regional blood flow
(Sato and Sato 1995; Scremin and Jenden 1996). Moreover, several studies sug-
gest that deficits in cortical cholinergic vasodilation may play a role in the

Fig. 3A, B Loss of ACh-mediated dilation of cerebral blood vessels from M5R�/� mice. Effect of ACh on
the diameter of (A) cerebral (pial) arterioles (in vivo) and (B) basilar artery preparations (in vitro) from
M5R�/� mice and their WT littermates. Experiments were carried out with adult female mice, as de-
scribed by Yamada et al. (2001b). Basilar artery preparations were precontracted submaximally with the
thromboxane mimetic, U-46619. Results are given as mean€SEM (n=7 or 8 per dose/concentration and
genotype; data were taken from Yamada et al. 2001b). *p<0.05 (compared to WT)
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pathophysiology of Alzheimer�s disease (Geaney et al. 1990; Tong and Hamel
1999) and that cholinergic vasodilator fibers may play a protective role during
focal cerebral ischemia (Kano et al. 1991; Scremin and Jenden 1996). Based on
these findings, the M5 mAChR may therefore represent a potential novel target
for the treatment of various cerebrovascular disorders.

6.3
M5R�/� Mice Show Reduced Sensitivity to the Rewarding Effects of Morphine

Receptor localization studies (Vilaro et al. 1990) have shown that the M5 recep-
tor is the predominant mAChR subtype expressed by the dopamine-containing
neurons of the ventral tegmental area (VTA) which innervate the nucleus ac-
cumbens and other limbic areas. This mesolimbic dopaminergic pathway is
known to play a key role in mediating the rewarding effects of opiates and other
drugs of abuse (Wise 1996; Koob et al. 1998).

Interestingly, Forster et al. (2002) recently reported that the sustained in-
crease in dopamine levels in the nucleus accumbens observed after electrical
stimulation of the laterodorsal tegmental nucleus (LDT) is absent in M5R
/


mice. LDT neurons represent the major source of cholinergic input to the dopa-
mine-containing neurons of the VTA (Oakman et al. 1995; Blaha et al. 1996). It
is therefore likely that activation of M5 receptors expressed by VTA neurons is
responsible for the prolonged efflux of dopamine following LDT stimulation.

On the basis of these findings, we recently tested the hypothesis that the lack
of M5 receptors might be associated with changes in drug-seeking behavior. In
an initial set of experiments, we studied the behavioral and biochemical mani-
festations of morphine reward and withdrawal (Basile et al. 2002). We found that
the rewarding effects of morphine, as studied in the conditioned place prefer-
ence paradigm, were substantially reduced in M5R
/
 mice. Furthermore, both
the somatic and affective components of naloxone-induced morphine withdraw-
al symptoms were significantly attenuated in the absence of M5 receptors (Basile
et al. 2002). On the other hand, the analgesic efficacy of morphine and the de-
gree of tolerance that mice developed to the analgesic effects of morphine were
similar in WT and M5R
/
 mice. Blockade of central M5 receptors by selective
muscarinic antagonists may therefore represent a new strategy for the treatment
of addiction to opiates and, perhaps, other drugs of abuse.

6.4
Other Phenotypes Displayed by M5R�/� Mice

Takeuchi et al. (2002) recently reported that mAChR-mediated salivation was
slightly impaired in M5R
/
 mice. Whereas WT and M5R
/
 mice showed simi-
lar salivary flow during the first 15 min after pilocarpine administration (1 mg/
kg, s.c.), a slight reduction (by ~10%–20%) in salivary output became apparent
between 20 and 60 min after application of the drug. These findings raise the
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possibility that glandular M5 receptors contribute to ACh-mediated salivary se-
cretion.

Takeuchi et al. (2002) also found that M5R
/
 mice drank more than twice as
much water than WT mice following an extended period (18 h) of food and wa-
ter deprivation. The specific mechanisms underlying this behavioral phenotype
are not clear at present.

7
Conclusions

The data summarized in this chapter indicate that the recently generated M1–M5

mAChR-mutant mice represent powerful new research tools for delineating the
physiological and pathophysiological roles of the individual mAChR subtypes.
These new findings should be highly useful for directing the design of novel
muscarinic drugs useful for the treatment of a variety of important pathophysi-
ological conditions, including Alzheimer�s and Parkinson�s disease, pain, and
drug dependence.
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Abstract NO-generating drugs (e.g., glyceryl trinitrate) and natriuretic peptides
have been long known to exert beneficial effects on cardiovascular function.
Both NO and natriuretic peptides activate guanylyl cyclases which generate the
second messenger cGMP. Intracellular targets for cGMP are cyclic nucleotide-
regulated cation channels, phosphodiesterases and cGMP-dependent protein ki-
nases. Here, we review the phenotypes of transgenic mice which lack or overex-
press proteins involved in NO/natriuretic peptide/cGMP signaling. The analysis
of these mouse models confirms existing ideas and provides new concepts on
the (patho-)physiological roles of this signaling system in sensory neurons, the
CNS, the cardiovascular system, and some other organs. Based on these recent
findings, novel therapeutic strategies might be developed to treat human dis-
eases.

Keywords Nitric oxide · ANP · Guanylyl cyclase · CNG · PDE · cGMP kinase ·
Nervous system · Cardiovascular system · Gene targeting · Transgenic mice

1
Introduction

NO-generating drugs (e.g., glyceryl trinitrate or sodium nitroprusside) have
been used to treat cardiovascular diseases in humans for more than 100 years.
Twenty three years ago, Furchtgott and Zawadzki (1980) reported that acetyl-
choline relaxed blood vessels by a factor generated in the endothelium (EDRF).
Seven years later, EDRF was identified as the gas NO (Ignarro et al. 1987; Palmer
et al. 1987). Since then, a plethora of pharmacological studies with NO-donor
compounds and NO synthase (NOS) inhibitors underscored the importance of
NO for almost all tissues including the nervous, cardiovascular, gastrointestinal,
endocrine, and immune system. NO is generated by three different isozymes,
the constitutively expressed neuronal and endothelial NO synthase (nNOS/
NOS1 and eNOS/NOS3) and the inducible NO synthase (iNOS or NOS2). In
many cells, NO activates the soluble guanylyl cyclase (sGC) and thereby increas-
es the concentration of cyclic guanosine monophosphate (cGMP) (Fig. 1). cGMP
is also generated by membrane-bound particulate guanylyl cyclases (pGCs, e.g.,
GC-A, GC-B, and GC-C). GC-A and GC-B are major receptors for a family of
natriuretic peptides released from the heart, like atrio-natriuretic peptide
(ANP), brain-natriuretic peptide (BNP), and C-type natriuretic peptide (CNP),
whereas GC-C is the receptor for guanylin, an intestinal peptide involved in in-
testinal fluid regulation (Garbers 1992). Further analysis of the cGMP system
identified a number of intracellular targets for cGMP (Fig. 1). For example,
cGMP binds to cyclic adenosine monophosphate (cAMP)-specific phosphodi-
esterases (PDEs) and thereby modulates the concentration of cAMP. cGMP and
cAMP activate cyclic nucleotide-gated (CNG) cation channels that are an impor-
tant part of the signal transduction pathway in the visual and olfactory system.
Most cells contain at least one of three cGMP-dependent protein kinases (cGKs):
cGKIa, cGKIb, or cGKII (Pfeifer et al. 1998; Hofmann et al. 2000). The two iso-

96 F. Hofmann et al.



zymes of cGKI are predominantly expressed in smooth muscle, platelets, and a
subset of neurons, whereas cGKII is mainly expressed in intestinal epithelium
and brain. The three cGKs are targeted by their amino termini to distinct sub-
strates and are involved in the regulation of different cellular functions.

1.1
Scope and Limitations

Genetic modification (global and tissue-specific overexpression or deletion) and
phenotype analysis of following genes have been reported: nNOS, eNOS, iNOS,
the pGC GC-A, GC-C and GC-E, the natriuretic peptides ANP, BNP, CNP and
the NPR3, the cGKI and cGKII. The editors requested that this chapter reviews
all of these animals. Naturally this is an impossible task considering the limited
space available. We will concentrate on the effects of the modification of CNG
channel, NOS, pGC, ANP, and cGK genes for the sensory, nervous, cardiovascu-
lar, and intestinal system. We apologize to all those colleagues who do not find
their results dealt with adequately. We would also like to point out that deletion
or overexpression of a specific gene can produce phenotypes unrelated to the
gene of interest. Furthermore, phenotypes can be affected severely by the genet-
ic background of the animals and by the expression or lack of the gene product
in cells not considered at all by the analysis. Thus, as is known also for other
techniques, genetic modification may produce artifacts and controversial phe-
notypes.

The reader should keep in mind that NO signals not only through the cGMP
pathway but has several effects that are independent of cGMP elevation. NO
gives rise to reactive oxygen radicals (Stamler et al. 1997) and increases ADP ri-
bosylation (Zhang et al. 1994) and nitrosylation (Xu et al. 1998; Jaffrey et al.
2001) of a number of proteins. Deletion of a NOS gene should affect all func-

Fig. 1 NO/natriuretic peptide/cGMP signaling pathways. Shown are the signaling pathways, their com-
ponents, and functional effects which will be reviewed in this chapter. Genes for which transgenic
mouse models will be discussed are indicated in bold. For abbreviations see text. Please note that pho-
tons decrease cGMP levels (�) by a signaling cascade involving rhodopsin, transducin, and PDE6
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tions of NO. Therefore, it is mandatory to show which effects are mediated by
cGMP, i.e., by analysis of sGC gene modifications. Analysis of mice with modifi-
cation of these genes is very limited, because deletion of the sGC genes, a major
target of NO, has not been reported so far. The same cautions are necessary for
the effects of cGMP, because again cGMP has several effectors that may be used
simultaneous in various tissues (Fig. 1). Furthermore, cGMP might activate di-
rectly or indirectly cAMP-dependent protein kinases. However, the analysis in
this area is more advanced, since mice have been described with deletion of the
genes encoding the CNG channels or the cGKs.

2
Cyclic Nucleotide Signaling in Sensory Neurons

2.1
Visual Transduction

Vision in vertebrates is conferred by the concerted action of two phototransduc-
tion pathways, the rod and the cone photoreceptor system. Rods are responsible
for vision at low light intensities, whereas color vision and vision at high light
intensities are provided by cones. In both types of photoreceptors, signal trans-
duction is mediated by a cGMP-dependent cascade that controls the activity of a
CNG channel in the surface membrane of the outer segment (Yau and Baylor
1989). In the dark, high cGMP levels activate the CNG channel, allowing a depo-
larizing current (“dark current”) to flow into the outer segment. Light absorp-
tion by opsins initiates a G protein-mediated signaling cascade which leads to
activation of a cGMP phosphodiesterase, hydrolysis of cGMP, and a fall in cyto-
solic cGMP levels. As a consequence, the CNG channel closes, hyperpolarizing
the cell and turning off transmitter release. By closing the CNG channel, light
also decreases the cellular calcium concentration, which initiates the recovery
from the light response by stimulating the synthesis of new cGMP molecules by
the guanylyl cyclase (Dizhoor and Hurley 1999).

The CNG channel family comprises six homologous subunits. Based on phylo-
genetic relationship these proteins are classified as A subunits (CNGA1-A4) and
B subunits (CNGB1, and CNGB3) (Biel et al. 1999b; bradley et al. 2001a). Native
CNG channels are heterotetramers composed of both types of subunits. The rod
channel is composed of CNGA1 (Kaupp et al. 1989) and a long splice variant of
CNGB1 (CNGB1a) (K�rschen et al. 1995) whereas CNGA3 (B�nigk et al. 1993)
and CNGB3 (Gerstner et al. 2000) assemble to form the cone channel. The un-
ique role of the CNGA3 subunit for cone function was demonstrated by a gene
targeting approach (Biel et al. 1999a) (Table 1). Mice lacking the CNGA3 subunit
reveal a complete loss of the cone-mediated photoresponse, whereas rods func-
tion normally in these mice. The impairment of cone function correlates with a
progressive degeneration of cone photoreceptors but not of other retinal cell
types. The retinal phenotype of CNGA3-deficient mice is very similar to human
total colorblindness (achromatopsia). Indeed, patients suffering from this disease
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have mutations in the CNGA3 gene (Kohl et al. 1998). The role of the rod CNGA1
subunit was studied by overexpressing an antisense CNGA1 RNA in a transgenic
mouse model (Leconte and Barnstable 2000). These mice reveal an approximate-
ly 50% reduction of retinal CNGA1 mRNA levels and develop a degeneration of
photoreceptors and bipolar cells. In agreement with this finding, mutations in
the human CNGA1 gene were linked to autosomal recessive retinitis pigmentosa
(RP), a heterogenous group of genetic diseases that are characterized by a pro-
gressive retinal degeneration leading to blindness (Dryja et al. 1995).

The cGMP concentration in photoreceptor outer segments is regulated by the
action of pGCs and a cGMP-specific PDE. Two types of transmembrane GCs
have been found in photoreceptors, GC-E and GC-F (Shyjan et al. 1992; Yang et
al. 1995). Unlike the structurally related GC-A, GC-B, and GC-C, retinal GCs are
not regulated by extracellular ligands but by intracellular Ca2+-sensitive guany-
lyl cyclase-activating proteins (GCAPs) (Dizhoor et al. 1995; Gorczyca et al.
1995). GC-E-deficient mice exhibit a severe reduction in cone function within
the first post-natal month and a complete loss of cone function after the first

Table 1 Sensory neuron phenotypes of transgenic mice with genetic alterations of cyclic nucleotide
signaling

Cell type Gene Mouse model Phenotypes Reference(s)

Photoreceptors CNGA3 Null mutation Achromatopsia Biel et al. 1999a
Slow degeneration
of cone photoreceptors

Biel et al. 1999a

Normal rod morphology
and function

Biel et al. 1999a

CNGA1 Overexpression
of antisense RNA

Degeneration of photo-
receptor and bipolar cells

Leconte and
Barnstable 2000

GC-E Null mutation Cone dystrophy and loss
of cone function

Yang et al. 1999a

Normal rod morphology Yang et al. 1999a
Paradoxical rod behavior Yang et al. 1999a

PDE-6g Null mutation Loss of PDE function Tsang et al. 1996
Rapid photoreceptor
degeneration

Tsang et al. 1996

Olfactory
neurons

CNGA2 Null mutation General anosmia Brunet et al. 1996
Impaired development
of olfactory epithelium
and olfactory bulb

Baker et al. 1999

Reduced survival
of olfactory neurons

Zhao and Reed
2001

Diminished LTP on theta
burst stimulation in
hippocampal CA1 region

Parent et al. 1998

Impaired axonal
pathfinding in a subset
of olfactory neurons

Zheng et al. 2000

CNGA4 Null mutation Decelerated adaptation
of olfactory neurons
to odor stimulation

Munger et al. 2001
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2 months (Yang et al. 1999a). Like CNGA3 knockout mice, GC-E knockouts re-
veal a degeneration of cones. The morphology of GC-E-deficient rods is normal
compared with wild-type mice. This finding suggests that GC-E may be the ma-
jor or the only GC in cones, whereas another cyclase, possibly GC-F, is support-
ing rod function. Mutations in the human GC-E gene have been linked to certain
cases of two inherited retinal dystrophies, Leber�s congenital amaurosis
(Perrault et al. 1996), and cone-rod dystrophy (Kelsell et al. 1998). The retinal
phosphodiesterase (PDE-6) is an abg2 heterotetramer. The a and b subunits
contain sites for cGMP hydrolysis, whereas the g subunits serve as a protein in-
hibitor of the enzyme. Visual excitation of photoreceptors enables the activated
GTP-bound form of the G protein transducin to remove the inhibitory action of
the g subunit, thereby triggering PDE-6 activation. Loss-of-function mutations
in the catalytic a and b subunits of PDE-6 account for about 5% of RP cases
(Shastry 1997). Unexpectedly, mice lacking the inhibitory PDEg subunit (Tsang
et al. 1996) reveal a reduced rather than an increased PDE activity and develop
a phenotype that is similar to RP. This finding indicates that the interaction be-
tween the inhibitory PDEg subunit and the PDE catalytic core may be critical
for the proper action of the enzyme, as well as for the proper folding or confor-
mation of the catalytic sites of the PDEab core.

2.2
Olfaction

Olfactory receptor neurons (ORNs) respond to odorant stimulation with a re-
ceptor-mediated increase in intracellular cAMP, which directly activates a CNG
channel in the plasma membrane and thereby produces a depolarization of the
cell (Nakamura and GOLD 1987). Calcium ions entering through the open chan-
nel, in addition to contributing to the receptor potential, mediate cellular adap-
tation by reducing the cAMP sensitivity of the CNG channel and by stimulating
the activity of olfactory PDE (Menini 1999; Frings 2001). The olfactory CNG
channel is a tetramer composed of three different subunits, CNGA2 (Dhallan et
al. 1990; Ludwig et al. 1990), CNGA4 (Bradley et al. 1994; Liman and Buck
1994), and a short splice variant of CNGB1 (CNGB1b) (Sautter et al. 1998;
B�nigk et al. 1999). The physiological role of two of these subunits, CNGA2 and
CNGA4, has been investigated in mouse models (Table 1).

Mice lacking the CNGA2 subunit exhibit no detectable responses to odorants,
i.e., suffer from general anosmia (Brunet et al. 1996). This finding demonstrates
that (1) CNGA4 and CNGB1b are modulatory subunits which in the absence of
CNGA2 cannot form a functional channel and that (2) the CNG channel is re-
quired for olfactory signaling in response to many, if not all odorant stimuli.
Clearly, the finding challenges the physiological relevance of alternative signal-
ing pathways that have been proposed in the past (e.g., IP3-mediated olfaction)
(Boekhoff et al. 1990). The disruption of the CNGA2 gene has also morphologi-
cal consequences. CNGA2-deficient mice display a thinner olfactory epithelium
and a smaller olfactory bulb than wild-type mice (Baker et al. 1999). A possible
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explanation for this observation is that the loss of odorant-evoked depolariza-
tions may activate apoptotic processes and thereby reduce the survival of
CNGA2-deficient neurons (Zhao and Reed 2001). Finally, under theta-burst
stimulation, CNGA2-deficient mice display a reduced hippocampal long-term
potentiation (LTP) suggesting that the olfactory CNG channel may be involved
in the control of synaptic plasticity (Parent et al. 1998).

Deletion of the CNGA4 subunit in mice produces a more subtle phenotype
(Munger et al. 2001). Unlike the ORNs of CNGA2-deficient mice, ORNs of
CNGA4-deficient mice respond to odorants and contain a cAMP-activated cur-
rent. However, the cAMP affinity of the mutant channel is reduced by about ten-
fold compared with the native channel, indicating that CNGA4 is required to
confer high cAMP affinity in the olfactory CNG channel. In addition, adaptation
kinetics during prolonged odorant exposure is much slower in CNGA4-deficient
mice than in wild-type littermates. Previous studies indicated that the principal
mechanism underlying odorant adaptation is by Ca2+-calmodulin (Ca2+-CaM)
feedback inhibition on the CNG channel (Kurahashi and Menini 1997). A high-
affinity binding site for Ca2+-CaM is localized in the N-terminus of the CNGA2
subunit (Liu et al. 1994). However, because Ca2+-CaM binds much better to a
closed rather than open CNGA2 channel, its inhibitory effect would be of little
use during odorant stimulation. High-affinity binding to the open channel state
requires the presence of the CNGA4 subunit (Bradley et al. 2001b; Munger et al.
2001). Thus, this subunit is needed to facilitate fast odorant adaptation.

3
NO/cGMP Signaling in the Nervous System

NO has been linked to a variety of functions in the CNS where its principal
source is nNOS. This isoform is expressed ubiquitously and abundantly in the
CNS. Endothelial NOS is also found in neurons, e.g., in hippocampal pyramidal
cells (O�Dell et al. 1994). In contrast to these two constitutive forms of NOS,
iNOS is normally not detectable in the CNS, but is upregulated after toxic stim-
uli within several hours. Knockout mice lacking NO synthases display diverse
neuronal phenotypes characterized by an impairment in synaptic plasticity, be-
havior, nociception, motor function, neurotoxicity, or neurodegeneration (Ta-
ble 2). Mice deficient for different NOS isozymes show divergent phenotypes,
emphasizing that the function of NO largely depends on the source and localiza-
tion of its generation. Note that the nNOS knockout mice referred to below car-
ry a deletion of exon 2 which eliminates the dominant splice variant nNOSa
(which accounts for �95% of the overall catalytic activity in the brain), but that
two alternative splice variants (nNOSb and nNOSg) which lack exon 2 are still
expressed and may represent a significant portion of total NOS in particular
brain regions of these mice (Eliasson et al. 1997). This might alleviate neuronal
phenotypes and, in general, complicates the interpretation of the data obtained
with nNOS knockout mice. Mice lacking cGKs exhibit subtle phenotypes in the
CNS.

Mouse Models of NO/Natriuretic Peptide/cGMP Kinase Signaling 101



3.1
Development of the Nervous System

Several reports suggested that pathfinding in various areas of the developing
brain is affected by cGMP (Song et al. 1998; Polleux et al. 2000). A defective or
aberrant guidance of nerve axons or dendrites has not been described to occur
in NOS knockout mice, suggesting that NO is not involved in nerve fiber guid-
ance. However, it was reported that the number of bifurcations in the dendritic
tree of motor neurons, a useful model for studying activity-dependent synaptic
development, was significantly less in nNOS-deficient than in wild-type mice
(Inglis et al. 1998). In addition, it was recently demonstrated that branching of
sensory nerve fibers in the entry zone of the dorsal root is defective in cGKI-
null embryos leading to a decreased sensory transmission in newborn mice
(Schmidt et al. 2002). Dorsal root ganglia express cGKIa, suggesting that this
isozyme modifies pain perception.

3.2
Synaptic Plasticity and Learning

Cerebellar long-term depression (LTD) represents a potential cellular mecha-
nism underlying motor learning. Fitting well with high expression of nNOS in
cerebellar granule cells, LTD is abolished in the parallel fiber pathway of nNOS-
mutant mice (Lev-Ram et al. 1997). Although exogenous NO and cGMP normal-
ly restore LTD blocked by inhibitors of nNOS and sGC, respectively, both failed
to rescue LTD in nNOS-deficient animals (Lev-Ram et al. 1997). Most likely, the
lack of nNOS induced atrophy of the signaling pathway distal from NOS in these
mice. Cerebellar Purkinje cells contain high concentrations of cGKIa. Purkinje
cell-specific deletion of the cGKI gene abolished cerebellar LTD, demonstrating
that the NO/cGMP/cGKI signaling pathway regulates the cerebellar output (R.
Feil et al., submitted). Interestingly, neither nNOS-deficient nor cGKI-deficient
mice are grossly defective in motor functions (Nelson et al. 1995; R. Feil et al.,
submitted).

Contrary to cerebellar LTD, LTP in the CA1 region of the hippocampus is
normal in nNOS-deficient mice (O�Dell et al. 1994). The brain of nNOS mutants
retains significant NOS activity, possibly reflecting the function of the remain-
ing isoform, eNOS. LTP in eNOS-deficient mice was reported to be markedly re-
duced (Wilson et al. 1999) or only marginally affected (Son et al. 1996). Howev-
er, compound nNOS/eNOS knockout mice exhibit a strong impairment of LTP
(Son et al. 1996), suggesting that NO produced by either NOS isozyme con-
tributes to the induction of LTP. eNOS-deficient mice have also been reported to
show defective LTP in other areas such as the mossy fiber pathway (Doreulee et
al. 2001) and the neocortex (Haul et al. 1999). The signaling pathway of NO in
CA1 LTP induction is unclear. LTP is normal in young (age below 4 weeks) con-
ventional knockout mice lacking cGKI, cGKII, or both (Kleppisch et al. 1999).
In hippocampus-specific cGKI knockout mice, LTP is normal in young animals
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but, interestingly, is reduced in older (age 12 weeks) mutants (Kleppisch et al.
2003). These results suggest a very intricate signaling pathway for NO/cGMP
modulation of LTP in the CA1 region.

Spatial learning and memory have been associated with the induction of hip-
pocampal LTP. However, the performance of eNOS-deficient mice is normal in a
radial maze (Dere et al. 2001) and even superior in the Morris water maze
(Frisch et al. 2000). The water maze performance of hippocampus-specific cGKI
knockout mice is not grossly altered (Kleppisch et al. 2003).

3.3
Behavior

NOS-deficient mice attracted considerable attention due to a striking and overt
behavioral phenotype. Male mice lacking nNOS exhibit extreme aggressiveness
and distorted sexual behavior (Nelson et al. 1995). The importance of the genet-
ic background for this phenotype has been reported recently (Le Roy et al.
2000). Increased aggressiveness of male mutants cannot be explained by in-
creased levels of male sex hormones (Nelson et al. 1995). Nevertheless, excessive
aggressive behavior in the mutant requires testosterone (Kriegsfeld et al. 1997).
Recently, Chiavegetto et al. (2001) reported that 5-HT precursors and specific 5-
HT1A and 5-HT1B receptor agonists diminish elevated aggression of male nNOS
knockout mice, supporting the view that the phenotype is caused by selective
decline in 5-HT turnover and deficient 5-HT1A and 5-HT1B receptor function in
brain regions regulating emotion. This suggests a role for NO in normal brain
5-HT function.

Endothelial NOS appears to serve the opposite function in aggressive behav-
ior, as mice lacking this isoform display many fewer attacks and a largely in-
creased latency to attack the stimulus male in the resident-intruder paradigm
compared to wild-type mice (Demas et al. 1999). The deletion of nNOS did not
result in defects in routine behavior of females (Nelson et al. 1995), but it affect-
ed maternal aggression. Gammie and Nelson (1999) reported that the percentage
of lactating nNOS-deficient females displaying aggression, the average number
of their attacks against a male intruder, and the total time they spent during
these attacks is significantly reduced compared to lactating wild-type mice. Fol-
lowing an aggressive encounter with a male intruder, the strongest increase in
citrulline immunoreactivity was detected in the medial preoptical area, the
suprachiasmatic nucleus, and the supraventricular zone. Surprisingly, this effect
was most prominent in lactating nNOS mutant females (Gammie and Nelson
1999). In contrast to nNOS-deficient females, lactating eNOS knockout mice
show normal maternal aggression (Gammie et al. 2000).

Other studies in nNOS-deficient mice have documented a specific role of this
isoform in behavioral responses to psychotropics, e.g., cocaine, phencyclidine,
methamphetamine (METH) and tetrahydrocannabinol (D9-THC). Mice lacking
nNOS were reported to be resistant to conditional place preference for the drug-
paired compartment and to the progressive increase in locomotor activity in-
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duced by repeated administration of cocaine (Itzhak et al. 1998a,c). Similarly,
METH failed to induce a sensitized locomotor response in these animals (Itzhak
et al. 1998b), and phencyclidine-injected nNOS knockout mice displayed signifi-
cantly less locomotion and stereotyped turning behavior as the corresponding
wild-type animals (Bird et al. 2001). In contrast, iNOS deficiency did not affect
METH-induced locomotor sensitization (Itzhak et al. 1999). Furthermore,
nNOS-deficient animals lack the cannabinoid-induced decrease in locomotor
activity and body temperature, while the analgesic effect of D9-THC is preserved
(Azad et al. 2001). Similarly, hyperthermia induced by METH was missing in
mice lacking nNOS or iNOS (Itzhak et al. 1998b, 1999). These findings indicate
a role for nNOS in behavioral responses including rewarding, locomotor activi-
ty, and stereotyped behavior, while nNOS and iNOS appear to be involved in
thermoregulation. The signaling pathway for these behavioral phenotypes is un-
clear. cGKII knockout mice show a slightly enhanced fear perception in the ele-
vated maze and an abnormal alcohol preference during a first encounter but not
in later test sessions (Werner et al. 2000). No defects in other behavioral tests
were reported in cGKI or cGKII mutants.

3.4
Nociception and Anesthesia

In a model of thermal hyperalgesia, mice lacking iNOS exhibited a significant
delay in thermal sensitization (Guhring et al. 2000). In wild-type mice, spinal
prostaglandin production rises after peripheral nociceptive stimulation. In con-
trast, iNOS-deficient mice did not show this response. Treatment with the NO
donor RE-2047 restored both the thermal hyperalgesia and nociception-depen-
dent stimulation of the prostaglandin production in these mice. These findings
clearly demonstrate a functional role for iNOS-derived NO in spinal processing
of nociceptive information. These effects are probably mediated by cGKIa (see
Sect. 3.1).

The spinal analgesic effect of morphine is thought to be reduced due to acti-
vation of NOS by the drug itself. In line with this idea, the NOS inhibitor l-
NAME facilitated morphine analgesia examined in a hot plate test in wild-type
mice. However, l-NAME did not potentiate the analgesic action of morphine in
mice lacking nNOS and morphine-induced stimulation of cGMP production
was selectively absent in spinal cord slices from these mice (Li and Clark 2001).
According to another study, formalin-induced nociceptive behavior (licking) is
normal in mice lacking nNOS (Crosby et al. 1995). These data indicate a specific
role of nNOS-derived NO for the modulation of acute analgesic actions of mor-
phine.

NOS might negatively regulate the action of anesthetics (Johns et al. 1992).
To further evaluate the role of NOS, the alveolar isoflurane concentration (EC50)
needed to induce anesthesia and loss of righting reflex was examined in wild-
type and nNOS-deficient mice (Ichinose et al. 1995). Isoflurane concentrations
required for these effects were the same in the two genotypes. However, NOS in-
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hibitors reduced isoflurane requirement only in wild-type mice and had no ef-
fect in nNOS mutant animals, indicating that anesthetic action may be modulat-
ed by nNOS.

3.5
Neurotoxicity

Effects of NOS inhibitors imply a functional role of NO in various forms of neu-
rotoxicity. METH and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are
utilized in well-established models of dopaminergic neurotoxicity. Doses of
METH causing profound depletion of dopamine and its metabolites had no ef-
fect in mice lacking nNOS (Itzhak et al. 1998b) or iNOS (Itzhak et al. 1999). Sim-
ilarly, malonate-induced lesions are attenuated in nNOS knockout mice (Schulz
et al. 1996). Depending on the authors, iNOS deficiency protected or did not
protect against METH-induced neurotoxicity (Itzhak et al. 1999; Liberatore et al.
1999). A possible explanation for neuroprotection selectively from METH but
not MPTP might give the additional lack of METH-induced hyperthermia in the
iNOS-deficient mice. Taken together, these findings indicate that both nNOS
and iNOS can facilitate neurotoxicity and that inhibitors of these isoforms may
provide benefit in the treatment of neurodegenerative diseases.

Oppositely, a beneficial role for iNOS in traumatic brain injury (TBI) has
been suggested by Sinz et al. (1999). Deletion of iNOS exaggerated the negative
cognitive performance after TBI. These data correlate well with an increased
loss of neurons in the CA1 and CA3 region of the hippocampus after TBI in rats
treated with iNOS inhibitors (Sinz et al. 1999).

nNOS and eNOS appear to serve opposite functions in neurotoxicity follow-
ing cerebral ischemia. Huang et al. (1994) have reported that basal levels of NO
and cGMP are significantly reduced in the brain of nNOS mutants compared
with wild-type mice and do not rise following cerebral ischemia (but see also
Wei et al. 1999). In line with these findings, nNOS deficiency protects from isch-
emic toxicity as the magnitude of infarcts developing in various models of isch-
emia was substantially reduced in nNOS knockout mice (Huang et al. 1994; Hara
et al. 1996; Panahian et al. 1996). There are no vascular anatomic or functional
differences between nNOS-deficient and wild-type mice leading to the conclu-
sion that, indeed, nNOS contributes to toxicity following cerebral ischemia. In
contrast, eNOS is protective in cerebral ischemia: infarcts developing after cere-
bral ischemia are enlarged in mice lacking eNOS (Huang et al. 1996). Hemody-
namic mechanisms are likely to underlie protection from cerebral ischemia by
eNOS (see Sect. 4.1).
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4
NO/Natriuretic Peptide/cGMP Signaling in the Cardiovascular System

4.1
NO Signaling

Since the demonstration that the endothelium-derived relaxing factor, EDRF
(Furchgott and Zawadzki 1980), which mediates vasorelaxation in response to
acetylcholine is NO (Ignarro et al. 1987; Palmer et al. 1987), a plethora of phar-
macological studies with NO-donor compounds and NOS inhibitors under-
scored the importance of NO for cardiovascular function in health and disease.
These experiments suggested that endogenous NO not only relaxes vascular
smooth muscle cells (VSMCs), thereby, leading to vasodilatation. In addition,
NO appears to modulate other important aspects of cardiovascular homeostasis,
including VSMC proliferation, platelet aggregation, and cardiac contractility
(Kelly et al. 1996; Lloyd-Jones and Bloch 1996). A condition of decreased bio-
availability of endothelium-derived NO, termed endothelial dysfunction, may be
associated with the development of hypertension and atherosclerosis. The fol-
lowing sections describe the major cardiovascular phenotypes observed in
transgenic mice which lack or overexpress eNOS and iNOS (Table 3).

4.1.1
Blood Pressure and Hemostasis

The prominent phenotype of eNOS knockout mice is an impaired endothelium-
dependent vasodilator response to acetylcholine associated with an elevated sys-
temic blood pressure (�20%–30% higher compared to wild-type mice) both in
anesthetized and awake animals (Huang et al. 1995; Shesely et al. 1996). Further-
more, eNOS knockout mice have mild pulmonary hypertension (Steudel et al.
1997). In contrast, blood pressure is normal in iNOS-deficient (Macmicking et
al. 1995) and nNOS-deficient (Huang et al. 1993) mice. These findings are in line
with the postulated role of endothelium-derived NO for the maintenance of nor-
mal blood pressure. The anti-hypertensive effect of eNOS-derived NO may in-
volve direct relaxation of VSMCs and/or modulation of the baroreceptor set
point (Huang et al. 1995). Although eNOS-deficient animals develop systemic
hypertension, flow-induced dilation of distinct vascular beds is maintained (see
Godecke and Schrader 2000, and refs. therein). These studies indicated that the
loss of eNOS can be partially compensated by upregulation of nNOS and soluble
guanylyl cyclase activity, as well as by mechanisms that do not require the gen-
eration of NO. Surprisingly, eNOS-null mutants showed a paradoxical decrease
in blood pressure in response to the non-specific NOS inhibitor l-nitroarginine
(Huang et al. 1995). This result suggests that non-eNOS isoforms are involved in
the maintenance of blood pressure in these mice or, alternatively, that l-ni-
troarginine has effects in addition to NOS inhibition.
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Transgenic mice overexpressing eNOS in the endothelium had a lowered
blood pressure associated with reduced basal vascular tone (Ohashi et al. 1998)
confirming the importance of eNOS for blood pressure regulation. Interestingly,
eNOS transgenic mice displayed reduced vascular reactivity to NO, a phenome-
non clinically known as nitrate tolerance. This observation suggests that chronic
release of relatively high amounts of endothelial NO may induce undesirable
side effects, and thus has implications for efforts to increase eNOS expression in
humans to treat cardiovascular diseases.

In addition to blood pressure regulation, NO may control hemostasis and
limit ischemia/reperfusion injury and thrombus formation by inhibiting vascu-
lar cell–cell interactions including platelet aggregation. Supporting this view,
eNOS knockout mice showed increased leukocyte–endothelial cell interactions
(Lefer et al. 1999) and platelet–endothelial cell adhesion (Cerwinka et al. 2002)
as well as decreased bleeding times (Freedman et al. 1999). The roles of NOS
isoforms in cerebral infarction are described above (Sect. 3.5).

4.1.2
Vascular Remodeling

Many groups have investigated the effects of NOS gene disruption on the devel-
opment of vascular disorders using either models of mechanical vascular injury
or the hyperlipidemic ApoE-deficient mouse model which develops diet-in-
duced atherosclerotic lesions closely resembling the human disease (Plump et
al. 1992; Zhang et al. 1992). Following mechanical vessel injury, eNOS knockout
mice showed exaggerated vascular remodeling with increased neointima forma-
tion (Moroi et al. 1998; Rudic et al. 1998) which was not related to the elevated
blood pressure of these mice (Yogo et al. 2000). Likewise, the development of
atherosclerotic lesions on an ApoE-deficient background was accelerated in
eNOS mutant animals (Knowles et al. 2000; Chen et al. 2001), eventually leading
to ischemic heart disease (Kuhlencordt et al. 2001b). The increased proliferative
response of the vessel wall in the absence of eNOS suggests that eNOS-derived
NO may directly inhibit VSMC proliferation in response to vascular injury.
However, it is not clear whether (Knowles et al. 2000) or not (Chen et al. 2001)
the hypertension of eNOS knockout mice contributed to the atherogenic effects
of eNOS deficiency.

In sharp contrast to the findings with eNOS mutants, iNOS knockout mice
showed decreased neointimal thickening after arterial wall injury (Chyu et al.
1999; Tolbert et al. 2001) as well as reduced atherosclerosis on an ApoE-deficient
background (Detmers et al. 2000; Kuhlencordt et al. 2001a). However, in a model
of transplant atherosclerosis (which is initiated by immune injury), iNOS defi-
ciency resulted in accelerated lesion formation (Koglin et al. 1998). Taken to-
gether, these findings indicate that the effects of NO on vascular remodeling are
complex. In a given pathophysiologic setting, NO may both inhibit and stimu-
late vascular cell proliferation depending on the magnitude and spatiotemporal
profile of NO synthesis. In general, it appears that eNOS-derived NO is vasopro-
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tective, whereas iNOS-derived NO promotes vascular injury. This potential dou-
ble-edged role of vascular NO may limit the usefulness of NO-based therapies
for vascular disorders. Indeed, to date there is no evidence from clinical studies
that treatment with NO-generating drugs has a beneficial effect on the develop-
ment of atherosclerosis in humans.

Female animals were less vulnerable to vascular injury compared with male
animals independent of the absence or presence of eNOS (Moroi et al. 1998) or
iNOS (Tolbert et al. 2001). These results do not support the hypothesis that the
vasoprotective effect of female gender is solely related to an estrogen-induced
modulation of NO levels in the vascular wall. Interestingly, after removal of go-
nads, blood pressure and atherosclerotic lesion size were decreased in eNOS/
ApoE-deficient mice but not in ApoE-deficient mice (Hodgin et al. 2002). These
unexpected findings suggest that the hypertensive and atherogenic effects of
eNOS deficiency depend on the presence of endogenous sex hormones. In other
words, endogenous sex hormones may in fact cause vascular damage in the ab-
sence of eNOS.

Another process which involves vascular remodeling is angiogenesis. Mice
lacking eNOS showed impaired re-vascularization in response to hindlimb isch-
emia and this defect could not be rescued by administration of vascular endo-
thelial growth factor (VEGF) (Murohara et al. 1998). Further studies confirmed
and extended these findings showing that eNOS facilitates wound repair (Lee et
al. 1999) and is involved in the increase in vascular permeability in response to
VEGF (Fukumura et al. 2001). Thus, eNOS-derived NO may be an essential
downstream messenger of VEGF-induced angiogenesis in adult mice and may
indeed stimulate proliferative processes in the vascular system. Inducible NOS-
derived NO could play a pathophysiological role in ischemic retinopathy since
pathological neovascularization in the ischemic retina was reduced in iNOS-de-
ficient mice (Sennlaub et al. 2001).

4.1.3
Cardiac Function and Remodeling

Many previous studies suggested that NO is an important regulator of cardiac
muscle function (Kelly et al. 1996). However, baseline cardiac contractility was
normal in eNOS knockout mice (Gyurko et al. 2000). Additional studies with
eNOS-deficient mice led to inconsistent results concerning the role of eNOS for
the autonomic control of cardiac function. For example, the positive inotropic
response to beta-adrenergic agonists was either potentiated (Gyurko et al. 2000;
Varghese et al. 2000; Godecke et al. 2001) or unaltered (Vandecasteele et al.
1999), and the anti-adrenergic effect of muscarinic agonists was either absent
(Han et al. 1998) or preserved (Vandecasteele et al. 1999; Godecke et al. 2001).
Furthermore, transgenic mice overexpressing eNOS in cardiomyocytes showed
normal responses of the heart to acetylcholine (Brunner et al. 2001). Thus, it is
not clear whether or not eNOS-derived NO modulates neurohormonal control
of myocardial contractility. Mice lacking nNOS demonstrate suppressed beta-
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adrenergic inotropic responses, indicating that nNOS facilitates myocardial con-
tractile reserve (Barouch et al. 2002). Interestingly, both eNOS- and nNOS-defi-
cient mice develop cardiac hypertrophy with increasing age, and this age-related
phenotype is exacerbated in compound eNOS/nNOS knockout mice supporting
independent roles for each NOS isoform in maintaining normal cardiac struc-
ture (Yang et al. 1999b; Barouch et al. 2002).

The role of NOS isoforms for cardiac remodeling was studied using mouse
models of myocardial infarction. After ischemia/reperfusion, infarct size was ei-
ther increased (Jones et al. 1999) or unaltered (Yang et al. 1999b; Scherrer-Cros-
bie et al. 2001) in eNOS knockout mice. In one study, eNOS deficiency was asso-
ciated with exacerbated left ventricular remodeling and dysfunction and in-
creased mortality after myocardial infarction, and this phenotype was not af-
fected by normalization of blood pressure (Scherrer-Crosbie et al. 2001). It was
concluded that eNOS-derived NO limits the deleterious effects of myocardial
ischemia by an afterload-independent mechanism, possibly by increasing capil-
lary density and/or by decreasing myocyte hypertrophy in the remote myocardi-
um. Mice lacking iNOS displayed improved contractile function associated with
reduced myocyte apoptosis and mortality during the late phase after myocardial
infarction (Sam et al. 2001). However, iNOS-deficient mice lack the protective
effect of ischemic preconditioning on infarct size (Guo et al. 1999). These results
suggest a protective role for eNOS after myocardial infarction, whereas iNOS
can be a detrimental or beneficial depending on the specific setting of myocar-
dial ischemia. Cardiac-specific overexpression of iNOS did not result in severe
cardiac dysfunction (Heger et al. 2002) or led to a high incidence of sudden car-
diac death due to bradyarrhythmia (Mungrue et al. 2002). Thus, the view that
iNOS-derived NO is causally involved in the pathomechanism leading to heart
failure is controversial.

In conclusion, the analysis of NOS-deficient mice not only confirmed old
ideas but yielded many unexpected results leading to new concepts on the
(patho-)physiological role of NO in the cardiovascular system. In many cases,
eNOS- and iNOS-derived NO may have opposite effects on the structure and
function of the vessel wall and heart. However, the general view that eNOS pro-
tects from and iNOS promotes cardiovascular disorders may be oversimplified.
eNOS is also important for the control of glucose and lipid homeostasis, provid-
ing a link between cardiovascular and metabolic disease (Duplain et al. 2001).

4.2
Natriuretic Peptide Signaling

It has been long known that acute administration of ANP exerts diverse effects
on cardiovascular and renal function including reduction of blood pressure and
promotion of salt excretion (Brenner et al. 1990), but the (patho-)physiological
role of endogenous natriuretic peptides and their receptors has only recently
been dissected using transgenic mice (Table 3).
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4.2.1
Blood Pressure and Fluid-Electrolyte Balance

Mouse null mutants for ANP (John et al. 1995) or its receptor GC-A (Lopez et
al. 1995; Oliver et al. 1997) had an elevated systemic blood pressure (�10%–
30% higher compared to wild-type mice). In addition, pulmonary hypertension
was reported for ANP knockout mice (Klinger et al. 1999). Conversely, overex-
pression of ANP (Steinhelper et al. 1990) or GC-A (Oliver et al. 1998), the recep-
tor for ANP, resulted in hypotension. ANP transgenic mice showed decreased
sensitivity to ANP- and acetylcholine-dependent vasorelaxation (Ku et al. 1996),
indicating that chronic ANP administration may induce tolerance. Neither ANP
overexpressing mice nor GC-A knockout mice showed a significant change of
blood pressure on a high-salt diet (Steinhelper et al. 1990; Lopez et al. 1995;
Oliver et al. 1997). The appropriate handling of salt in these mice implies that
neither ANP nor GC-A plays a critical role for normal kidney function. Taken
together, these phenotypes demonstrate the physiological importance of ANP/
GC-A signaling for chronic blood pressure regulation and suggest a model
whereby activation of GC-A by ANP lowers blood pressure predominantly via
induction of vasorelaxation but not natriuresis/diuresis. The vasodilator effect
of ANP may at least in part be mediated by attenuation of vascular sympathetic
tone (Melo et al. 1999).

In contrast to the findings in ANP-overexpressing and GC-A-null mice, the
blood pressure of ANP-null mice was increased on a high-salt diet, pointing to a
role for ANP in the regulation of kidney function. However, disruption of the
ANP gene also eliminated the ANP-containing granules in the heart that may
contain additional natriuretic factors (John et al. 1995). Thus, an explanation
for the development of salt-sensitive hypertension in ANP but not GC-A knock-
out mice might be that, in the granule-deficient ANP mutant, a natriuretic factor
other than ANP was lost which normally induces natriuresis/diuresis via activa-
tion of a receptor other than GC-A. Consistent with a general role for endoge-
nous natriuretic peptides in cardiovascular/renal function, mice deficient for
the NPR-C receptor which is thought to act as clearance receptor for natriuretic
peptides displayed mild hypotension and diuresis (Matsukawa et al. 1999). It is
unlikely that BNP is involved in the regulation of blood pressure and fluid-elec-
trolyte balance under physiological conditions, since BNP knockout mice are
normotensive on a standard-salt or high-salt diet (Tamura et al. 2000). However,
BNP-overexpressing mice which show a 10- to 100-fold increase in plasma BNP
are hypotensive (Ogawa et al. 1994). This result suggests that BNP may affect
blood pressure if present in very high concentrations. Similar to ANP, this blood
pressure-lowering effect of high BNP concentrations appears to be mediated
through GC-A, whereas CNP may act through another receptor (Lopez et al.
1997).
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4.2.2
Cardiac Function and Remodeling

Baseline cardiac function is not grossly affected in mice with genetic alterations
of ANP, BNP, or GC-A. However, overexpression of ANP caused a reduced heart
weight (Barbee et al. 1994) and prevented right ventricular hypertrophy induced
by pulmonary hypertension (Klinger et al. 1993). Both ANP-deficient and
GC-A-deficient mice had an increased heart-to-body weight ratio under basal
conditions (John et al. 1995; Oliver et al. 1997). Further analysis revealed that
cardiac hypertrophy in GC-A-null mutants is not caused by hypertension, but is
exaggerated by pressure-induced overload (Knowles et al. 2001). Unexpectedly,
the cardiac hypertrophy of GC-A knockout mice could not be rescued by car-
diomyocyte-specific overexpression of GC-A (Kishimoto et al. 2001). Thus, the
stimulation of GC-A, presumably by ANP, appears to exert an antihypertrophic
effect on the heart independent of its function in blood pressure control, but it
is not clear whether or not this action is mediated by the GC-A of cardiomy-
ocytes. Interestingly, BNP knockout mice showed cardiac fibrosis in the absence
of cardiac hypertrophy (Tamura et al. 2000). Cardiac fibrosis has also been re-
ported for GC-A-deficient (Oliver et al. 1997) but not in ANP-deficient mice.
Therefore, it is tempting to speculate that ANP and BNP stimulate GC-A to pro-
duce an antihypertrophic and antifibrotic effect, respectively. This model would
imply important functional differences between local ANP/GC-A and BNP/GC-
A signaling in the heart. Surprisingly, infarct size after myocardial ischemia/
reperfusion was smaller in GC-A-deficient mice than in wild-type mice, suggest-
ing that natriuretic peptide/GC-A signaling may contribute to pathological myo-
cardial remodeling, possibly via the potentiation of NF-kB-mediated inflamma-
tory processes (Izumi et al. 2001).

Taken together, the analysis of mice with genetic alterations of the natriuretic
peptide system has uncovered a marked complexity of signaling via ANP, BNP,
and their receptor, GC-A, in the cardiovascular system. It appears that under
physiological conditions ANP/GC-A control blood pressure on the level of the
vasculature and protect from cardiac hypertrophy, whereas BNP/GC-A limit car-
diac fibrosis. However, in cardiovascular disease states which are associated
with high levels of circulating natriuretic peptides, both ANP/GC-A and BNP/
GC-A may contribute to the modulation of blood pressure and cardiac growth
and may indeed be detrimental in specific pathophysiological settings like myo-
cardial infarction.

4.3
cGK Signaling

As described in the previous sections, both NO and natriuretic peptide signaling
play important roles for the maintenance of cardiovascular homeostasis. The ef-
fects of both NO and natriuretic peptides are mediated, at least in part, by acti-
vation of guanylyl cyclases and intracellular synthesis of the second messenger
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cGMP. cGKI is a major cGMP receptor in the cardiovascular system (Pfeifer et
al. 1999; Lincoln et al. 2001) and might therefore mediate many effects of NO
and natriuretic peptides.

Indeed, cGKI knockout mice (Table 3) show impaired NO/cGMP-dependent
vasorelaxation and hypertension (Pfeifer et al. 1998; Sausbier et al. 2000). Fur-
thermore, cGKI-deficient platelets display increased adhesion and aggregation
during ischemia/reperfusion of the microcirculation (Massberg et al. 1999).
Thus, cGKI may at least in part mediate the antihypertensive effects of NO and
ANP as well as the hemostatic action of NO. In addition, cGKI improved vascu-
lar remodeling in an ischemia model (Yamahara et al. 2003). Recently, the role
of cGKI in the heart has been investigated using myocardial preparations from
cGKI-null mutants and from cardiomyocyte-specific cGKI knockout mice
(Wegener et al. 2002). In both cGKI-deficient mouse models, the negative ino-
tropic effect of cGMP but not carbachol was lost. These findings indicate that
certain effects of NO and natriuretic peptides on cardiac function might involve
cGMP and cGKI. However, it is unlikely that these pathways contribute to the
anti-adrenergic action of acetylcholine.

It is important to note that with increasing age cGKI-deficient animals devel-
op additional phenotypes including gastrointestinal dysfunction and inflamma-
tion associated with an apparent “normalization” of blood pressure and a low
viability (Pfeifer et al. 1998) (Werner et al. 2001). In contrast, eNOS-, ANP-, or
GC-A-null mutants are hypertensive throughout life in the absence of other se-
vere defects and have a normal life span. These findings suggest that the appar-
ent blood pressure “normalization” in older cGKI-deficient mice is due to the
progressive pathophysiology in these mice. The fact that cGKI knockout mice
develop several phenotypes that are not observed in either eNOS, ANP, or GC-A
single mutants indicates that cGKI may have functions independent of these sig-
naling systems.

5
NO/Natriuretic Peptide/cGMP Signaling in Some Other Organs

It is well established that organs like the intestine and the penis are innervated
by neurons that do not release catecholamines or acetylcholine. These non-ad-
renergic non-cholinergic (NANC) neurons synthesize NO and usually release it
together with a peptide transmitter such as aso-intestinal peptide (VIP) (Sand-
ers and Ward 1992; Andersson 2001) In general, the effects of deletion of NOS
isozymes as well as natriuretic peptides or their receptors on the function of the
gastrointestinal and urogenital system have not been analyzed in detail. Howev-
er, disruption of cGK genes has shown that these enzymes are important regula-
tors in these organs (Table 4).
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5.1
Kidney and Bladder Function

NO and natriuretic peptides may affect blood pressure and other functions by
modulating renin release and salt secretion. Deletion of the ANP receptor GC-A
(Lopez et al. 1995; Oliver et al. 1997) resulted in elevated basal blood pressure
that was not increased by a high-salt diet (salt-resistant hypertension) and a
marked cardiac hypertrophy (see Sect. 4.2). Further studies showed that, in con-
trast to expectation, GC-A is not involved in the acute regulation of sodium ex-
cretion, but is involved in water disposal after acute expansion of the blood vol-
ume (Dubois et al. 2000).

NO appears to enhance and inhibit renin secretion. Analysis of eNOS- and
nNOS-deficient mice suggested that eNOS-derived NO enhances renin release
(Wagner et al. 2000) by cGMP-dependent inhibition of PDE-3 activity which re-
sults in an increase of the cAMP level (Kurtz et al. 1998). Deletion of the cGKI
gene had no overt effect on salt retention or renin secretion. In contrast, disrup-
tion of the cGKII gene increased renin secretion by alleviating the inhibitory ef-
fect of NO on renin release (Wagner et al. 1998). However, this regulation is of mi-
nor importance since cGKII knockout mice do not develop high blood pressure.

Table 4 Phenotypes in selected organs of transgenic mice with genetic alterations of NO/natriuretic
peptide/cGMP signaling

Organ Gene Mouse model Phenotypes Reference(s)

Kidney GC-A Null mutation Decreased water excretion Dubois et al. 2000
eNOS Null mutation Decreased renin secretion Wagner et al. 2000
cGKII Null mutation Increased renin secretion Wagner et al. 1998

Bladder cGKI Null mutation Decreased relaxation
and rhythmic activity

Persson et al. 2000

Intestine nNOS Null mutation Pylorus stenosis Huang et al. 1993
cGKI Null mutation Severe motility defects Pfeifer et al. 1998
cGKII Null mutation Decreased anion and water

secretion response to STa
in small intestine

Pfeifer et al. 1996;
Vaandrager et al. 2000

GC-C Null mutation Decreased anion and water
secretion response to STa
in small intestine

Schulz et al. 1997

Penis eNOS Null mutation Reduced papaverine-induced
penile erection

Hurt et al. 2002

cGKI Null mutation Dysfunction in penile erection Hedlund et al. 2000
Bone cGKII Null mutation Short bones, defect in endo-

chondral ossification
Pfeifer et al. 1996;
Miyazawa et al. 2002

BNP Overexpression
(liver)

Skeletal overgrowth Suda et al. 1998

CNP Null mutation Short bones, defect in endo-
chondral ossification

Chusho et al. 2001

NPR-C Null mutation Skeletal overgrowth Matsukawa et al. 1999
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cGKI has a significant effect on the motility of the urinary duct and the blad-
der. cGKI-deficient mice show diminished relaxation of the duct smooth muscle,
reduced rhythmic contractility of the bladder, and an increased bladder volume
(Persson et al. 2000).

5.2
Gastrointestinal Function

NO has been invoked in the regulation of intestinal motility, because the intes-
tine is innervated by NANC (non-adrenergic non-cholinergic) neurons (Sanders
and Ward 1992). Deletion of the nNOS had no major impact on the overall in-
testinal motility (Huang et al. 1993). In line with the pathology of human pylo-
rus stenosis (Vanderwinden et al. 1992) the emptying of the stomach was slowed
due to a spasm of the pylorus muscle. Relaxation of this muscle is induced in
part by NANC neurons that release NO and VIP. Apparently, the lack of nNOS
in these neurons decreased the release of VIP, a peptide relaxing the smooth
muscle of pylorus. In contrast to these mild phenotype, deletion of cGKI result-
ed in severe intestinal motility defects (Pfeifer et al. 1998). Relaxation of intesti-
nal smooth muscle by cAMP analogues was unaffected, whereas that induced by
cGMP analogues was abolished. This motility defect led to an extensive increase
in the passage time and may contribute to malabsorption and gastrointestinal
infections.

Guanylin and the Escherichia coli heat-stable toxin STa increase water secre-
tion in the small intestine through activation of GC-C. Deletion of cGKII which
is expressed in the secretory epithelium of the small intestine, as well as GC-C,
prevents basal and STa-induced anion and water secretion (Pfeifer et al. 1996;
Schulz et al. 1997). cGKII phosphorylates the cystic fibrosis transmembrane
conductance regulator (CFTR) ion channel (Vaandrager et al. 1998) which re-
sults in a stimulation of chloride and water secretion. The secretory function of
cGKII is restricted to the small intestine, whereas cGMP affects water balance in
the colon through modulation of PDE-3 activity and cAMP levels (Vaandrager
et al. 2000).

5.3
Penile Erection

It has been well established that penile erection is mediated by NANC neurons
that release NO upon excitation (Andersson 2001). It was therefore surprising
that mice deficient for nNOS or eNOS bred normal and had no apparent defect
in penile erection (Huang et al. 1993; Shesely et al. 1996). Presumably, deletion
of one NOS gene was compensated by the other NOS enzyme. A role for eNOS
in penile erection was suggested by recent work showing that pharmacologically
elicited erection was associated with Akt-dependent phosphorylation and acti-
vation of eNOS, and was diminished markedly in eNOS-deficient mice (Hurt et
al. 2002). Regulation of erectile function by NO is most likely mediated by cGMP
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and cGKI, since cGKI knockout mice demonstrate a pronounced reduction in
reproductive capacity in the absence of any functional defects of cGKI-deficient
sperm (Hedlund et al. 2000). cGKII-mutant mice breed normal suggesting that
cGKII is not involved in mouse fertility.

5.4
Bone Growth

Deletion of cGKII resulted in mice with short bones (Pfeifer et al. 1996). Analy-
sis of this phenotype showed that cGKII is necessary for normal endochondral
ossification at the endochondral plate. Overexpression of BNP increased bone
size (Suda et al. 1998). Further analyses indicated that the physiological peptide
regulating bone growth is CNP acting through GC-B (Chusho et al. 2001;
Miyazawa et al. 2002). Mice in which the NPR-C gene (NPR-C or NPR3 is the
so-called clearance receptor for natriuretic peptides which is not coupled to
cGMP production) has been inactivated by either gene targeting (Matsukawa et
al. 1999) or spontaneous mutation (Jaubert et al. 1999) have locally elevated
concentrations of natriuretic peptides and show skeletal overgrowth. These
findings support the concept that CNP acts on endochondral ossification. The
growth retardation of cGKII-deficient mice cannot be rescued by overexpression
of CNP, indicating that cGKII is absolutely required for CNP-mediated regula-
tion of endochondral bone growth (Miyazawa et al. 2002).

5.5
cGK and Phosphodiesterase

cGMP is hydrolyzed by a number of phosphodiesterases, the major enzyme be-
ing PDE-5 (Soderling and Beavo 2000). PDE-5 binds cGMP at an allosteric site
which allows phosphorylation of the enzyme at Ser-92. Phosphorylation in-
creases the activity of the enzyme and allows reduction of elevated cGMP levels
(Wyatt et al. 1998; Mullershausen et al. 2001). Comparison of wild-type and
cGKI knockout smooth muscle cells showed that PDE-5 is phosphorylated by
cGKI in intact smooth muscle (Rybalkin et al. 2002). Phosphorylation approxi-
mately doubled the activity of PDE-5. These results suggest that cGKI controls
the concentration of its activator cGMP by a classical feedback regulation. How-
ever analysis of NO-stimulated smooth muscle cells showed that cGMP levels in-
crease to the same level in wild-type and knockout cells (Sausbier et al. 2000),
suggesting that the speed of hydrolysis of cGMP was similar in each cell type.
This result seems to be in line with the finding that the PDE-5 inhibitor silde-
nafil has strong effects on penile erection but minimal effects on vascular mus-
cle tone. Presumably, cGMP hydrolysis is regulated also by other PDEs in vascu-
lar smooth muscle.
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Abstract Protein kinase A (PKA) is a ubiquitous serine–threonine kinase in-
volved in the transduction of cellular signals through the second messenger cy-
clic adenosine monophosphate (cAMP). Knockout and transgenic manipulation
of PKA subunits has resulted in the generation of mice with deficits in develop-
mental processes, neuronal signaling, metabolic regulation, cardiovascular pa-
rameters, and reproductive function. These observations indicate that targeting
the PKA system may be of therapeutic value in a myriad of human diseases.
This review will provide a comprehensive compilation of PKA mouse mutants
generated to date and discuss future directions within this complex signaling
system that are amenable to pharmacological manipulation.

Keywords cAMP · Protein kinase A · Mouse genetics · Phenotype

1
Introduction

The development of transgenic models to study intracellular signal transduction
has provided clues regarding the roles that distinct proteins play within the con-
text of multi-component cascades. The cyclic adenosine monophosphate
(cAMP) signaling system is one of the best-characterized signal transduction
pathways and a number of animal models have been generated to study specific
aspects of this cascade. These include animals with manipulations in G protein
subunits, adenylyl cyclase isoforms, protein kinase A (PKA) regulatory and cat-
alytic subunits, and phosphodiesterases. This review will focus on genetic stra-
tegies that target the PKA system, highlighting those which provide models par-
ticularly relevant to pharmacological study. We will also address issues and ca-
veats relevant to the use of gene manipulation strategies in the study of a major
signaling cascade, such as the development of compensation, the potential need
for tissue-specific alterations, and the emerging role for the coupling of genetics
and pharmacology.

2
Brief Overview of Cellular cAMP Signaling

The classical pathway for eliciting the cellular cAMP signal begins with the stim-
ulation of surface receptors linked to specific heterotrimeric guanosine triphos-
phate (GTP)-binding proteins (G proteins) (Fig. 1). G proteins critical for regu-
lation of cAMP include those of the stimulatory (Gs) and inhibitory (Gi/o) fami-
lies. Upon agonist-receptor G protein coupling, these G proteins hydrolyze GTP
and either activate (Gs) or inhibit (Gi/o), the effector adenylyl cyclase. When
stimulated, adenylyl cyclases convert ATP into cAMP and pyrophosphate. One
of the major described functions of cAMP is the activation of PKA; cAMP has
also been shown to modify the activity of cyclic nucleotide gated ion channels
and several guanine nucleotide exchange factors (reviewed in Antoni 2000).
PKA is a ubiquitous serine/threonine protein kinase that phosphorylates pro-
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teins at the consensus sequence RRXS/T, resulting in the direct regulation of
protein function and the induction of gene transcription by the phosphoryla-
tion of transcription factors, most classically CREB (cAMP-response element
binding protein). PKA-mediated phosphorylation is balanced by the activity of
cellular phosphatases and phosphodiesterases, which terminate the signal by ei-
ther dephosphorylation of PKA targets or degradation of cAMP, respectively.

3
General Overview of PKA Holoenzyme Characteristics

In mice, there are two PKA catalytic subunits termed Ca and Cb. mRNAs en-
coding each of these proteins are produced from single genes using alternate ex-
ons and transcriptional start sites, resulting in the expression of two (Ca1 and
Ca2) (Desseyn et al. 2000; Reinton et al. 2000) or three (Cb1, Cb2, and Cb3)
(Guthrie et al. 1997) splice variants. Four regulatory subunits, termed RIa, RIIa,
RIb, and RIIb, complement the catalytic proteins. The various subunits exhibit
distinct but often overlapping expression patterns. In general, the a subunits
show widespread expression whereas the b isoforms are expressed in a more re-

Fig. 1 Signal transduction through the PKA pathway. Agonist occupation of receptors linked to Gs het-
erotrimeric GTP-binding proteins stimulate the conversion of ATP to cAMP by adenylyl cyclases. cAMP
occupies binding sites on the PKA regulatory subunits which result in the release of the catalytic pro-
teins. PKA phosphorylates cytoplasmic proteins which can be dephosphorylated by protein phospha-
tases. cAMP-mediated activation of PKA holoenzymes also results in translocation of the C subunit into
the nucleus with corresponding phosphorylation of nuclear components such as the transcription factor
CREB. The cAMP signal is terminated by the action of phosphodiesterases which degrade cAMP into
AMP
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stricted fashion (reviewed in McKnight et al. 1996). The PKA holoenzyme is
composed of two catalytic and two regulatory subunits; in the absence of cAMP,
the enzyme is inactive. Cyclic AMP binding to two sites on each regulatory sub-
unit results in the release of the catalytically active C subunits. One major
source of regulation of the levels of PKA within a cell involves the stabilization
of both catalytic and regulatory subunits induced by R–C interaction. For exam-
ple, the half-life of the RIa protein rises four- to fivefold when complexed into a
holoenzyme form (Amieux et al. 1997).

In addition to regulation induced by differences in tissue expression and R–C
interactions, tetrameric PKA holoenzyme can be “anchored” in specific loca-
tions within the cell by A-kinase anchoring proteins, or AKAPs (Fig. 2). This
large family of cellular scaffolding proteins are quite divergent in sequence, but
all share a common amphipathic helix region which interacts with the dimerized
amino terminus of the RII subunits, localizing type II PKA holoenzymes to sub-
cellular structures such as the plasma membrane, the mitochondria, or the en-
doplasmic reticulum (reviewed in Feliciello et al. 2001; Michel and Scott 2002).
While the majority of AKAPs preferentially bind to RII subunits, S-AKAP84/D-
AKAP-1 has been shown to bind with similar affinity to both RI and RII sub-
units (Huang et al. 1997; Reinton et al. 2000). These distinct preferences in R
subunit–AKAP interaction as well as the growing number of identified AKAPs
suggest that there are distinct localizations and, potentially, unique signaling ca-

Fig. 2 Mechanisms of PKA regulation. Binding of C subunits to R subunits results in inactivation of cat-
alytic activity and a retention of C subunit in the cytoplasm. When complexed as holoenzyme, both C
and R subunit proteins are stabilized. The holoenzyme complex is anchored to specific sites within the
cell by AKAPs, which bind with high affinity to R subunits through an amphipathic helix region. C sub-
units in the nucleus are further regulated by the activity of PKI, which inhibits C subunit activity by two
mechanisms: occupying the substrate binding site and translocating C subunit from the nucleus
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pacities of different holoenzymes within the cell (Feliciello et al. 2001; Michel
and Scott 2002).

PKA catalytic subunits are also regulated in an inhibitory fashion by mem-
bers of the protein kinase inhibitor (PKI) family (Fig. 2) (Walsh et al. 1971).
These 70–75 amino acid proteins bind within the C subunit substrate binding
site and “lock” the catalytic subunit into a closed and inactive conformation.
Amino acids 5–24 of the PKI peptide are sufficient for inhibitory activity and
this PKI-derived peptide has been used extensively as a tool to dissect the con-
tribution of PKA to kinase activity observed in vitro (Scott et al. 1985a,b). There
are three known PKI isoforms, a, b, and g, which are encoded by distinct genes
and show unique tissue expression (Walsh et al. 1971; Beale et al. 1977; Van Pat-
ten et al. 1992; Collins and Uhler 1997). Full length PKI proteins also contain a
leucine-rich nuclear export signal (NES) that promotes PKI-mediated transport
of C subunits from the nucleus to the cytoplasm in transfected cells (Fantozzi et
al. 1992, 1994; Wiley et al. 1999). It has been hypothesized that the in vivo role
of PKI might be to terminate the activity of C subunit in the nucleus, thereby
decreasing levels of PKA-mediated gene transcription when present. However,
recent mouse knockout experiments that have eliminated PKIa and/or PKIb
have led to the opposite effect, suggesting that the PKI system may have a more
complex role in the nuclear actions of PKA (Gangolli et al. 2000).

It was anticipated, due to the widespread expression and pivotal role of PKA
in the transduction of major cellular signals, that disruption or overexpression
of the various PKA subunit genes would produce significant alterations in a va-
riety of biological processes. This has indeed been the case, with PKA mutations
affecting developmental, neural, metabolic, cardiovascular, and reproductive
functions. Genes encoding each of the PKA subunits have now been separately
disrupted within the mouse genome (Table 1). The majority of mice that lack
one PKA subunit appear healthy and fertile; only two deletions, Ca and RIa,
have produced severe effects on growth and development. The phenotypes re-
sulting from all of these deletions will be grouped into physiological categories
and discussed in detail in this review. Additionally, studies describing the use of
transgenic technology to overexpress wild-type or mutant PKA subunits will
also be described (Table 2). A common theme of these studies is the remarkable
compensation that can occur within the PKA system, suggesting that tight con-
trol of PKA activity represents a critical homeostatic mechanism.

4
Developmental Phenotypes

4.1
Embryonic Lethality of Mice Lacking RIa

Despite the ubiquitous expression of the a forms of the PKA catalytic and regu-
latory subunits, the only knockout that results in embryonic lethality is that of
RIa. It has been observed that RIa (and, in the brain, RIb) can compensate for
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the loss of the remaining regulatory subunits (Brandon et al. 1995; Amieux et al.
1997) and it has been postulated that RIa acts as a physiological “buffer” against
inappropriate levels of PKA activity (Amieux et al. 1997; Amieux and McKnight
2002).

Knockout of the RIa gene results in embryonic lethality at approximately
day 10.5, although phenotypic abnormalities are noted earlier than this time
point (Amieux et al. 2002). For example, at day 9.5, the embryos lack a defined
heart tube and show deficits in the normal formation of tissues derived from
mesoderm (Amieux et al. 2002). Even at day 6.5, it is noted that mesodermal cell
formation is greatly reduced and that there is a failure of the remaining cells to
migrate normally from the primitive streak. These observations suggest that a
defect has occurred during the gastrulation process and that the embryo has
failed to undergo the normal epithelial to mesenchymal transition necessary to
form mesodermal tissue (Hogan et al. 1994). Tissue extracts from embryos at
day 8.5 reveal a three- to fourfold increase in basal PKA activity coupled with a
40% decrease in cAMP-stimulated, or total, PKA activity. These results indicate
that there is a lack of compensation for the missing RIa protein and that the ab-
normally high basal level of activity might be affecting cell fate. To confirm this
hypothesis, RIa+/
-mutant mice were crossed with animals carrying a disrup-
tion for the Ca allele. Interbreeding of these animals resulted in mice with grad-
ed levels of Ca activity upon the RIa
/
 background. Decreasing basal PKA lev-
els resulted in a corresponding rescue of the RIa
/
 phenotype, with Ca
/


RIa
/
 embryos appearing similar to wild-type littermates. This rescue is still
incomplete, however, as these embryos do not survive to term (Amieux et al.
2002).

How might increases in basal PKA activity affect gastrulation and, ultimately,
the formation of mesodermal tissue? Examination of other mouse mutants re-
sembling RIa
/
 embryos indicates that mice with manipulations in the fibro-
blast growth factor (FGF) signaling cascade show similarities to many pheno-
types seen in RIa mutants (Yamaguchi et al. 1994; Ciruna et al. 1997; Sun et al.
1999; Ciruna and Rossant 2001). These observations suggest that PKA, which
can inhibit signaling by growth factor tyrosine kinase receptors, might be func-
tioning to inhibit FGF-dependent mesodermal migration from the primitive
streak. Alternatively, increased basal PKA activity might be affecting the func-
tion of members of the integrin family as embryos lacking focal adhesion kinase
and fibronectin also show deficits in heart formation and other mesodermal lin-
eages (Furuta et al. 1995; Ilic et al. 1995; Georges-Labouesse et al. 1996).

4.2
Catalytic Subunit Distinctions: Growth Retardation in Mice Lacking Ca
but Normal Development of Cb Knockouts

Due to the widespread use of the cAMP signaling cascade and the ubiquitous
expression of PKA, it was hypothesized that loss of either of the two catalytic
subunits might also result in embryonic lethality. This has not been the case. Si-
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multaneous knockout of all three isoforms of Cb generates animals with only
subtle defects in neurological function (Howe et al. 2002). Deletion of the Ca
gene generates a much more severe phenotype, with a large percentage of pups
dying in the early postnatal period (Sk�lhegg et al. 2002). Approximately 25% of
the knockout animals do survive for longer periods, however, and this is partic-
ularly evident on a mixed 129 SvJ/C57Bl6 background. These surviving animals
are runted and the majority of pups attain only 60% of the size of their wild-
type and heterozygous littermates (Sk�lhegg et al. 2002). The phenotype is not
dependent upon defects in growth hormone but does correlate with decreases
in insulin-like growth factor (IGF)-1 in the liver, suggesting that IGF-1 function
may be abnormal in these animals. PKA activity assays reveal that all tissues ex-
amined show dramatic reductions in total PKA activity and Western analyses
show that Cb1 only compensates for the loss of Ca in a small subset of tissues,
particularly in the brain. Protein levels of the R subunits are also decreased in
most regions, suggesting that Ca is a predominant binding and stabilizing part-
ner for these proteins in most tissues (Sk�lhegg et al. 2002).

The very mild phenotype of Cb knockouts, coupled with the ability of a sub-
set of animals to survive without Ca, has prompted an examination of the con-
sequences of the loss of three or four C subunit alleles. In these studies, Ca+/


mice and Cb1+/
 animals were crossed and the progeny were examined for the
consequences of a progressive loss of PKA activity (Huang et al. 2002). Mice
completely lacking both Ca and Cb1 die after implantation but prior to the
completion of gastrulation. Mice that lack three C subunit alleles exhibit an in-
appropriate expansion of the neural tube and a lack of vertebral arch closure,
resulting in spina bifida (Huang et al. 2002). The defective area is exquisitely
specific to the thoracic to sacral region of the neural tube and occurs with 100%
penetrance. Additionally, exencephaly is seen in 25% of the animals with one
remaining Cb allele; embryos containing one remaining Ca allele do not develop
exencephaly (Huang et al. 2002).

PKA is known to be a negative regulator of the Sonic hedgehog (Shh) path-
way (Fan et al. 1995; Hynes et al. 1995; Epstein et al. 1996; Hammerschmidt et
al. 1996), a critical signal transduction cascade necessary for pattern formation
in the CNS. In the PKA-deficient embryos described above, Shh and several pro-
teins transcriptionally regulated by the Shh cascade are inappropriately ex-
pressed only in the phenotypically affected regions of the neural tube (Huang et
al. 2002). For example, Shh and Hnf3b, which are normally expressed only in
the floor plate, were expanded dorsally. The role of Shh in neural tube pattern-
ing is to produce a concentration gradient of signal that induces or represses a
series of genes which then define the dorsal/ventral neural tube axis (Roelink et
al. 1995; Chiang et al. 1996; Ericson et al. 1997; Briscoe et al. 1999). C deficiency
leads to an inappropriately “ventralized” identity only within the affected region
of the neural tube. This altered cell fate phenotype indicates that precise levels
of PKA activity are necessary for patterning specific regions of the central ner-
vous system.
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4.3
Dominant-Negative RIa Subunit Expression in the CNS

Within the R subunits, there are two binding sites for cAMP termed the A and B
sites. While these two sites share high amino acid homology and bind cAMP in
a positively cooperative fashion, they exhibit distinct cAMP dissociation kinet-
ics and preference for cAMP analogs (Doskeland 1978; Rannels and Corbin
1980; Corbin et al. 1982). Clones of RIa subunits that act in a dominant negative
fashion have been identified by phenotypic analysis of S49 lymphoma cells and
subsequent sequencing and expression in mammalian cells (Clegg et al. 1987).
Substitution of a glutamic acid for a glycine at position 200 within the A site re-
sults in the generation of a stable holoenzyme with a fourfold higher Ka for
cAMP (Woodford et al. 1989). Mutation of position 324 (glycine to aspartic
acid) within the B site drastically reduces the affinity of the R subunit to more
than 5 mM cAMP.

The double mutant form of this RIa subunit (G200E and G324D) is termed
R(AB) and has been used in a variety of in vivo systems to create a dominant-
negative holoenzyme (Concordet et al. 1996; Epstein et al. 1996; Hammer-
schmidt et al. 1996). Epstein et al. expressed the R(AB) subunit in mouse em-
bryos under control of the Wnt-1 enhancer (Epstein et al. 1996). Expression of
this transgene in dorsal regions of the mouse CNS results in the ectopic expres-
sion of Shh as well as the Shh targets Hnf3b, Patched, and Gli 1 (Epstein et al.
1996). This inappropriate Shh pathway signaling again induces ventral cell types
in dorsal areas of the CNS. While these studies indicate that PKA normally func-
tions to antagonize Shh signaling in dorsal regions of the CNS, the exact mecha-
nism for this inhibition is unknown. Since decreasing PKA activity results in ec-
topic expression of Shh itself, PKA�s major role may be to simply repress Shh
expression. If this hypothesis is correct, then crossing the PKA-deficient mice
described by Huang et al. to Shh
/
 animals should result in embryos with cor-
rected dorsal/ventral patterning. There are many other points along the Shh
pathway where PKA may be functioning, however, as a number of Shh cascade
components such as Smoothened and members of the Gli family of transcrip-
tional activators/repressors are phosphorylated by PKA (Alcedo et al. 2000;
Wang et al. 2000). It also remains formally possible that PKA functions in a par-
allel but independent pathway to Shh and that the ectopic expression of Shh is a
byproduct of manipulation of this second pathway.

5
Neural Phenotypes

5.1
The Involvement of Cb1 and RIb in Synaptic Plasticity

The involvement of cAMP in neuronal processes such as learning and memory,
reward behaviors, and pain perception has previously been demonstrated in
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mice using pharmacological techniques. All of the PKA subunits are expressed
in the brain with very high expression in neurons (Cadd and McKnight 1989;
Guthrie et al. 1997), suggesting that manipulations of PKA subunits in the brain
should affect basic neuronal function. This has indeed been the case; several
subunit deletions result in defects in measurements of synaptic plasticity and in
learning paradigms. Additionally, mice with alterations in PKA activity show
changes in neuronal gene induction patterns, indicating that neurons employ
isoform-specific transduction of cellular signals.

Mice lacking either the Cb1 or RIb PKA subunits show deficits in synaptic
plasticity that have been hypothesized to provide a mechanism for learning and
memory (long-term potentiation [LTP] and long-term depression [LTD]) (Bran-
don et al. 1995; Huang et al. 1995; Qi et al. 1996; Hensch et al. 1998). Animals
initially designed to lack the Cb protein were generated prior to the knowledge
that three distinct isoforms, termed Cb1, Cb2, and Cb3, could be produced from
the Cb gene by alternative promoter usage (Guthrie et al. 1997). Therefore, be-
cause of the recombination strategy used, these original mice lacked only the
Cb1 isoform. Both the Cb1 and RIb proteins are expressed at high levels in the
cortex and hippocampus, prompting analysis of learning and memory para-
digms in these knockouts. Cb1-mutant mice are deficient in their ability to sus-
tain the late phase of Schaffer collateral/CA1 LTP (Huang et al. 1995; Qi et al.
1996). These observations correlate with previous findings that the late phase of
LTP, in contrast to the early phase, is cAMP-dependent and requires PKA-medi-
ated gene transcription (Frey et al. 1993; Matthies and Reymann 1993; Huang
and Kandel 1994). Both Cb1 and RIb animals are also deficient in their ability
to induce LTD within the Schaffer Collateral pathway (Brandon et al. 1995; Qi et
al. 1996), suggesting that these specific subunits are critical for the manifesta-
tion of LTD in these neurons. Despite specific defects in LTP and LTD within
hippocampal pathways, the RIb and Cb1 knockout mice behave normally in a
number of learning tasks (Huang et al. 1995), dissociating the electrophysiologi-
cal parameters from observed deficits at the behavioral level.

5.2
The Involvement of Cb2 and Cb3 in Learning and Memory

Messenger RNA and protein for the Cb2 and Cb3 isoforms are expressed specif-
ically in the brain (Guthrie et al. 1997), suggesting that these enzymes play im-
portant roles in neural function. As a result of alternative mRNA splicing, the
Cb2 and 3 proteins lack the necessary consensus sequence for myristoylation
(an N-terminal glycine residue). This post-translation modification is postulated
to affect protein stability (Yonemoto et al. 1993) or membrane tethering of the
catalytic protein (Gangal et al. 1999). Cb2 mRNA is highly expressed within the
amygdala and hippocampus and other limbic structures while Cb3 is expressed
at a very low level in many brain areas (Guthrie et al. 1997). Mice have now been
generated that lack all three forms of Cb, termed Cball
/
 (Howe et al. 2002).
The high level of expression of Cb2 in limbic areas, coupled with pharmacologi-
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cal evidence that memory formation or consolidation in the hippocampus and
amygdala is dependent upon PKA (Bourtchouladze et al. 1998; Schafe et al.
1999; Goosens et al. 2000; Schafe and LeDoux 2000), suggested that examination
of the ability of Cball
/
 mice to perform in learning and memory paradigms
might be informative. As discussed above, previous studies have shown that loss
of Cb1 does not affect learning tasks such as contextual and cued fear condi-
tioning (Huang et al. 1995). In contrast, when mated onto certain genetic back-
grounds, Cball
/
 mice are deficient in their ability to acquire cued fear condi-
tioning. Cball
/
 animals perform normally in other models of learning and
memory such as contextual fear conditioning (a hippocampal-dependent task)
and conditioned taste aversion (an amygdala-dominant learning paradigm). It
is important to note that PKA activity levels in brain regions from these mice
are not different from wild-type animals, and Western analyses reveal a com-
pensatory increase in the level of Ca protein (Howe et al. 2002). This suggests
that Ca can compensate for most, but not all, of the functions of Cb in the
brain.

5.3
Dominant-Negative RIa Subunit Expression in Neurons

The physiological effect of decreasing PKA activity in neurons has also been
studied using transgenic mice that express the dominant-negative R(AB) trans-
gene under control of the calcium-calmodulin dependent protein kinase IIa pro-
moter (Abel et al. 1997). In these studies, high levels of transgene expression are
observed in the hippocampus, amygdala, striatum, and cortex, and the authors
show that both basal and cAMP-stimulated PKA activity were reduced in the
CA-1 hippocampal region of these mice by 50% and 25%, respectively (Abel et
al. 1997). These mice show electrophysiological deficits within the late, but not
the early, phase of LTP. The animals also exhibit a significant decrement in spa-
tial memory and long-term contextual fear conditioning (Abel et al. 1997). The
authors conclude that PKA is essential for the consolidation of short-term mem-
ory and long-term storage.

There are a number of explanations that might account for the behavioral dif-
ferences between the R(AB) transgenics and the several PKA knockouts generat-
ed to date. It is possible that R(AB) hippocampal neurons have lower overall lev-
els of PKA activity (compared with Cb1
/
 or Cball
/
 neurons, for example)
due to the ability of this dominant-negative R subunit to interact with both Ca
and Cb proteins. If so, it remains possible that either Ca or Cb is capable of
transmitting the cellular signals necessary for the manifestation of contextual
fear conditioning. On the other hand, these discrepancies may indicate that Ca
plays a more important role in the type of learning represented by the contextu-
al fear conditioning paradigm, since Cball
/
 mice do not show deficits in con-
textual fear conditioning. A tissue-specific knockout of Ca in neurons would be
of value in determining if the two catalytic subunits of PKA are distinct in their
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ability to regulate the type of memory characteristic of the contextual fear con-
ditioning paradigm.

The idea that there are distinct combinations of R and C subunits that are re-
sponsible for different responses to neuronal stimulation is supported by the
work of Woo et al. (2000). These authors studied the role of PKA in LTP induced
by two distinct paradigms differing in their timing and intensity of stimulation.
R(AB) mice responded normally when the signal was compressed but abnor-
mally when stimulation was administered in a regular, spaced pattern (Woo et
al. 2000). In contrast, both forms of synaptic plasticity were inhibited by infu-
sion of the PKA inhibitor Rp-cAMPS. The authors conclude that these different
forms of LTP recruit distinct PKA holoenzymes, only some of which are inhibit-
ed by the R(AB) protein.

5.4
Role for RIb in the Manifestation of Nociceptive Pain

PKA has been implicated in the central and peripheral processing of pain. For
example, increasing cAMP levels or injecting C subunit into dorsal horn neu-
rons potentiates their response to glutamatergic ion channel stimulation (Cerne
et al. 1992; Cerne et al. 1993). The localization of RIb to the CNS prompted an
examination of nociceptive responses in mice lacking this regulatory subunit
(Malmberg et al. 1997). When injected with 2% formalin into the paw, wild-type
mice exhibit responses that occur in two phases. The first phase is dependent
upon an acute transmission by primary afferent pain neurons while the second,
prolonged, phase reflects an inflammatory response. RIb-mutant mice exhibit a
significant decrease in the second phase response with a corresponding decrease
in the amount of swelling of the injected paw. As a measurement of the sensory
neuron activity, c-fos immunoreactivity was assessed and found to be signifi-
cantly lower in the RIb
/
 mice. In another model of tissue injury, produced by
injection of capsaicin into the paw, RIb
/
 mice are also less sensitive than wild-
type animals. These results indicate that RIb is required for the inflammatory
and subsequent pain response evoked by tissue injury, possibly by influencing
PKA-mediated phosphorylation of ion channels (Malmberg et al. 1997).

5.5
The Involvement of RIIb in Dopaminergic Signal Transduction

The RIIb regulatory subunit is also highly expressed in the brain, particularly in
the striatum, and loss of this subunit leads to a significant (~75%) decrease in
total PKA activity in this brain region (Brandon et al. 1998). Acute motor effects
mediated by the dopamine system appear to be intact in these mice, but the
mice display motor learning defects as assessed by impaired performance on an
accelerating rotorod. The induction of genes by agonists or antagonists of D1

and D2 dopamine receptors is also affected by the loss of RIIb. For example,
basal dynorphin mRNA expression, mediated by dopamine signaling through
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D1 receptors, is decreased in the mutants (Brandon et al. 1998). Administration
of haloperidol, a D2 receptor antagonist, failed to induce the normal increase in
expression of c-fos and neurotensin in the striatum of RIIb knockouts, and the
mice do not succumb to the haloperidol-induced catalepsy characteristic of
wild-type mice (Adams et al. 1997). These results suggest that the PKA activity
mediated by RIIb-containing holoenzyme is essential for dopaminergic gene in-
duction in these neurons.

5.6
RIIb and the Response to Drugs of Abuse

The cAMP/PKA system has been implicated in the response to drugs of abuse
such as psychostimulants and ethanol. Gene induction mediated by amphet-
amine, as assessed by measurement of c-fos mRNA, has been shown to be blunt-
ed in RIIb
/
 mice and these animals are more sensitive to amphetamine sensi-
tization (Brandon et al. 1998). Ethanol has been shown in several studies to af-
fect the activity of PKA both in vivo and in vitro (Ortiz et al. 1995; Dohrman et
al. 1996; Diamond and Gordon 1997). RIIb
/
 animals show increased voluntary
ethanol consumption and are less sensitive to the sedative effects of ethanol
when compared to wild-type mice (Thiele et al. 2000). While it is currently un-
known which area of the brain mediates the effects of ethanol in these mice, re-
gions of the brain considered to be ethanol targets such as the nucleus accum-
bens, the hippocampus, the amygdala, and the hypothalamus (Ryabinin et al.
1997) all show reductions in cAMP-stimulated PKA activity in RIIb knockouts.
The regulation of PKA activity in the RIIb
/
 brain is complex; in contrast to
other tissues, there is incomplete compensation by RIa in RIIb
/
 brain. Due to
the instability and increased degradation of C protein that is not bound to R
subunits, total PKA activity in mutant brain is greatly reduced. The basal/total
ratio, however, is predicted to be higher than normal due to an R/C subunit im-
balance. Therefore, despite lowered cAMP-stimulated PKA activity, it is postu-
lated that an altered basal/total ratio may lead to chronic PKA activation and
mediate the increased ethanol-consumption phenotype characteristic of these
animals (Thiele et al. 2000).

It will be of interest to determine the brain area responsible for RIIb-regulat-
ed ethanol consumption. Toward this goal, our laboratory has generated mice
that employ the Cre-lox recombination system to “re-express” normal levels of
RIIb in specific tissues while maintaining the “knockout” genotype in all other
areas (M. A. Sikorski and G.S. McKnight, unpublished). These animals encode a
silent RIIb gene in which protein expression is regulated by loxP sequences; in
the presence of the bacterial enzyme Cre recombinase, RIIb is re-expressed in
the tissue of choice. The widespread use of viral vectors expressing Cre recom-
binase indicates that it will be possible to “turn on” RIIb in very specific brain
areas and neurons to define locations important for PKA-regulated ethanol con-
sumption. Once identified, it may then be possible to target drugs to receptors
expressed on these neurons to alter PKA activity in a desirable direction.
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6
Metabolic Phenotypes

6.1
Leanness and Resistance to Diet-Induced Obesity in Mice Lacking RIIb

Adipose tissue expresses a subset of PKA subunits, namely Ca, Cb1, RIa, and
RIIb. Normally, the PKA holoenzyme found in fat cells consists primarily of
type II kinase (McKnight et al. 1998) suggesting that RIIb plays a pivotal role in
the regulation of PKA activity in this tissue. Knockout of RIIb protein generates
mice that are lean compared to their wild-type littermates (Cummings et al.
1996). In both brown (BAT) and white adipose tissue (WAT), loss of RIIb causes
a holoenzyme switch from type II to type I kinase due to a compensatory in-
crease in RIa protein (Cummings et al. 1996; Amieux et al. 1997; Planas et al.
1999). This is significant since the type I kinase activates at a lower threshold
concentration of cAMP, resulting in higher levels of basal PKA activity in both
WAT and BAT. In BAT, there is a noted stabilization of uncoupling protein
(UCP)-1 (Cummings et al. 1996), a mitochondrial protein specialized for ther-
mogenesis by “uncoupling” the proton gradient across the mitochondrial mem-
brane from ATP production. RIIb
/
 mice have been noted to exhibit an in-
creased metabolic rate, and this has lead to the hypothesis that the lean pheno-
type of these animals is related to the increase in UCP-1 levels in BAT
(Cummings et al. 1996). Mating of the RIIb
/
 mice to UCP-1
/
 animals is cur-
rently ongoing in the laboratory (M. Nolan and G.S. McKnight, unpublished) to
determine the involvement of PKA�s regulation of UCP as a mechanism of lean-
ness. In preliminary results, the combined double knockout mice (RIIb/UCP1)
remain significantly leaner than wild-type littermate controls. This suggests that
although changes in BAT may account for some of the metabolic alterations in
RIIb knockouts, these BAT-dependent effects are not essential for the lean phe-
notype.

RIIb
/
 animals show deficits in white adipose stores, which are decreased by
approximately 60% compared to wild-type littermates (Cummings et al. 1996;
Planas et al. 1999). The number of adipocytes is approximately the same but tri-
glyceride storage and size of each adipocyte is considerably smaller in the RIIb
mice (Cummings et al. 1996). The major role of PKA in the triglyceride storage/
breakdown balance is to promote triglyceride breakdown by affecting the levels
and activity of lipolytic enzymes such as hormone-sensitive lipase (HSL) and li-
poprotein lipase. In this regard, PKA activation in WAT, produced mainly by
stimulation of the sympathetic nervous system and subsequent activation of b3-
adrenergic receptors, opposes the fat-storing activity of insulin. RIIb
/
 mice
show enhanced levels of basal but blunted levels of agonist-stimulated lipolysis
both in vivo and from WAT pads extracted and examined in vitro (Planas et al.
1999). The observation of increased basal but decreased total PKA activity cor-
relates with the observed incomplete compensation by RIa in WAT, resulting in
reduced total holoenzyme levels. Examination of the levels of mRNAs postulated
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to be regulated by PKA in WAT, such as lipoprotein lipase (Antras et al. 1991),
acetyl-CoA carboxylase (Kim et al. 1989; Foufelle et al. 1994), and GLUT4
(Kaestner et al. 1991) revealed normal levels of all RNA transcripts examined
(Planas et al. 1999). This suggests that the changes in lipolysis arise from alter-
ations in PKA-mediated phosphorylation of cytoplasmic proteins rather than
changes in PKA-dependent transcription. Although it has not yet been directly
examined, it remains a strong possibility that PKA changes in WAT affect the
phosphorylation status of perilipins, proteins which coat lipid droplets and
“protect” them from the hydrolyzing activity of HSL (Londos et al. 1995, 1999;
Souza et al. 1998; Martinez-Botas et al. 2000). PKA phosphorylation of perilipin
on multiple sites results in the movement of perilipin from fat droplets to the
cytoplasm, allowing HSL access to the fat droplet (Londos et al. 1999; Clifford et
al. 2000). Interestingly, knockout of the perilipin gene generates animals with a
strikingly similar phenotype to that seen in RIIb
/
 mice (Martinez-Botas et al.
2000; Tansey et al. 2001).

Mice lacking RIIb have also been studied for their ability to resist the devel-
opment of diet-induced obesity (Cummings et al. 1996) and diet-induced diabe-
tes (Schreyer et al. 2001). When fed a high-fat diet, RIIb
/
 mice do not become
overweight or develop the fatty liver characteristic of their wild-type littermates
(Cummings et al. 1996). In an expansion of these findings, RIIb
/
 mice were
fed a diabetogenic diet, consisting of 35% fat and 37% carbohydrate, for
15 weeks (Schreyer et al. 2001). While both groups of mice gained weight on this
diet, RIIb
/
 mice did so more slowly than controls and remained leaner as as-
sessed by fat pad weight. Despite elevated serum glucose levels in both groups
subjected to this diet, RIIb
/
 mice had lower levels of serum insulin than wild-
types and exhibited significantly better glucose tolerance when challenged with
an acute intraperitoneal bolus of glucose. Loss of RIIb was also beneficial in
terms of lipid profile; RIIb
/
 mice were protected from the dyslipidemia char-
acteristic of diet-induced diabetes (Schreyer et al. 2001).

As yet, it is unclear if there is a single tissue that is responsible for RIIb
/


leanness. Since RIIb is expressed in BAT, WAT, and the brain, it remains possible
that any of these tissues, or a combination of them, is involved in the lean phe-
notype of these animals. While adipose tissue is an attractive target, RIIb is also
highly expressed within feeding centers in the hypothalamus. RIIb
/
 mice do
not show differences in food intake when compared to their wild-type litter-
mates on a normal chow diet (Cummings et al. 1996). When fed a diabetogenic
diet, RIIb mice do consume a larger number of calories per body weight com-
pared to wild-type animals, but this is because they are lean and weigh less; hy-
perphagia on a per mouse basis is not seen (Schreyer et al. 2001). Consistent
with their reduced adiposity, RIIb mice also have lower levels of circulating lep-
tin. Coupled with the observation that they are not hyperphagic, these findings
suggest that RIIb
/
 mice may be more leptin-sensitive at the level of the hypo-
thalamus.

As described above, mice have been produced in our laboratory that use the
Cre-lox recombination system to re-express normal levels of RIIb in a tissue of
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choice while maintaining the knockout genotype elsewhere (M.A. Sikorski and
G.S. McKnight, unpublished). It is anticipated that the availability of mice ex-
pressing the Cre enzyme specifically in adipose tissue or in the brain will help
localize the tissue responsible for PKA-mediated leanness. Once identified, it
may be possible to design pharmacological agents to mimic this phenotype.

6.2
Defective Metabolic Gene Regulation in PKIa Knockouts

PKA activity is inhibited by a variety of mechanisms including C–R interactions
and the activity of the PKI family of inhibitory peptides. After injection of PKA
into the cytoplasm of tissue culture cells, free C subunit can translocate into the
nucleus while C protein complexed as holoenzyme is retained in the cytoplasm.
PKIs can diffuse freely into the nucleus and participate in the export of free C
subunit back into the cytoplasm (Fantozzi et al. 1992, 1994). A leucine-rich nu-
clear export signal has been identified on PKI (Wen et al. 1994). This chaperone
function, as well as the direct ability of PKI to inhibit C subunit activity by oc-
cupying the substrate binding site, has been postulated to control levels of PKA
activity in the nucleus (Wiley et al. 1999). The high expression of the PKIa iso-
form in skeletal muscle indicates that loss of this inhibitor peptide might result
in enhanced nuclear activity of PKA, increasing the transcription of genes regu-
lated by CREB and other PKA-regulated transcription factors. In skeletal mus-
cle, transcription of the RNA for the gluconeogenic enzyme PEPCK is elevated
by increases in cAMP (Snell and Duff 1979; Beebe et al. 1987; Hanson and Re-
shef 1997), suggesting that deletion of PKIa might alter PEPCK levels in these
mice. In PKIa
/
 animals, PKA activity assays indicate that there is a loss of PKI
inhibitory function in skeletal muscle extracts and that there is no compensa-
tion by the b and g forms of PKI (Gangolli et al. 2000). Surprisingly, both basal
and cAMP-induced transcription of PEPCK mRNA is actually decreased in skel-
etal muscle from these mice. These tissue extracts also show deficits in phos-
pho-CREB levels that correlate with blunted gene induction. While basal PKA
activity is decreased by approximately 40%, cAMP-stimulated activity levels are
comparable to wild-type skeletal muscle. Western analyses confirm that the
mechanism responsible for this discrepancy is a compensation by RIa subunits,
which preserve overall kinase levels but serve to sequester C subunit in the cy-
toplasm and decrease basal kinase activity. It is interesting to note that PEPCK
mRNA levels are decreased in both the basal and cAMP-stimulated states even
though the amount of total kinase activity measured in vitro is not altered. It is
possible that R subunits are more effective than PKI in inhibiting gene induc-
tion due to differences in cellular location. Alternatively, PKI may be serving an
additional, positive, role in the regulation of gene transcription that is lost when
the peptide is missing.
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6.2.1
Cardiovascular Phenotypes

It is widely accepted that patients with heart failure show impairments in b1-
and b2- adrenergic receptor function (Bristow et al. 1982; Brodde et al. 1989; Un-
gerer et al. 1993; Engelhardt et al. 1996), resulting in defects in the ionotropic
and chronotropic control of cardiomyocytes. Within this cascade, cAMP and
PKA play critical roles in the transduction of signals from b receptors. PKA is
activated by both b1 and b2 receptor stimulation and, in cardiomyocytes, phos-
phorylates several target substrates such as phospholamban, L-type calcium
channels, ryanodine receptors, and b2 receptors themselves (reviewed in Lohse
and Engelhardt 2001). The majority of transgenic models produced thus far in-
dicate that overexpression of components of the b1 receptor pathway, be it the
receptor itself (Engelhardt et al. 1999; Bisognano et al. 2000), a Gas GTP-binding
protein subunit (Iwase et al. 1996), or the PKA target phospholamban (Haghighi
et al. 2001), are detrimental to heart function and contribute to heart failure. In
contrast, overexpression of a sarcoplasmic reticulum Ca2+ ATPase, normally in-
hibited by PKA-mediated phosphorylation of phospholamban, improves cardiac
contractility (del Monte et al. 2001). Several models, however, including those
that have achieved overexpression of either the type VI or type VIII forms of
adenylyl cyclase (AC), indicate that enhanced signaling through some aspects of
the cAMP system does not result in heart failure and can actually improve heart
function when heart failure has been established (Gao et al. 1999; Roth et al.
1999; Lipskaia et al. 2000). Antos et al. have extended these findings by overex-
pressing the Ca subunit of PKA specifically in cardiomyocytes using an a-myo-
sin heavy chain promoter-driven transgene (Antos et al. 2001). Hearts from
founder animals exhibit two- to eightfold higher levels of basal PKA activity.
These animals develop cardiac hypertrophy, arrhythmias, and decreased heart
contractility, and 100% of the transgenic animals die by 20 weeks of age. Sub-
strates known to be phosphorylated by PKA in the heart, such as the ryanodine
receptor and phospholamban, show increased levels of phosphorylation in these
mice. The authors postulate that the major effect of PKA overactivity is a hyper-
phosphorylation of the ryanodine receptor, which alters the calcium conduc-
tance of these channels and enhances their activity at low calcium concentra-
tions (Marx et al. 2000). The hyperphosphorylation of phospholamban, which
should protect against inappropriate calcium fluxes by increasing calcium re-
moval from the sarcoplasm (Neyses et al. 1985; Hawkins et al. 1994; Reddy et al.
1996; Antos et al. 2001), does not appear to dominate over the negative effects
of enhanced PKA phosphorylation of the ryanodine receptor (Antos et al. 2001).
Interestingly, increased phosphorylation of ryanodine receptors is also seen in
human patients with heart failure, and improving heart function results in de-
creased phosphorylation of this protein (Marx et al. 2000). These results suggest
that PKA activity in the failing heart is a potential site for pharmacological in-
tervention and that mice overexpressing PKA may serve as an appropriate mod-
el amenable to drug testing.
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It is notable that there appear to be several dichotomies within the b-adren-
ergic/cAMP signaling pathway in the heart that have been identified using
mouse genetics, suggesting previously unrecognized complexity within this sig-
nal transduction cascade. Two groups have reported that heart-specific overex-
pression of either of the type VI or type VIII isoforms of adenylyl cyclase does
not deleteriously affect heart function (Gao et al. 1999; Lipskaia et al. 2000). In
the case of overexpression of the calcium-regulated type VIII AC, mice show im-
proved contractility but no adverse consequences in cardiac function despite a
fourfold elevation of basal PKA activity (Lipskaia et al. 2000). Overexpression of
the calcium-inhibited type VI AC using a similar strategy resulted in normal
basal cAMP levels but an enhancement in agonist-stimulated cAMP production
(Gao et al. 1999). In addition, overexpression of the type VI AC improves cardi-
ac function in a mouse model of heart failure (Roth et al. 1999). The discrepan-
cy between the phenotypes of the AC mutants and the other transgenic models
described above may be due to a number of possibilities (reviewed in Lohse and
Engelhardt 2001; Patel et al. 2001), but an attractive hypothesis involves subcel-
lular localization of signaling components. For example, PKA isoforms interact
with unique AKAPs in different tissues (Feliciello et al. 2001; Michel and Scott
2002). AKAP binding is predicted to localize PKA isoforms to distinct areas
within the cell, presumably creating local “pockets” of PKA near important
membrane signaling components, such as receptors and specific AC isoforms.
When PKA itself is overexpressed, localization of all membrane pools is pre-
sumably altered. In contrast, the expression of more than one AC isoform in the
heart (predominantly type V and type VI) suggests that the manipulations pro-
duced within the type VI and VIII isoforms thus far may not have altered the
same PKA pool as that responsible for previously described heart phenotypes.

7
Reproductive Phenotypes

7.1
Defective Sperm Motility and Infertility in Ca Knockouts

PKA lies downstream of receptors for luteinizing hormone (LH) and follicle
stimulating hormone (FSH), suggesting that manipulations within the PKA sys-
tem might affect the fertility of both males and females and possibly point to a
novel direction for contraception. We have focused on male reproduction in
several lines of mutant mice due to the high expression of Ca2 and RIIa in both
testis and sperm. Cb1 and RIa are also expressed in testes, although at much
lower levels. Treatment of sperm with cAMP analogues or phosphodiesterase in-
hibitors has been shown to enhance sperm motility (Brandt and Hoskins 1980;
Garbers and Kopf 1980; Tash and Means 1983; Lindemann and Kanous 1989).
PKA has also been implicated in the process of capacitation, a phenomenon that
normally occurs in the female reproductive tract and is necessary for fertiliza-
tion (Visconti et al. 1995).
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In wild-type sperm, Ca2 and RIIa are found primarily within the midpiece
and the principal piece of the flagellum (Lieberman et al. 1988; Pariset et al.
1989; Vijayaraghavan et al. 1997). Based upon fractionation experiments that
separate membrane and cytosolic fractions of sperm, RIIa-containing holoen-
zyme is thought to be tightly anchored to the flagella of mature sperm by
AKAPs (Horowitz et al. 1984). In bovine sperm, motility can be decreased using
peptides that block AKAP interaction with RII subunits (Vijayaraghavan et al.
1997). These findings, coupled with the high expression of Ca and RIIa in
sperm, has prompted an examination of mice with deletions in these subunit
genes for potential changes in sperm function and fertility.

Mice have been generated in our laboratory that lack both the Ca1 and Ca2
isoforms. In terms of male reproductive physiology, Ca2 mRNA and protein are
produced only in male germ cells starting at the mid-pachytene stage (Desseyn
et al. 2000; Reinton et al. 2000). Ca1, however, is also found in supporting cells
of the testis such as Leydig and Sertoli cells as well as in all other tissues in the
mouse. As previously described, Ca knockout mice show severe growth retarda-
tion and increased neonatal death; those few males that survive past puberty
produce sperm that completely lack forward motility. These mice show almost
no kinase activity in extracts derived from either testis or mature sperm
(Sk�lhegg et al. 2002). There is no observable compensation by Cb1, which is
normally expressed at low levels in testis. Levels of the regulatory subunits RIa
and RIIa are also extremely low, as they are no longer stabilized in the absence
of Ca. Despite a dramatic loss of PKA activity, all sperm stages are present in
testes derived from these animals although a substantial percentage of mature
sperm appear morphologically abnormal (Sk�lhegg et al. 2002). One conclusion
from these results is that PKA activity is not required in male germ cells for
sperm development, since mature sperm were found in these mice. However, it
may be the residual (presumably Cb-1 mediated) PKA activity within testicular
support cells that is sufficient to maintain PKA-dependent Leydig and Sertoli
cell functions and permit progression through the spermatogenic stages (Sk�l-
hegg et al. 2002).

We have recently produced a specific knockout of the Ca2 isoform which
leaves the Ca1 variant intact (M. Nolan and G.S. McKnight, unpublished). Un-
like Ca
/
 mice, these animals are healthy with no growth retardation. This will
permit a direct examination of fertility and mating behaviors of these animals
without the confounding phenotypes seen in mice lacking Ca1. Preliminary re-
sults indicate that Ca2-null sperm undergo normal spermatogenesis but lack
the ability to capacitate and initiate the forward motility that is required for fer-
tility. These results point to an essential role for PKA activity in the process of
capacitation but demonstrate that at least from mid-pachytene stages onward,
PKA does not play an essential role in germ cell development.

Transgenic Models for the Study of Protein Kinase A-Regulated Signal Transduction 151



7.2
Lack of Sperm Dysfunction Despite Altered PKA Localization in RIIa Knockouts

Animals lacking the RIIa regulatory subunit have also been examined for de-
fects in sperm function. Mature sperm express both RIIa and RIa, although
RIIa-containing enzyme represents the predominant form (Conti et al. 1983).
Sperm also express at least two distinct AKAPs called S-AKAP84, localized to
mitochondria, and AKAP82, localized to the sperm fibrous sheath (Carrera et
al. 1994; Lin et al. 1995). S-AKAP84 binds with 25-fold higher affinity to RIIa
versus RIa, while AKAP82 may bind both subunits in vivo due to distinct RI
versus RII binding sites (Huang et al. 1997; Miki and Eddy 1998). Due to the
high expression and distinct localization of RIIa in sperm, it was hypothesized
that removal of RIIa would change the localization of PKA. This prediction, in
conjunction with previous observations in bovine sperm indicating that disrup-
tion of RII-AKAP binding decreases sperm motility (Vijayaraghavan et al.
1997), suggested that mice lacking RIIa would have defects in sperm function.
Surprisingly, knockout of RIIa appears to have no effect on sperm differentia-
tion, production, motility, or fertilization (Burton et al. 1999). A dramatic up-
regulation of RIa was observed in these mutant sperm, and immunolocalization
studies show that the remaining PKA holoenzyme is now redistributed to the
cytosol (Burton et al. 1999). This observation reveals two important points: (1)
that anchoring of PKA does not appear to be essential for sperm function and
(2) that RIa does not appear to bind to the same AKAPs as the RIIa subunit in
sperm. By contrast, in this same line of RIIa
/
 mice, colocalization of PKA with
L-type calcium channels was preserved in skeletal muscle (Burton et al. 1997). It
has previously been shown that skeletal muscle L-type calcium channels, located
at the membrane, require anchored PKA for enhanced activation (Sculptoreanu
et al. 1993; Johnson et al. 1994; Wang and Kotlikoff 1996). Activity of these chan-
nels in RIIa
/
 skeletal muscle was observed to be unaltered, suggesting that
RIa-containing holoenzyme can be anchored in certain tissues (Burton et al.
1997).

7.3
Lack of Sperm Dysfunction in PKIb Knockouts

PKIb is expressed predominantly within the germ cells of the testes, with a low
level of expression in the brain (Seasholtz et al. 1995; Van Patten et al. 1992,
1997). Due to the relatively selective expression of PKIb in male germ cells, it
was hypothesized that manipulation of PKIb levels might affect sperm PKA
function and could provide a new direction for male contraceptives. Disruption
of the PKIb gene, however, does not result in observable changes in reproduc-
tive function (Belyamani et al. 2001). Creation of double knockout animals,
lacking both PKIa and b, also revealed no defects in fertility, although these
mice should be missing PKI activity in testicular support cells as well as sperm
itself (Belyamani et al. 2001). PKIb
/
 mice also show normal regulation of
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genes thought to be regulated by PKA in the testes, such as protamine 1. These
results indicate that either PKI activity is not critical for spermatogenesis and
sperm function or that the remaining PKI isoform, PKIg, is capable of substitut-
ing for the other family members. In summary, while the results from the Ca
knockout point to a clear role for PKA activity in sperm function, anchoring of
type II holoenzyme, as well as PKI-mediated inhibition, does not appear to be
necessary for fertility.

8
Tissue-Specific Manipulations

The ability to manipulate genes only in specific tissues has opened new avenues
of research for mouse geneticists. Due to the widespread expression of PKA iso-
forms and the severe phenotypes produced by the deletion of several subunits,
we have begun to employ the Cre-loxP recombination system to alter PKA sub-
unit genes in restricted tissues. Cre recombinase is an enzyme derived from
bacteria that recognizes 34 base pair, palindromic sequences termed loxP sites
and catalyzes a recombination event between them (reviewed in Le and Sauer
2000; Sauer 1998). Depending upon the orientation of the lox sequences, DNA
between the sites can be removed (if the sites are in the same orientation) or re-
versed (if the sites are in opposite directions).

The Cre/lox system has been used most often to delete genes in specific tis-
sues. In these types of strategies, lox sites are inserted flanking exonic regions of
a gene. In cell types where Cre is expressed, recombination between the lox se-
quences occurs and deletes a coding portion of the gene to generate a null allele.
The tissue specificity possible with this system is generated by the use of mice
expressing Cre recombinase under the control of a specific promoter, either as a
transgene or when the Cre coding sequence has been directly inserted into a
specific locus. In the case of the PKA system, it will be of value to create tissue-
specific knockouts of several of the subunits, most notably Ca, RIa, and RIIb.
Due to the severe phenotypes produced when the Ca or RIa proteins are delet-
ed, it has been particularly difficult to study the roles of these subunits in dis-
tinct tissues.

Another potential use for a tissue-specific knockout of RIa revolves around
the hypothesized role of RIa as a tumor suppressor. In patients with a disorder
termed the Carney complex, characterized by a number of neuroendocrine neo-
plasias, one copy of the RIa gene is mutated such that no functional protein is
produced from this allele (Casey et al. 2000; Kirschner et al. 2000). Loss of het-
erozygosity occurs in a somatic cell that then stimulates a proliferative response
and tumor formation (Kirschner et al. 2000; Stratakis et al. 2001). Based on
studies of RIa
/
 mice, it is predicted that tissues lacking both copies of RIa
would have an increase in unregulated PKA activity and alterations in growth
factor-mediated proliferation and cellular adhesion. Use of an animal with a tis-
sue-specific deletion of RIa may prove useful in determining the involvement of
RIa in cancer development or spread and provide a model to study the effec-
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tiveness of blocking PKA activity in the types of tumors characteristic of this
syndrome.

We are currently using the Cre recombinase system to introduce “knock-in”
PKA mutations into the mouse germline. As previously described for RIIb, this
strategy involves “silencing” a PKA allele by introduction of a stop cassette. This
silent allele can then be activated in specific tissues when Cre recombinase is
present. We have now used this strategy to successfully regulate two mutant
PKA subunits (C.M. Niswender, B.S. Willis, and G.S. McKnight, unpublished).
The first line of animals encodes an allele of Ca that produces a protein with
reduced affinity for R subunits, resulting in a holoenzyme that activates at a
lower concentration of cAMP compared to the wild-type enzyme. The second
line encodes an RIa subunit with a mutation in the “B” cAMP binding site, pro-
ducing an RIa subunit with reduced affinity for cAMP and which functions in a
dominant-negative fashion. One copy of each of these alleles, in silent form, has
been introduced into the mouse germline, and mice have been generated which
are phenotypically normal Ca or RIa heterozygotes. Using mice expressing Cre
recombinase, mutant protein from these alleles can be produced in a tissue-spe-
cific fashion and results in the expected changes in PKA activity (C.M. Niswen-
der, B.S. Willis, and G.S. McKnight, unpublished). Due to the widespread ex-
pression of Ca and RIa, these mice will prove invaluable for the study of PKA
function in a variety of in vivo situations.

9
The Coupling of Genetic and Pharmacologic Approaches

The development of knockout and transgenic animals has been invaluable in the
identification of areas where manipulations of PKA activity may represent new
treatments for diseases such as heart failure, fertility, cancer, and obesity. One
inherent disadvantage to the genetic approach, however, is the compensation
that may occur when a protein is missing from the onset of embryonic develop-
ment and this is certainly an issue within the PKA system. The use of pharma-
cological inhibitors or activators represents another method useful in the con-
trol of protein function. The major limitation with this approach, however, in-
volves the inherent lack of specificity of drugs for their desired target. The emer-
gence of a novel method termed “chemical genetics” (Mitchison 1994) couples
the power of genetic techniques with the temporal aspects of drug therapy,
thereby limiting potential compensation and greatly improving specificity. This
approach has now been used to manipulate the function of a number of protein
kinases, providing an exquisitely sensitive way to selectively inhibit a single cel-
lular protein kinase (reviewed in Bishop et al. 2000). We have now employed this
method to study the function of the catalytic proteins of PKA (Niswender et al.
2002) and plan to extend these findings to the in vivo setting.

The ATP binding sites of eukaryotic protein kinases are highly conserved and
all kinases identified to date contain a bulky, hydrophobic amino acid at a key
position within the binding pocket (Bishop et al. 2001). In the case of the PKA
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subunits Ca and Cb, this residue corresponds to methionine 120. When the
analogous position within other kinases such as Src and Cdc28 is mutated to a
smaller amino acid (Shah et al. 1997; Bishop et al. 2000), the modified kinases
will now accept unique inhibitors that do not bind the to wild-type proteins.
When position 120 of PKA is mutated to an alanine or glycine, certain structural
members of a series of C-3 derivatized pyrazolo [3,4-d] pyrimidine-based in-
hibitors are able to bind and inhibit transcription induced by the mutant kinas-
es (Niswender et al. 2002). It should now be possible to generate mice that ex-
press this “inhibitable” kinase. Ideally, in the absence of drug, the enzyme will
function normally; when drug is administered, the mutant kinase will be specif-
ically inhibited. This approach should allow a measurement of the acute role of
the PKA catalytic subunits in the transmission of cellular signals in either the
whole animal or in tissues derived from these mice. Obviously, people do not
express these mutant variants of PKA, but this approach represents a strategy to
conclusively define or identify previously unknown targets of PKA that are
linked to disease processes. It is hoped that a better understanding of these sub-
strates will open new avenues for drug treatment in disorders that involve inap-
propriate PKA activity or that might be treated by manipulation of the PKA sys-
tem.
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Abstract The G protein-mediated signalling system operates in all mammalian
cells and is involved in many physiological and pathological processes. This re-
view summarizes some general aspects of G protein-mediated signalling and fo-
cuses on recent data especially from studies in mutant mice, which have eluci-
dated some of the cellular and biological functions of signalling pathways medi-
ated by heterotrimeric G proteins.

Keywords G protein · Gene targeting · Transgenic animals · Effector ·
Transmembrane signalling

1
Introduction

G protein-mediated signalling has evolved as the most widely used transmem-
brane signalling mechanism in the mammalian organism. All cells of the mam-
malian organism express G protein-coupled receptors as well as several types of
heterotrimeric G proteins and effectors. G proteins consist of a, b and g sub-
units and couple activated receptors to effector proteins. The receptor-activated
heterotrimeric G protein dissociates into the a subunit and the bg-complex
which both regulate effectors. The main properties of individual G proteins ap-
pear to be determined by the identity of the a subunit. More than 20 G protein
a subunits have been described in the mammalian system, and they can be di-
vided into four subfamilies based on structural and functional homologies (Ta-
ble 1) (Simon et al. 1991). Five G protein b subunits and 11 g subunits which
form the bg-complex have been found so far in the mammalian system. G pro-
tein-mediated signalling is involved in many physiological and pathological pro-
cesses. Most of the information about the function of G proteins and their effec-
tors has been derived from in vitro cell culture studies. Transgenic and gene tar-
geting techniques have recently allowed us to generate mice lacking individual
G protein a subunits and G protein-regulated effectors or carrying additional
copies of their genes (see Tables 1, 2, 3 and 4). Analysis of these mouse models
shows how G protein-mediated signalling processes are involved in a wide vari-
ety of biological processes. This review summarises major findings in mouse
lines carrying mutant genes of G protein a subunits and of G protein effectors.

2
Nervous System

Most neurotransmitters of the central nervous system (CNS) act on G protein-
coupled receptors to modulate neuronal activity. The receptors are found pre-
and postsynaptically and mediate relatively slow responses. Inhibitory modula-
tion is mostly mediated by coupling of receptors to members of the Gi/o family
whereas Gq and Gs family members are primarily involved in excitatory re-
sponses.
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2.1
The Role of Go in Central Nervous System Function

The G protein Go is highly abundant in the mammalian nervous system. On a
cellular level, Go has been demonstrated to mediate inhibitory effects by inhibi-
tion of neuronal (N-, P/Q-, R-type) Ca2+ channels and activation of inward-rec-
tifier K+ channels (GIRK). Regulation of these channels occurs through direct
interaction of Gbg and the channel protein (Catterall 2000; Mark and Herlitze
2000). This regulation has been implicated in the pre- and postsynaptic inhibi-
tory modulation of neuronal activity. Gao-deficient mice are clearly impaired,
being smaller and weaker than their littermates and showing greatly reduced
postnatal survival rates (Valenzuela et al. 1997; Jiang et al. 1998). Gao-deficient
mice suffer from tremors and have occasional seizures. A severely abnormal
motor behaviour can be observed in Gao-deficient mice, which show an elevated
level of motoric activity and an extreme turning behaviour (http://www.anes.
ucla.edu/~lutzb/realmice.htm). In addition, Gao-deficient mice appear to be hy-
peralgesic when tested in the hot plate assay (Jiang et al. 1998). The hyperalgesia

Table 3 Genetically engineered mice with transgenic expression of wild-type or mutant G protein a
subunits

Transgene Promoter Tissue Phenotype Reference(s)

Gas (wt) a-MHC Cardiomyocytes Increased inotropic
and chronotropic responses
to catecholamines; cardiomy-
opathy

Gaudin et al. 1995;
Iwase et al. 1996,
1997

Gas(R201H)
(const. active)

Thyro-
globulin

Thyrocytes Hyperfunctioning thyroid
adenoma

Michiels et al. 1994

Gas(R201C)
(const. active)

Insulin Pancreatic
b-cells

Normal glucose homeostasis
increased glucose tolerance
in the presence of IBMX

Ma et al. 1994

Gas(Q227L)
(const. active)

PEPCK Liver, fat cells,
skeletal muscle

Decreased glucose tolerance Huang et al. 2002

Gai2(Q205L)
(const. active)

PEPCK Liver, fat cells,
skeletal muscle

Increased glucose tolerance;
reduced fasting blood glucose
levels

Chen et al. 1997;
Guo et al. 1998;
Zheng et al. 1998

Gat-c(Q204L)
(const. active)

Rhodopsin Retinal cones Downregulation of PDE
a- and b subunits

Raport et al. 1994

Gaq (wt) a-MHC Cardiomyocytes Cardiac hypertrophy, cardio-
myopathy

D�Angelo et al.
1997; Adams et al.
1998

Gaq(Q209L)
(const. active)

a-MHC Cardiomyocytes Cardiac hypertrophy and
dilatation

Mende et al. 1998

Gaq-peptide
(305–359)

a-MHC Cardiomyocytes Pressure overload induced
ventricular hypertrophy #

Akhter et al. 1998

Const. active, constitutively active mutant; IBMX, isobutyl-methyl-xanthine; MHC, myosin heavy chain;
PDE, phosphodiesterase; PEPCK, phosphoenolpyruvate carboxykinase; wt, wild type form.
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may at least in part be due to a reduction of opioid-induced Ca2+ channel inhi-
bition in cells of dorsal root ganglia from Gao

(
/
) mice (Jiang et al. 1998). Elec-
trophysiological analysis of various neuronal cells from Gao-deficient mice
showed that modulation of GIRK channels and of voltage-dependent Ca2+ chan-
nels through G protein-coupled receptors did not have an absolute requirement
for Go (Jiang et al. 1998; Greif et al. 2000). This indicates that other G proteins,
most likely Gi-type G proteins, can contribute to the regulation of these ion
channels via their bg-complexes. The neurological defects observed in Gao-defi-
cient mice indicate that Gao plays an important functional role in the central
nervous system, while it is obviously not crucially involved in the morphogene-
sis of the CNS.

2.2
Gbg-Regulated K+ and Ca2+ Channels of the Central Nervous System

Mice lacking the a1 subunit of Gbg-inhibited P/Q-, N- and R-type voltage-de-
pendent Ca2+ channels (Cav2.1, Cav2.2 and Cav2.3) have recently been generated
and show various defects. The a1 subunit of P/Q-type Ca2+ channels (Cav2.1) is
the most abundant in the CNS, and mice deficient in Cav2.1 develop ataxia, dys-
tonia and absent seizures, resulting in death within a few weeks postnatally (Jun
et al. 1999). Mice lacking Cav2.2, the a1 subunit of N-type Ca2+ channels, which
has been involved in regulation of transmitter release in the central as well as
the peripheral nervous system show a less severe phenotype. These mice showed

Table 4 Phenotypical changes in mice transgenically expressing G protein-regulated effectors or G pro-
tein regulators

Trans-
gene

Promoter Tissue Phenotype Reference

AC V a-MHC Cardiomyocyte Increased basal but not
bAR-mediated signalling

Tepe et al. 1999

AC VI a-MHC Cardiomyocyte Increases responsiveness
to catecholamine

Gao et al. 1999

Improves heart function
in cardiomyopathy

Roth et al. 1999

AC VIII a-MHC Cardiomyocyte Enhanced cardiac function Lipskaia et al. 2000
GRK2 a-MHC Cardiomyocyte b-AR-mediated stimulation

of cardiac function #
Koch et al. 1995

GRK2 SM22a VSM Increases resting blood pressure Eckhart et al. 2002
GRK3 a-MHC Cardiomyocyte Mild alterations Iaccarino et al. 1998
GRK2ct* a-MHC Cardiomyocyte Left ventricular contractility "

Response to isoproterenol " Koch et al. 1995
RGS4 a-MHC Cardiomyocyte Increased mortality and reduced

cardiac hypertrophy in response
to pressure overload

Rogers et al. 1999

*C-terminal 194 amino acids of GRK2 (Gbg-binding pleckstrin homology domain-containing portion).
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a defective function of sympathetic neurons resulting, e.g. in a marked reduc-
tion of the baroreceptor reflex (Ino et al. 2001). Defects were also observed in
the nociceptive system where these animals showed altered nociceptive respons-
es (Hatakeyama et al. 2001; Kim et al. 2001; Saegusa et al. 2001). Altered noci-
ception was also observed in mice deficient in the a1 subunit of R-type Ca2+

channels (Cav2.3), which showed a decreased response to somatic inflammatory
pain stimuli (Saegusa et al. 2000).

Of the Gbg-activated GIRK channels (Mark and Herlitze 2000) expressed in
the brain the gene of the GIRK2 subform has been inactivated in mice resulting
in increased susceptibility to seizures (Signorini et al. 1997). Only subtle chang-
es in central nervous system functions were observed in animals lacking GIRK4
(Wickman et al. 2000).

2.3
Gz Function in the Nervous System

Gz, a member of the Gi/o family of G proteins, shares with Gi1, Gi2 and Gi3 the
ability to inhibit adenylyl cyclases and is found in brain, adrenal medulla and
platelets (Fields and Casey 1997; Ho and Wong 1998). Mice which lack Gaz are
viable and do not show any obvious neurological defects. However, Gaz-defi-
cient mice exhibit altered responses to a variety of psychoactive drugs. Cocaine-
induced increases in locomotor activity were much more pronounced in these
animals compared to wild-type mice, and short-term antinociceptive effects of
morphine were found to be slightly reduced (Yang et al. 2000). However, Hendry
et al. (2000), using a different strain and a different experimental protocol, did
not observe an alteration in the acute effect of morphine, while tolerance to the
antinociceptive effects after chronic morphine administration was increased.
Most strikingly, it was found that behavioural effects of catecholamine reuptake
inhibitors like reboxetine and desipramine were abolished in Gaz-deficient mice
(Yang et al. 2000). The receptors involved in the various effects of psychoactive
drugs are not always clearly defined. Nevertheless, the results of these studies
clearly indicate that Gz is involved in signalling processes regulated by various
neurotransmitters.

2.4
The Role of Golf in Striatal Signalling

Gaolf, a member of the Gas family, has been shown to be expressed in olfactory
sensory neurons as well as in the basal ganglia, olfactory tubercle, the hippo-
campus and the Purkinje cells of the cerebellar cortex (Herve et al. 1993; Zhuang
et al. 2000). Most of these brain regions also express Gas. However, Gaolf expres-
sion levels clearly exceed those of Gas in the nucleus accumbens, the olfactory
tubercle and in the striatum (Belluscio et al. 1998; Zhuang et al. 2000). Apart
from olfactory defects (see below), surviving Gaolf-deficient mice exhibit clear
motoric abnormalities like hypermotoric behavior (Belluscio et al. 1998). Simi-
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lar phenotypical changes have been observed in mice lacking the dopamine D1

receptor (Xu et al. 1994) which has been found to be coexpressed with Gaolf in
striatal neurons (Herve et al. 1995), and recent data indicate that Golf is critically
involved in dopamin (D1) and adenosine (A2A) receptor-mediated effects in the
striatum (Zhuang et al. 2000; Herve et al. 2001). Functional data as well as re-
gional coexpression suggest the existence of a signalling cascade consisting of
the D1 receptors, Golf and adenylyl cyclase type 5 in the nigrostriatal pathway
(Zhuang et al. 2000). Thus, the function of Golf is not restricted to olfactory sen-
sory cells but obviously plays a defined role also in other areas of the CNS.

2.5
Gq/11-Mediated Signalling in the Cerebellar Cortex

The two main members of the Gq family, Gq and G11, are widely expressed in the
central nervous system and couple numerous receptors to b-isoforms of phos-
pholipase C. Usually, levels of Gaq exceed those of Ga11 several fold in the CNS.
Mice lacking Gaq develop an ataxia with clear signs of motor coordination defi-
cits, and functional defects could be observed in the cerebellar cortex of Gaq-de-
ficient mice (Offermanns et al. 1997a). While excitatory synaptic transmission
from parallel fibres (PFs) to cerebellar Purkinje cells (PCs) and from climbing
fibres (CFs) to PCs was functional; about 40% of adult Gaq-deficient PCs re-
mained multiply innervated by CFs due to a defect in regression of supernumer-
ary CFs in the third postnatal week, which most likely resulted from a functional
defect at the PF-PC-synapse. A defect in the modulation of the PF-PC synapse
in mice lacking Gaq is also suggested by the fact that long-term depression
(LTD) of the PF–PC synapse was deficient in Gaq

(
/
) mice (M. Kano et al., un-
published). Very similar phenotypes have been described in mice lacking the
Gq/11-coupled metabotropic glutamate type 1 receptor (GluR1) (Aiba et al. 1995;
Kano et al. 1997) as well as in mice deficient in the b4-isoform of phospholipase
C, which shows predominant expression in Purkinje cells of the rostral cerebel-
lum (Kano et al. 1998; Miyata et al. 2001). The mGluR1, Gaq and PLCb4 are
colocalised in dendritic spines of PCs (Kano et al. 1998; Watanabe et al. 1998;
Tanaka et al. 2000), suggesting that a defined signalling cascade in the postsyn-
aptic membrane of PF–PC synapses is involved in the postnatal elimination of
multiple CF innervation as well as in cerebellar LTD (Fig. 1).

2.6
Barrel Formation in the Somatosensory Cortex

The primary somatosensory cortex shows distinct cytoarchitectonic features
called barrels. Each barrel consists of a group of neurons representing one facial
vibrissal hair and is innervated by a bundle of axons from the ventral posterial
complex of the thalamus. The postnatal development of barrels on the somato-
sensory cortex is induced by thalamic axons which grow up in the cortex and
organise themselves into bundles which determine the pattern of barrels in the
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cortex. Mice lacking the metabotropic glutamate type 5 receptor (mGluR5) fail
to form cortical barrels and show only partial segregation of thalamic efferent
neurons (Hannan et al. 2001). The Gq/11-coupled mGluR5 receptor regulates b-
isoforms of phospholipase C, leading to increases in the intracellular calcium
concentration. Interestingly, mice lacking the b1-subtype of phospholipase C do
not form cortical barrels, while the segregation of thalamocortical neurons oc-
curs normally (Hannan et al. 2001). This shows that bundling of thalamic neu-
rons is necessary but not sufficient for the formation of the barrel cortex. Gluta-
mate-induced, mGluR5-mediated phospholipase Cb-1 activation appears to be
required for differentiation of cortical neurons into barrel-like structures. Mice
lacking the type 1 isoform of adenylyl cyclase lack barrels in the somatosensory
cortex and show a complete failure of thalamic axons to segregate (Abdel-Majid
1998). Since type 1 adenylyl cyclase is activated by calcium, it could be regulated
through mGluR5 receptors. The difference in phenotype of mice lacking PLCb-1
and adenylyl cyclase type 1, however, suggests that PLCb1-mediated signalling
is not necessarily upstream of adenylyl cyclase type 1.

Fig. 1 Main neuronal connections of the cerebellar cortex and some of the putative mechanisms of
cerebellar LTD. The cerebellar cortex has basically one output, the Purkinje cell (PC) axon, and two in-
puts, one in form of climbing fibres (CFs) which directly synapse on PCs and one in form of Mossy fibres
(MFs) which synapse on granule cells (GCs). GCs send their bifurcating axon (parallel fibres) into the
outer layer of the cerebellar cortex where they form multiple synaptic contacts with PCs. Long-term
depression (LTD) of the parallel fibre (PF)–PC synapse requires conjunctive stimulation of PFs and CFs
innervating the same PC. It results from a long-lasting depression of the a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor-mediated current which is induced by a long increase in the
Ca2+ concentration in PC dendrites as well as the activation of metabotropic glutamate type 1 receptors
(mGluR1) which signal through Gq. PLC-b4, b4-isoform of phospholipase C; IP3, inositol-1,4,5-trisphos-
phate; DAG, diacyl glycerol; PKC, protein kinase C; AMPA-R., ionotropic non-N-methyl-d-aspartate gluta-
mate receptor
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3
Development

3.1
G13-Mediated Signalling in Embryonic Angiogenesis

The inactivation of some Ga genes leads to phenotypes which are manifest dur-
ing mouse development. G12 and G13 constitute the G12 family and are expressed
ubiquitously. Both G proteins have been shown to induce cytoskeletal rear-
rangements in a Rho-dependent manner (Buhl et al. 1995; Sah et al. 2000). Lack
of Ga13 in mice results in embryonic lethality at about mid-gestation. At this
stage, mouse embryos express both Ga12 and Ga13. Analysis of Ga13-deficient
mouse embryos revealed that loss of Ga13 leads to a defective organisation of
the vascular system which is most prominent in the yolk sac and in the head
mesenchyme (Offermanns et al. 1997b). Vasculogenic blood vessel formation
through the differentiation of progenitor cells into endothelial cells was not af-
fected by the loss of Ga13. However, angiogenesis which include sprouting,
growth, migration and remodelling of existing endothelial cells (Risau 1997)
was severely disturbed in Ga13

(
/
) embryos. Chemokinetic effects of thrombin
were completely abrogated in fibroblasts lacking Ga13, indicating that Ga13 is re-
quired for full migratory responses of cells to certain stimuli. The defects ob-
served in Ga13-deficient embryos and cells occurred in the presence of Ga12, and
loss of Ga12 did not result in any obvious defects. Interestingly, Ga12-deficient
mice which carry only one intact Ga13 allele also die in utero (Gu et al. 2002).
This genetic evidence indicates that Ga13 and its closest relative, Ga12, fulfil at
least partially non-overlapping cellular and biological functions which are re-
quired for proper development.

3.2
The Gq/11-Mediated Pathway Is Required for Embryonic Myocardial Growth

The Gaq/Ga11-mediated signalling pathway appears to play a pivotal role in the
regulation of physiological myocardial growth during embryogenesis. This is
demonstrated by the phenotype of Gaq/Ga11-double-deficient mice which die at
embryonic day 11 due to a severe thinning of the myocardial layer of the heart
(Offermanns et al. 1998). Both the trabecular ventricular myocardium as well as
the subepicardial layer appeared to be underdeveloped. The Gq/G11-coupled re-
ceptors involved in the regulation of cardiac growth at mid-gestation are cur-
rently unknown. Inactivation of the gene encoding the Gq/11-coupled serotonin
5-HT2B receptors in mice resulted in cardiomyopathy with a loss of ventricular
mass due to a reduction in number and size of cardiomyocytes (Nebigil et al.
2001); and lack of both endothelin A (ETA) and B (ETB) receptors, which can
signal through Gq/11, resulted in mid-gestational cardiac failure (Yanagisawa et
al. 1998). There is most likely some degree of signalling redundancy with several
inputs into the Gq/11 pathway, and only deletion of both the Gaq and the Ga11
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genes results in severe phenotypic defects during early heart development.
Interestingly, one intact allele of the Gaq or Ga11 gene was obviously sufficient
to overcome the early developmental block in heart development. However,
Gaq

(
/
);Ga11
(
/+), and to a lesser degree Gaq

(
/+);Ga11
(
/
), pups showed an in-

creased incidence of cardiac defects ranging from septal defects to univentricu-
lar hearts (Offermanns et al. 1998).

3.3
Neural Crest

Apart from the role of Gq/11 in heart development, signalling through Gq class
members has also been implicated in the proliferation and/or migration of neu-
ral crest cells. Endothelin-1 and the Gq/11-coupled ETA receptor are essential for
normal function of craniofacial and cardiac neural crest. Endothelin-1 and ETA

receptor-deficient mice die shortly after birth due to respiratory failure (Kuri-
hara et al. 1994, 1995; Clouthier et al. 1998). Severe skeletal abnormalities could
be observed in their craniofacial region, including retarded mandibular bones,
aberrant zygomatic and temporal bones, and absence of auditory ossicles and
tympanic ring. A milder form of the endothelin-1/ETA-receptor (
/
) craniofa-
cial phenotype was observed in Gaq

(
/
);Ga11
(
/+) mice (Offermanns et al. 1998).

In contrast, Gaq
(
/+);Ga11

(
/
) mice did not show craniofacial abnormalities, sug-
gesting that ETA receptor-mediated neural crest development involves primarily
Gaq. It is also possible that a certain amount of Gaq/Ga11 is required for endo-
thelin-1-dependent craniofacial development, and that this is only provided by
one intact allele of the Gaq gene but not of the Ga11 gene.

4
Immune System

4.1
Function of Gi-Type G Proteins in the Immune System

The first transgenic experiment to study the function of Gai/o family members
in vivo was done by expression of the S1 subunit of pertussis toxin (PTX) under
the control of the lck promoter in mouse thymocytes which express Gai2 and
Gai3 (Chaffin et al. 1990). PTX, the main exotoxin of Bordetella pertussis, specif-
ically ADP-ribosylates a cysteine residue close to the C terminus of Gi/o a sub-
units, which leads to uncoupling of the G proteins from their receptors. PTX ex-
pression in thymocytes did not affect activation of cells by mitogenic stimuli.
However, the distribution of T-lineage cells among lymphoid compartments of
transgenic mice was drastically changed. Whereas peripheral organs contained
greatly reduced levels of T cells, abnormally large levels of mature T cells were
found in the thymi, indicating that a Gi-mediated pathway is involved in T lym-
phocyte emigration and/or homing (Chaffin and Perlmutter 1991). The large
family of chemokines and their respective receptors which couple to G proteins
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of the Gi/o family are likely to be involved in these trafficking processes (Baggi-
olini 1998).

4.1.1
Inflammatory Bowel Disease in Mice Lacking Gai2

While transgenic expression of the catalytic subunit of PTX is basically an ele-
gant way to inactivate Gi/o-mediated signalling in vivo, lack of subtype selectivi-
ty as well as usually incomplete inactivation of Gi/o by PTX are clear drawbacks
of this approach. Mouse lines are now available which carry inactivating muta-
tions of each of the three Gai-subtypes. Mice lacking Gai2 develop a TH1-medi-
ated diffuse inflammatory colitis which resembles in many aspects ulcerative co-
litis in humans (Rudolph et al. 1995; H�rnquist et al. 1997). The penetrance of
this phenotype was greatly affected by the genetic background of the mice ho-
mozygous for the mutation. Marked increases in proinflammatory TH1-type cy-
tokines and of interleukin (IL)-12 were found in the inflamed colon of Gai2-defi-
cient mice (H�rnquist et al. 1997), and antigen-presenting cells like CD8a+ den-
dritic cells from Gai2-deficient mice showed a highly increased basal production
of IL-12 (He et al. 2000). This indicates that the production of proinflammatory
cytokines is constitutively suppressed through a Gi-mediated pathway. Dysregu-
lation of the immune system in the intestinal mucosa clearly precedes the histo-
pathological and clinical onset of bowel inflammation, further supporting a role
of immunological abnormalities in the pathogenesis of colitis in the Gai2-defi-
cient mice (�hman et al. 2000). In addition to the colitis, many Gai2-deficient
mice develop colonic adenocarcinomas. Cytogenetic examination of normal
non-inflamed mucosa and inflamed mucosa in Gai2-deficient mice suggest that
hyperplasia and dysplasia were secondary to colonic inflammation (Broaddus et
al. 1998).

4.1.2
Gi-Mediated Signalling Pathways Induce Chemotactic Responses and O2

�-Production
in Neutrophils

Phagocytic cells of the immune system are able to move along concentration
gradients of chemical attractants. This directional motility called chemotaxis is
governed by chemoattractants such as N-formyl-Met-Leu-Phe (fMLP). Activated
chemoattractant receptors coupled to G proteins of the Gi family result in the
release of bg subunits of G proteins. Neutrophils lacking Gai2 show a reduced
chemotactic response to fMLP (Spicher et al. 2002). Two main effectors regulat-
ed by bg subunits released from activated Gi-type G proteins in neutrophils are
the b-isoforms 2 and 3 of phospholipase C , as well as the g-isoform of the phos-
phoinositide 3-kinase (PI-3-kinase). The intracellular messengers generated by
these enzymes are believed to initiate a cascade of events resulting in cellular re-
sponses namely production of superoxide anions (O2


) and chemotaxis. In neu-
trophils of mice lacking the g-isoform of PI-3-kinase, the production of
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PtdIns(3,4,5)P3 (PIP3) through chemoattractant receptors is abrogated while an
elevation of cytosolic calcium concentrations can still be induced. The absence
of PI-3-kinase-mediated PIP3 production results in strongly reduced neutrophil
migration and chemotaxis and blocks the chemoattractant-induced O2


-forma-
tion (Hirsch et al. 2000; Li et al. 2000; Sasaki et al. 2000). In contrast, neutrophils
from mice lacking both the b2- and the b3-isoform of phospholipase C show
still full chemotactic responses which in some cases are even enhanced, whereas
chemoattractant-induced O2


-production is abrogated (Li et al. 2000). Greatly
impaired chemotactic responses of myeloid cells could also be demonstrated in
various in vivo models using PI-3-kinase-g-deficient, but not PLCb2/b3-defi-
cient, mice. These data clearly show that receptor-mediated activation of
PLCb2/b3, which leads to increases of intracellular calcium and PKC activation,
is not required for chemotactic responses to chemoattractants but that this
pathway is involved in the generation of O2


 through activation of nicotinamide
adenine dinucleotide phosphate, reduced (NADPH) oxidase. In contrast, PI-3-
kinase-g-mediated PIP3 formation is required for both chemotactic responses as
well as NADPH oxidase-dependent O2


-formation (Wu et al. 2000; Wymann et
al. 2000).

4.2
Lsc Is Essential for Marginal Zone B Cell Homeostasis: A Potential Role for G13

Cellular motility is an important property of many cells in the immune system,
and small guanosine triphosphate (GTP)ases of the Rho family have been shown
to play important roles in these motile responses (Ridley 2001). The Rho-specif-
ic guanine-nucleotide-exchange-factor (GEF) Lsc (p115RhoGEF) is expressed
exclusively in haematopoietic cells and couples Ga13 to the activation of RhoA
(Hart et al. 1998). In lymphocytes lacking Lsc, actin polymerisations and motil-
ity in response to thromboxane A2 A2 or lysophosphatidic acid (LPA) was great-
ly reduced, whereas responses to chemokines were not affected (Girkontaite et
al. 2001). Lsc-deficient mice show various immunological defects. In addition,
Lsc-deficient mice demonstrate altered trafficking of T lymphocytes to second-
ary lymphoid organs. Most prominently, they lack marginal zone B cells in the
spleen, a subset of B cells essentially involved in the humoral immune response.
Interestingly, mice lacking the tyrosine kinase Pyk-2 show the same phenotype
(Guinamard et al. 2000). This suggests that Lsc and Pyk-2 are functioning in a
G protein-mediated signalling pathway which is involved in the proper migra-
tion or homing of marginal zone B cells. The G protein-coupled receptors,
which are upstream of the signalling cascade, are currently not known.
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5
Heart

5.1
G Protein-Mediated Signalling in the Sympathetic Control of Heart Function

Sympathetic activation of the heart through b-adrenergic receptor-mediated Gs

activation results in Gs-dependent activation of adenylyl cyclase and subsequent
cyclic adenosine monophosphate (cAMP) production. If the expression of the
short form of Gas (Gas-S) was raised about threefold in the murine heart, no ef-
fect on basal or stimulated adenylyl cyclase activity was observed. However, a
slightly increased rate of adenylyl cyclase activation through Gas as well as an
increased number of b-adrenergic receptors in the high-affinity state could be
observed in cardiac membranes from these transgenic animals (Gaudin et al.
1995). Under in vivo conditions, cardiac overexpression of Gas had no apparent
effect on basal cardiac function but clearly enhanced the efficacy of b-adreno-
ceptor Gs signalling, resulting in increased chronotropic and inotropic respons-
es to catecholamine infusion (Iwase et al. 1996). Older mice overexpressing Gas

in the heart develop a clinical and pathological picture of cardiomyopathy
(Iwase et al. 1997), supporting the concept that chronic sympathetic stimulation
over an extended period of time results in cardiomyopathy. The pathogenetic
processes leading to cardiomyopathy in these mice are not clear, but the lack of
normal heart rate variability as well as of protective desensitisation mechanisms
in hearts overexpressing Gas may be a contributing mechanism (Uechi et al.
1998; Vatner et al. 1998).

5.2
G protein-Mediated Signalling in the Parasympathetic Control of Heart Function

Gi/o-coupled muscarinic acetylcholine (M2) receptors mediate the parasympa-
thetic regulation of the heart. One of the major M2/Gi/o-regulated effectors in the
atrium are inward rectifier IK-Ach potassium channels consisting of Kir3.1
(GIRK1) and Kir3.4 (GIRK4) subunits which are activated by bg subunits re-
leased from activated Gi/o. In mice lacking GIRK4, IK-Ach is absent (Wickman et
al. 1998). These animals have normal basal heart rates but show reduced vagal
and adenosine-mediated slowing of heart rate as well as markedly reduced heart
rate variability, which is thought to be determined by the vagal tone. The in-
volvement of Gbg-complexes in this regulation could also be demonstrated in a
mouse model in which the amount of functional Gbg protein was reduced by
more than 50% in cardiomyocytes. These animals showed also an impaired
parasympathetic heart rate control (Gehrmann et al. 2002). Muscarinic regula-
tion of heart function also involves inhibition of voltage-dependent L-type Ca2+

channels through an unknown mechanism. Although Gao represents only a mi-
nor fraction of all G proteins in the heart, it was shown that the inhibitory mus-
carinic regulation of cardiac L-type Ca2+ channels in the heart was completely
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abrogated in the Gao
(
/
) mice (Valenzuela et al. 1997). Subsequent studies

showed that also Gai2 was absolutely required for inhibition of L-type Ca2+

channels in the heart through muscarinic M2 receptors (Nagata et al. 2000; Chen
et al. 2001). These unexpected findings suggest that both G proteins regulate
cardiac L-type Ca2+ channels in a complex fashion.

5.3
The Role of Gq/G11-Mediated Signalling Pathways in Myocardial Hypertrophy

Adult cardiomyocytes are terminally differentiated postmitotic cells which re-
spond to stimulatory signals with cell growth rather than proliferation. There is
increasing evidence that the Gq/G11-mediated pathway is also involved in myo-
cardial hypertrophy in the adult heart following mechanical stress. In line with
this, transgenic expression of wild-type Gaq or of a constitutively active mutant
of Gaq in the heart (D�Angelo et al. 1997; Mende et al. 1998) results in cardiac
hypertrophy. To prove that Gq/G11 are required for the induction of cardiac hy-
pertrophy, two genetic approaches were used. Gq/G11-mediated signalling was
inhibited by transgenic expression of a short fragment of the Gaq C terminus
(Akhter et al. 1998), which resulted in a reduced hypertrophic response. In a dif-
ferent approach, the Gq/G11-mediated pathway was completely abrogated by
conditional cardiomyocyte-specific inactivation of the Gaq/Ga11 genes

Fig. 2 Potential signalling pathways leading to physiological or pathological cardiomyocyte growth.
The primary transformation of a mechanical stimulus caused by an increased hemodynamic load into a
growth signal may be mediated by integrins, receptor tyrosine kinases or mechanically activated ion
channels. These mechanosensitive processes result in the release of auto-/paracrine factors which are
crucially involved in the induction of growth by activating the Gq/G11-mediated pathway through spe-
cific G protein-coupled receptors. PLC-b, b-isoforms of phospholipase C; IP3, inositol-1,4,5-trisphos-
phate; DAG, diacyl glycerol; PKC, protein kinase C
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(Wettschureck et al. 2001). Mice with cardiomyocyte-specific Gaq/Ga11 double
deficiency showed no ventricular hypertrophy in response to pressure overload.
This strongly supports the concept that Gq/G11-mediated phospholipase C acti-
vation is critically involved in the development of mechanical stress-induced
cardiac hypertrophy by coupling receptors of various paracrine and autocrine
factors to the induction of a genetic program which results in the growth of car-
diomyocytes (Fig. 2).

6
Endocrine System and Metabolism

6.1
Parent of Origin-Specific Defects in Mice Lacking One Allele of the Gas Gene

Stimulatory regulation of adenylyl cyclases through G protein-coupled receptors
involves G proteins of the Gs family, of which two main members are known, Gs

and Golf. The ubiquitously expressed Gas gene gives rise to several splice vari-
ants. Gas is the only member of its subfamily expressed in most, if not all, mam-
malian cells; and the complete loss of Gas in mice homozygous for an inactivat-
ing Gas mutation leads to embryonic lethality during early postimplantation de-
velopment (Yu et al. 1998). Heterozygotes which inherited the intact allele from
their fathers [Gas(m
/p+)] or from their mothers [Gas(m+/p
)] have distinct
phenotypical manifestations which lead to early postnatal death in the majority
of animals (Yu et al. 1998). Adult Gas(m
/p+) animals develop obesity, have
lower resting metabolic rates and are resistant to parathyroid hormone (PTH).
Heterozygous mice which have inherited one intact Gas allele from their moth-
ers [Gas(m+/p
)] are lean, hypermetabolic and have no PTH resistance (Yu et
al. 2000). These phenotypical differences are most likely due the fact that the
Gas gene is paternally imprinted (i.e. only the maternal allele is expressed) in a
tissue-specific manner. In contrast to the maternally inherited allele, the pater-
nal allele is not expressed in white and brown adipose tissue as well as in the
proximal tubulus of the kidney (Yu et al. 1998). Similar phenotypes have been
observed in humans carrying a mutation in one of the Gas alleles (Weinstein et
al. 2001).

6.2
Modulation of Insulin Sensitivity Through Gs and Gi

Despite the differences in fat mass and resting metabolic rates, both Gas(m
/
p+) and Gas(m+/p
) animals exhibit an increased sensitivity to insulin with in-
creased insulin-dependent glucose uptake into the skeletal muscle (Yu et al.
2001). In skeletal muscle, the Gas gene is not imprinted, suggesting that the ob-
served effects are caused by genetic haploinsufficiency. Based on studies in skel-
etal muscle of heterozygotes, it has been proposed that Gas has a direct inhibi-
tory effect on glucose utilisation by skeletal muscle, which appears to be inde-
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pendent of counterregulatory hormones like glucagon or catecholamines (Yu et
al. 2001). This is supported by the finding that transgenic expression of a con-
stitutively active mutant of Gas (GasQ227L) in fat, liver and skeletal muscle de-
creases glucose tolerance (Huang et al. 2002), while mice expressing a constitu-
tively active mutant of Gai2 (Gai2Q205L) in fat, liver and skeletal muscle cells
had reduced fasting blood glucose levels and increased glucose tolerance (Chen
et al. 1997). In addition, mice in which Gai2 has been downregulated in liver
and adipose tissue using an antisense RNA approach show insulin resistance
with hyperinsulinaemia and decreased glucose tolerance (Moxham and Malbon
1996). These data indicate that regulation of glucose metabolism by insulin is
antagonistically regulated through Gs- and Gi-mediated pathways. Regulation
may occur on the level of the insulin receptor or by influencing downstream sig-
nalling events (Tao et al. 2001; Song et al. 2001).

7
Sensory Systems

Signal transduction of many sensory stimuli involves heterotrimeric G proteins.
Odours, light and most tastants act directly on G protein-coupled receptors.

7.1
Olfactory System

The G protein Golf is centrally involved in the transduction of odorant stimuli,
and Gaolf-deficient mice exhibit dramatically reduced electrophysiological re-
sponses to all odours tested (Belluscio et al. 1998) supporting the idea that Golf

mediates the activation of seven transmembrane domain receptors for odorants
in the olfactory cilia (Ronnett and Moon 2002). Since nursing and mothering
behaviour in rodents is mediated to a great deal by the olfactory system, most
Gaolf-deficient pups die a few days after birth due to insufficient feeding, and
rare surviving mothers exhibit inadequate maternal behaviour, resulting in the
death of all pups born to Gaolf-deficient mothers (Belluscio et al. 1998). Both,
Gaolf and adenylyl cyclase type III (ACIII) colocalise in olfactory cilia, suggest-
ing that they form a pathway which links olfactory receptors to cAMP produc-
tion. This is supported by the phenotype of ACIII-deficient mice in which odor-
ant-induced responses are absent and which show impaired odour-dependent
learning (Wong et al. 2000). In contrast to the olfactory epithelium, the vomero-
nasal organ which responds to pheromones expresses receptors which are cou-
pled to Gi/o. Absence of Gao results in apoptotic death of receptor cells which
usually express Gao, indicating that cell survival in these cells requires Go-medi-
ated signalling (Tanaka et al. 1999).
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7.2
Visual System

Rod-transducin (Gt-r) and cone-transducin (Gt-c) play well-established roles in
the phototransduction cascade in the outer segments of retinal rods and cones
where they couple light receptors to cyclic guanosine monophosphate (cGMP)-
phosphodiesterase (PDE). Activation of PDE lowers cytosolic cGMP levels, lead-
ing to decreased open probability of cGMP-regulated cation channels in the
plasma membrane which eventually results in hyperpolarisation of rods/cones
(Arshavsky et al. 2002). In mice lacking Gat-r, the majority of retinal rods does
not respond to light anymore, and these animals develop mild retinal degenera-
tion with age (Calvert et al. 2000). Efficient termination of transducin-mediated
signalling is required for adequate time resolution of the light signal. At least
three proteins are involved in the rapid deactivation of transducin by increasing
its GTPase activity, RGS9 and Gb5L which form a complex, as well as the g sub-
unit of the transducin effector, cGMP-PDE (Arshavsky et al. 2002). In mice lack-
ing RGS9, rod- and cone-derived light responses increase in their half time of
recovery (Chen et al. 2000; Lyubarsky et al. 2001). Similarly, mice in which the
PDE g subunit was replaced by a mutant form with highly reduced affinity for
transducin exhibited an increased recovery time of rod responses (Tang et al.
1998).

The light response is transferred from the receptor cell to ON bipolar cells of
the retina. ON bipolar cells are inhibited by glutamate released from rods and
cones through metabotropic glutamate type 6 receptors (mGluR6). Light-in-
duced hyperpolarisation of rods and cones results in decreased glutamate re-
lease and disinhibition of ON bipolar cells. In mice lacking mGluR6 or Gao,
modulation of ON bipolar cells in response to light is abrogated (Masu et al.
1995; Dhingra et al. 2000), indicating that mGluR6/Go are critically involved in
the tonic inhibition of these cells which occurs in the absence of light.

7.3
Gustatory System

Unlike the perception of odorants and light, gustatory stimuli are only in part
transduced through G protein-mediated mechanisms. Among the four taste
qualities, sweet, bitter, sour and salty, bitter and sweet tastes appear to signal
through heterotrimeric G proteins. Gustducin is a G protein mainly expressed
in taste cells. Gagust-deficient mice show impaired electrophysiological and be-
havioural responses to bitter and sweet agents, while responses to sour and salty
stimuli were indistinguishable from those of wild-type mice (Wong et al. 1996).
The residual bitter and sweet taste responsiveness of Gagust-deficient mice could
be further diminished by a dominant-negative mutant of gustducin-a, suggest-
ing the involvement of other G proteins related to Gagust (Ruiz-Avila et al. 2001;
Margolskee 2002).
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8
Platelets

Platelets are discoid cell fragments which under physiological conditions be-
come activated at sites of vascular injury. Activated platelets immediately under-
go a shape-change reaction during which they become spherical and extrude
pseudopodia-like structures. Full platelet activation includes secretion of gran-
ule contents as well as inside-out activation of the fibrinogen receptor, integrin
aIIbb3, resulting in platelet aggregation. Most of the physiological activators of
platelets, such as thrombin, thromboxane A2 or ADP, act through G protein-
coupled receptors which in turn activate Gi, Gq, G12 and G13 (Offermanns et al.
2000). Platelets from Gaq-deficient mice did not aggregate and secrete their
granule contents in response to thromboxane A2, ADP, thrombin, as well as to
low concentrations of collagen (Offermanns et al. 1997c). Similarly, thrombox-
ane A2, ADP and thrombin failed to induce production of inositol-1,4,5-trispho-
sphate and transient increases in the free cytosolic Ca2+-concentration in Gaq-
deficient platelets, indicating that Gaq-mediated activation of phospholipase C
is the central pathway through which various physiological platelet activators
signal in order to induce full activation of mouse platelets. G protein bg sub-
units released from other G proteins are obviously not able to compensate the
loss of Gaq. Lack of Gaq-mediated phospholipase C activation did not interfere
with the ability of thromboxane A2 and thrombin to induce platelet shape
change. Thus, induction of platelet shape change through receptors of different
platelet stimuli is mediated by G proteins other than Gq. Studies employing
Gaq-deficient platelets indicate that the G proteins G12/G13, but not Gi, are criti-
cally involved in the receptor-mediated shape-change response in platelets, and
the G12/G13-mediated shape change involves a Rho/Rho kinase-mediated path-
way, resulting in the phosphorylation of the myosin light chain (Klages et al.
1999). The defective activation of Gaq-deficient platelets results in a primary he-
mostasis defect. In addition, Gaq

(
/
) mice are protected against platelet-depen-
dent thromboembolism.

The role of G proteins of the Gi/o family in platelet activation has recently
been elucidated. Platelets contain at least three members of this class, Gi2, Gi3

and Gz. ADP, which is released from activated platelets and functions as a posi-
tive-feedback mediator during platelet activation, induces full platelet activation
by activating at least two receptors, the Gq-coupled P2Y1 receptor as well as the
Gi-coupled P2Y12 purinergic receptor. The importance of the Gi-mediated path-
way is indicated by the fact that responses to ADP or thrombin were markedly
reduced in platelets lacking Gai2 (Jantzen et al. 2001). In contrast to ADP or
thrombin, epinephrine is not a full platelet activator per se in murine platelets.
However, it is able to potentiate the effect of other platelet stimuli. In platelets
from Gaz-deficient mice, inhibition of adenylyl cyclase by epinephrine as well as
epinephrine�s potentiating effects were clearly impaired, while the effects of oth-
er platelet activators appeared to be unaffected by the lack of Gaz (Yang et al.
2000). One of the potential downstream effectors of Gi-type G proteins involved
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in platelet activation may be the bg-activated g-isoform of PI-3 kinase, the ab-
sence of which in platelets results in decreased responses to ADP (Hirsch et al.
2001). Thus, Gq, G12 as well as Gi/o family members are involved in processes
leading to full platelet activation (see Fig. 3).

9
Conclusions

During recent years, gene targeting techniques have been used to delete almost
all known genes encoding G protein a subunits as well as variety of G protein
effectors in mice. These studies have led to considerable advances in the under-
standing of G protein-mediated signalling processes. However, only a minor
fraction of the wide-ranged biological functions of G protein-mediated sig-
nalling processes have probably been elucidated by targeted inactivation of
components of the G protein-mediated signalling pathway so far. Many func-
tions remain difficult to analyse because of functional redundancy of closely re-
lated G proteins or because a loss of function mutation results in early death or
induces compensatory processes. To reduce this problem, researchers have
started to generate mice with tissue-restricted or inducible gene deletions. These
approaches will advance our understanding of how G protein-mediated sig-
nalling pathways function in vivo.

Acknowledgements. The authors own research was supported by the Deutsche For-
schungsgemneinschaft.

Fig. 3 Involvement of heterotrimeric G proteins in platelet activation. Various platelet stimuli, like ADP,
thromboxane A2 or thrombin, function through heptahelical transmembrane receptors which couple to
G proteins of the Gi, Gq and G12 families. These heterotrimeric G proteins mediate signalling pathways
which eventually lead to platelet responses like shape change, secretion and aggregation. PLC, phos-
pholipase C ; IP3, inositol 1,4,5 trisphosphate; DAG, diacylglycerol; PKC, protein kinase C. For details, see
text
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Abstract Integrins are dimeric cell-surface receptors whose extracellular do-
main can interact with extracellular matrix (ECM) molecules and cellular recep-
tors, while the intracellular domain binds directly or indirectly to the actin cy-
toskeleton. Thus, integrins link the cytoskeleton to the ECM and occupy a cen-
tral position in the regulation of many essential cell functions, such as cell–cell
contacts, adhesion to the ECM, or migration. Dimerization of 18 a- and 8 b-in-
tegrin subunits results in at least 24 different heterodimers, with distinct ligand
binding and signaling properties. The generation of mice deficient for specific
integrin subunits has significantly contributed to our knowledge of integrin
function in vivo. The analysis of recently generated conditional gene-targeted
mice and knock-ins will allow researchers to investigate integrin subunits,
which upon constitutive deletion show an embryonic lethal phenotype, and to
dissect integrin signaling in vivo. In this review, the results of the analysis of
mice deficient for specific integrins are discussed in the context of functional



systems or organs of the mouse and compared with phenotypes of mice lacking
known integrin ligands.

Keywords Integrin · Knockout · Extracellular matrix

1
Introduction

Integrins are heterodimeric transmembrane glycoproteins that are involved in a
wide range of biological processes including cell migration, tissue organization,
growth, differentiation, and cell survival. Integrins are composed of non-cova-
lently linked a and b subunits. So far, 24 integrin receptors, assembled from var-
ious combinations of 18 a- and 8 b-chains, have been identified (Fig. 1). The di-
versity of integrin receptors is further increased by alternative mRNA splicing
of genes encoding for a and b subunits, affecting intracellular and extracellular
domains.

The extracellular domains of integrins can bind different extracellular matrix
(ECM) ligands such as collagens, fibronectins, laminins, and cellular receptors
including vascular cell adhesion molecule (VCAM)-1 and the intercellular cell
adhesion molecule (ICAM) family (Plow et al. 2000). One integrin can often
bind different ligands, while one ligand might be recognized by different inte-
grin receptors. The cytoplasmic domain is indirectly linked to the actin cyto-
skeleton. Extracellular ligand binding is followed by recruitment of cytoskeletal

Fig. 1 Integrin family. The b- and a-integrin subunits heterodimerize to 24 different integrin receptors
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proteins and signaling proteins to the cytoplasmic part of the integrin and initi-
ation of signaling cascades that modulate cell behavior and gene transcription
(Hynes 1992; Giancotti 2000). Intracellular signals, on the other hand, can
change the affinity of integrins for their extracellular ligands, which is called
“inside-out signaling” (Schwartz et al. 1995; Dedhar and Hannigan 1996). In ad-
dition, integrin clustering at the cell membrane can be regulated by extracellular
and intracellular signals. Modulation of integrin affinity changes the adhesive
properties of cells and is, for example, important for the aggregation of platelets
(Shattil et al. 1998). The analysis of mutations in man has documented the im-
portance of integrins for the development and hemostasis of different tissues
and organs and for disease-related processes such as hemostasis, inflammation,

Fig. 2 Integrin-null mice. With the exception of aX and aD, deletions of all integrin subunits have been
performed by conventional gene-targeting techniques. Conditional knockout studies have been pub-
lished for the b1 integrin subunit, allowing the analysis of b1 function in adult mice. In addition, several
double knockout mouse models have been analyzed to test for compensation of different integrin sub-
units. Lifespan of embryos is marked by gray bars. If only a portion of the embryos die, surviving ani-
mals are indicated by interrupted gray bars and the phenotypes are indicated for both groups. All listed
mouse strains are described and cited in the text
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or skin blistering (McEver et al. 1980; Arnaout et al. 1984; Beatty et al. 1984;
Dana et al. 1984, Vidal et al. 1995; Pulkkinen et al. 1997; Pulkkinen and Uitto
1999).

Experimental data on integrin function have been mainly obtained by using
in vitro cell culture systems. Gene targeting technology has permitted the gener-
ation of mice that lack specific integrins in a constitutive, inducible, or cell
type-specific manner. The analysis of these mice demonstrates how integrin-
mediated adhesion and signal transduction affects development and mainte-
nance of tissues and additionally provides insights into integrin function in spe-
cific tissues and disease processes in adult mice (Fig. 2).

2
Proliferation, Differentiation, and Cell Survival

Integrin-mediated signals modulate migration, proliferation, survival, and dif-
ferentiation of cells (Giancotti and Ruoslahti. 1999; Brakebusch et al. 2002).
These processes are rather well understood from studies of cell lines in vitro.
The analysis of integrin-mutant mice confirmed an in vivo role of integrins in
these processes.

Mice lacking b1 integrin in keratinocytes have less proliferating hair matrix
cells and display a reduced proliferation of basal keratinocytes (Brakebusch et
al. 2000; Raghavan et al. 2000). Reduced proliferation was also observed in b1-
deficient chondrocytes, which had an additional perturbation in differentiation
(Asz�di et al. 2003). In a dominant-negative approach, the cytoplasmic and
transmembrane domains of b1 integrin were fused to the extracellular domain
of CD4 and expressed in transgenic mice. Such a dominant-negative protein in-
terferes with endogenous b1 integrin function, and its expression in the mam-
mary gland results in decreased proliferation, increased apoptosis, and impaired
differentiation of the mammary epithelial cells (Faraldo et al. 1998). Although
overall organization of the mammary tissue was not altered, an abnormal co-lo-
calization of b4 integrin with laminin has been observed to the lateral surface of
luminal epithelial cells (Faraldo et al. 1998). Transgenic epithelial cells show a
downregulation of Shc phosphorylation and less activated extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) mitogen-activated
protein kinases (MAPKs). Focal adhesion kinase (FAK) is not activated, suggest-
ing an additional mechanism of activation to the ECM signal (Farraldo et al.
1998, 2000, 2001). Similar results have been documented for the expression of
b1 integrin-CD8 chimera in primary keratinocytes, which also leads to reduced
ERK activation upon adhesion, but does not affect FAK phosphorylation (Zhu
et al. 1999).

Deletion of the b4 integrin cytoplasmic domain, which in vitro is able to bind
and activate Shc in a phosphorylation-dependent manner, reduces proliferation
in the skin and intestine (Murgia et al. 1998; Dans et al. 2001).

Mice lacking both a3 and a6 integrins have a reduced cell proliferation in the
apical ectodermal ridge (AER) of the developing limb (De Arcangelis et al.
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1999). Deletion of the a1 integrin gene results in decreased proliferation of der-
mal fibroblasts (Pozzi et al. 1998). In vitro culture of these fibroblasts demon-
strated a failure to recruit and activate the adaptor protein Shc, which triggers
the MAPK activation cascade leading to cell proliferation (Pozzi et al. 1998).

Deletion of the alternatively spliced C-terminal sequence of b1 integrin results
in early lethality at E8.5 (Hirsch et al. 2002). The phenotype shows overlaps with
the a4- and a5-deficient mouse. Decreased proliferation and cell survival were
observed in vivo and in vitro on isolated fibroblasts. These cells showed normal
adhesion to fibronectin, but showed impaired FAK-dependent PI3 K activation.
This could be rescued by the expression of a constitutively active form of Rac,
showing that b1 integrin induced Rac activation is essential for anchorage-de-
pendent control of cell growth (Hirsch et al. 2002).

While several integrin-deficient mutants display proliferation defects, only
minor changes in cell differentiation were observed so far after the loss of spe-
cific integrins. Ablation of b1 integrin does not interfere with differentiation of
neurons and neural crest-derived cells (F�ssler and Meyer 1995), of fetal hema-
topoietic cells (Potocnik et al. 2000), or of keratinocytes (Brakebusch et al. 2000;
Raghavan et al. 2000). A disturbed differentiation could be observed in growth
plate chondrocytes of mice with a specific deletion of the b1 integrin gene in
cartilage. It is possible, however, that the differentiation defect is a result of the
disorganized growth plate structure, and thus a secondary effect of b1 deletion
(Asz�di et al. 2003). A delayed differentiation has been reported for b1-null my-
oblasts (Hirsch et al. 1998) and for blood vessel formation in b1-null embryoid
bodies (Bloch et al. 1997). These results were obtained in vitro and the observed
differentiation delay might be compensated in vivo. On the other hand, ter-
atomas created from b1-null cells are unable to form an endothelial cell popula-
tion, suggesting that b1 integrins could be involved in endothelial differentia-
tion, proliferation, or more likely, in survival (Bloch et al. 1997). Double knock-
outs for a3 and a6 integrin show normal keratinocyte differentiation, despite the
absence of the major integrin receptors, a3b1 and a6b4 (De Arcangelis et al.
1999). Most a8b1-deficient mice die at birth due to kidney failure. Surviving
mice have inner ear defects that might be caused by impaired hair cell differen-
tiation (Littlewood-Evans and M�ller 2000).

It has been conclusively shown in vitro that integrin-mediated adhesion is a
survival factor for many cell types (Giancotti and Ruoslahti 1999). Cell survival
defects in vivo have been reported for a5 integrin, which was shown to be im-
portant for the survival of neural crest cells (Goh et al. 1997). Impaired cell-
death regulation of interdigital cells leads to syndactyly in a3/a6-deficient mice
(De Arcangelis et al. 1999). A slight increase of cell death can be observed after
b1 loss in chondrocytes (Asz�di et al. 2003). In contrast, loss of b1 integrin-me-
diated adhesion of basal keratinocytes does not result in cell death, which was
expected from cell culture experiments (Brakebusch et al. 2000).

However, integrin-mediated cell survival can depend on the expression and
ligation of integrin receptors, which is difficult to investigate by deleting inte-
grin subunits. It has been shown in vitro that avb3 induces apoptosis in endo-
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thelial cells, when it is not bound to an extracellular ligand. Apoptosis is in-
duced by caspase 8 activation and is independent from the cell adhesion by oth-
er integrin receptors (Stupack et al. 2001).

3
Early Embryonic Development

At least 12 different b1 integrin receptors are inactivated after the deletion of the
b1 integrin gene. Mouse oocytes express high levels of b1 integrin, which ap-
pears on the cell surface in association with a3, a5, and a6 subunits (Hierck et al.
1993; Tarone et al. 1993; Sutherland et al. 1993). Fertilization of b1-null oocytes
is unaffected and the development is normal until peri-implantation, possibly
due to the presence of maternal b1 integrin mRNA and protein (Brakebusch et
al. 1997).

At the peri-implantation stage, inner cell mass cells (ICM) facing the cavity of
the blastocyst differentiate into primitive endodermal cells and lay down a base-
ment membrane (BM), which is crucial for the formation of ectoderm and the
amniotic cavity. In b1-deficient mouse blastocysts the endodermally derived BM
fails to form, which results in peri-implantation lethality characterized by an
ICM failure (F�ssler and Meyer 1995; Stephens et al. 1995; Aumailley et al.
2000). The function of b1 integrin during this process has been confirmed in
embryoid bodies. Dispersed wild-type embryonic stem cells form embryoid
bodies that develop an outer endodermal layer, form a subendodermal base-
ment membrane, and differentiate to form epiblast and a central proamniotic-
like cavity (Coucouvanis and Martin 1995; Murray and Edgar 2001). Embryoid
bodies that are b1 integrin-deficient do not express heterotrimeric laminin and
do not make basement membranes, epiblast differentiation, and cavitation. Res-
cue of b1 loss can be achieved by administration of exogenous laminin. This re-
stores basement membranes along with epiblast differentiation and cavitation
(Li et al. 2002).

Eight integrin heterodimers a3b1, a4b1, a5b1, a8b1, avb1, avb3, avb6, and aIIbb3

can bind fibronectin. Deletion of any of the single integrin a subunits does not
result in an embryonic phenotype as strong as in b1-deficient mice. The deletion
of a4 integrin, which forms heterodimers with b1 and b7 and can bind to fibro-
nectin and VCAM-1, leads to lethality at two different stages. Embryos deficient
for a4 integrin die either around E9.5–E11.5, due to a failure of allantois–chori-
on fusion during placentation, or between E11.5 and E14, due to developmental
heart defects affecting epicardial and coronary vessels (Yang et al. 1995). Mice
lacking VCAM-1 show similar defects (Gurtner et al. 1995; Kwee et al. 1995).

Mice deficient for a5-integrin show, depending on the genetic background,
embryonic lethality around E9.5-E10 with variable degrees of embryonic and ex-
tra-embryonic defects in the posterior trunk and yolk sac mesodermal struc-
tures (Yang et al. 1993, 1999). Interactions of a5b1 integrin with fibronectin are
not essential for the initial commitment of mesodermal cells, but are crucial for
maintenance of mesodermal derivatives during postgastrulation stages and also
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for the survival of some neural crest cells (Goh et al. 1997). Cells derived from
a5-deficient mice migrate on fibronectin matrices, which suggests that other fi-
bronectin-binding integrins compensate in the a5-null mouse (Yang et al. 1995).

Mutants for a7 and a9 show no embryonic phenotype, but develop muscular
dystrophy after birth or die due to bilateral chylothorax postnatally (Mayer et al.
1997; Huang et al. 2000). Mice lacking a8-integrin have small or absent kidneys
and most newborns die postnatally due to kidney failure. Animals with one
functioning kidney survive but develop inner ear defects (M�ller et al. 1997).

Of the four collagen-binding b1 integrin receptors—a1, a2, a10, and a11—de-
letion of a1 and a2 does not result in any observed abnormalities during early
embryonic development (Gardner et al. 1996; Holtk�tter et al. 2002). Adult a2-
deficient mice have only mild hemostasis defects (Holtk�tter 2002). Mice lack-
ing a11 integrin have no obvious phenotype (D. Gullberg, personal communica-
tion). No reports have been published for the deletion of a10 integrin.

Integrins a3b1 and a6b1 are receptors for laminins, components of the base-
ment membrane which underlies all epithelial cells. Mice deficient for a3 inte-
grin develop defects in kidney, lung, and skin (Kreidberg et al. 1996; diPersio et
al. 1997). Mice which lack a6b1 and a6b4 integrins show defects in the laminar
organization of the developing cerebral cortex and retina, and develop severe
skin blistering (Georges-Labouesse et al. 1996, 1998).

The av integrin subunit associates with the b1, b3, b5, b6, and b8 subunits. In-
tegrins avb1, avb3, and avb5 can bind to fibronectin and vitronectin; integrin
avb6 interacts with fibronectin, vitronectin, tenascin-C, and transforming
growth factor (TGF)-b latency-associated peptide (LAP)1 and LAP3; and avb8

binds to fibronectin and LAP1 (Plow et al. 2000; Annes et al. 2002; Mu et al.
2002). Embryos deficient for av integrin develop normally until E9.5; however,
around 80% of av-deficient mice die between E10 and E12, due to placental de-
fects. These defects are characterized by a poorly developed labyrinthine zone
and reduced interdigitation of fetal and maternal vessels. The remaining av-null
mice die at birth and exhibit intracerebral and intestinal hemorrhages and cleft
palates (Bader et al. 1998). The av-null phenotype might be due to a lack of fi-
bronectin binding, since vitronectin, tenascin-C, and osteopontin-null mice
show no obvious phenotype during early mouse development (Saga et al. 1992;
Zheng et al. 1995; Liaw et al. 1998; Gustafsson and F�ssler 2000).

Double mutants have been investigated for a3/a4, a3/a5, a4/a5, and a5/av inte-
grin subunits. No obvious differences from the additive phenotypes of the single
mutants were observed in a3/a4, a3/a5, and a4/a5 double knockouts (Yang et al.
1999). Embryos deficient for both a5 and av integrin die between E7.5 and E8
due to a severe gastrulation defect with a lack of anterior mesoderm (Yang et al.
1999). This phenotype is more severe than the single knockouts for av and a5,
suggesting redundant functions of these fibronectin receptors. Interestingly, av/
a5 double knockouts die even earlier than fibronectin-null mice, indicating that
ligands other than fibronectin are also important for the in vivo function of
these receptors.
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4
Hematopoiesis and Inflammation

Hematopoietic stem cells (HSC) are generated in the yolk sac and in the para-
aortic splanchnopleure/aorta-gonad mesonephros region. They can be found in
the fetal blood of mice after the onset of circulation at around E8.5. At E10 they
start to colonize the fetal liver and later thymus, spleen, other lymphoid organs,
and the bone marrow. In adult mice, HSC reside in the bone marrow, but differ-
entiated leukocytes circulate through the body. Site-specific adhesion and mi-
gration is achieved by integrins which are on circulating blood cells in a low-af-
finity state, ensuring that they do not make inappropriate interactions with lig-
ands normally present on blood or endothelial cells. Chemokines released by
the endothelium or the surrounding tissue during inflammation shift the leuko-
cyte integrin into a high-affinity state. To leave the blood, leukocytes attach
loosely to activated endothelium via selectins and begin to roll. The activated
integrins bind to endothelial cell adhesion molecules such as ICAMs and
VCAM-1, and firm adhesion of the blood cells to the vessel wall is established.
Finally, the leukocytes cross the endothelial cell layer and underlying BM and
migrate into the extravascular tissue.

Analysis of b1-deficient chimeric mice revealed that b1 integrin is essential
for the homing of hematopoietic stem cells to liver, spleen, thymus, and bone
marrow. Progenitor cells that lack b1 integrins are unable to attach to the vessel
walls and are thus sequestered in the blood circulation (Hirsch et al. 1996; Po-
tocnik et al. 2000). In the presence of cytokines, b1-null precursor cells differen-
tiate normally in vitro, indicating that b1 integrins are not essential for the dif-
ferentiation of hematopoietic stem cells (Hirsch et al. 1996; Potocnik et al.
2000). In adult mice, b1 integrin is dismissible for HSC retention in the BM, he-
matopoiesis, and trafficking of lymphocytes. However, b1 integrins seem to be
important for the primary IgM response. After immunization with T cell-depen-
dent antigens, no IgM and an increased IgG response can be observed in mice
with a deletion of the b1 integrin gene restricted to the hematopoietic system.
T cell-independent type 2 antigens induce only reduced IgG and IgM responses
(Brakebusch et al. 2002).

The b7 integrin subunit associates with to a4 and aE integrin subunits. An
80%–90% reduction of lymphocyte migration to the Peyer�s patches and a re-
duced number of lamina propria and intraepithelial lymphocytes can be ob-
served in b7-deficient mice (Wagner et al. 1996). Integrin a4b7 binds to mucosal
addressin cell adhesion molecule (MadCAM)-1 which is expressed on high en-
dothelial venules in the gut (Berlin et al. 1993; Briskin et al. 1997). The migra-
tion of lymphocytes to the Peyer�s patches is mediated by a4b7 binding to Mad-
CAM-1. Mice lacking MadCAM-1 display very small Peyer�s patches only visible
by microscopic inspection (Pabst et al. 2000), and a4-null T cell migration to
Peyer�s patches is impaired (Arroyo et al. 1996). E-cadherin is expressed on epi-
thelial cells and recognized by aEb7 integrin. Targeted disruption of the aE gene
leads to a reduction of T cells only in the lamina propria and gut epithelium
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(Sch�n et al. 1999). Both b7 and L-selectin act in a synergistic way to promote
lymphocyte migration. Deletion of L-selectin in addition to b7 integrin almost
completely abolishes lymphocyte migration to Peyer�s patches and in addition
reduces migration into mesenteric lymph nodes (Steeber et al. 1998; Wagner et
al. 1998).

The a4 integrin subunit associates with b1 and b7 integrin. Early embryonic
lethality of a4-null mice made it necessary to study the function of a4 integrin
in the hematopoietic system in a4-null chimeric mice or by cell transfer experi-
ments. Chimeric mice have no a4-null erythrocytes, almost no a4-null B-lym-
phoid cells, and only few a4-null myeloid cells, indicating an important role of
a4 integrins in postnatal hematopoietic development (Arroyo et al. 1999). Mice
deficient for a4-integrin have normal T cells until 1 month after birth, when T
cells start to decrease in number. Cell transfer experiments have shown that a4

deficient T cells develop in the bone marrow, at do not enter the circulation
(Arroyo et al. 1996). However, a4-null T cells that have entered the circulation
are able, although with reduced activity, to migrate into inflamed peritoneum
(Arroyo et al. 2000) and a4-deficient pre-B cells can transmigrate in vitro (Arro-
yo et al. 1999). Proliferation of a4-null precursor cells might also be decreased
since they showed poor mitotic activity in vitro (Arroyo et al. 1999). VCAM-1-
deficient mice have normal hematopoiesis, suggesting that the a4-null pheno-
type is caused by impaired interactions of a4b1 and a4b7 with fibronectin (Frie-
drich et al. 1996). However, VCAM-1-null mice show a defective migration of
lymphocytes to the bone marrow (Koni et al. 2001; Leuker et al. 2001). Since this
effect is not seen in b1-null bone marrow chimera (Brakebusch et al. 2002) and
in b7-null mice, there might be additional receptors for VCAM-1 which mediate
this effect.

Hematopoietic progenitors express a5b1 and a6b1 integrins in addition to
a4b1. Individual knockouts of the a5 or a6 integrin subunit do not interfere with
HSC homing (Arroyo et al. 1996; Taverna et al. 1998; Arroyo et al. 2000).

Integrin b2 is specifically expressed on leukocytes. It associates with aL [lym-
phocyte function-associated antigen (LFA)-1], aM (Mac-1), aX and aD subunits.
Ligand binding includes members of the ICAM family (Plow et al. 2000). Inte-
grin aMb2 binds to inactivated complement factor (iC3b), fibrinogen, and factor
X; aXb2 to iC3b and type I collagen (Garnotel et al. 2000); and aDb2 to VCAM-1
(Van der Vieren et al. 1999). Mice lacking b2 integrin have increase 1 numbers
of neutrophils and display a variable decrease of neutrophil extravasation, de-
pending on the model of inflammation (Mizgerd et al. 1997; Scharfetter-Kocha-
nek et al. 1998; Jung and Ley 1999; Grabbe et al. 2002). In the microcirculation,
leukocytes show a gradual b2 integrin-dependent decrease in rolling velocity
that is correlated with an increase in intracellular free calcium concentration be-
fore arrest. When b2 integrins are absent, the arrest of rolling leukocytes is
severely reduced (Kunkel et al. 2000). Similarly, b2-deficient dendritic precursor
cells accumulate less efficiently in the lung (Schneeberger et al. 2000). T cell pro-
liferation after stimulation by staphylococcal enterotoxin or major histocompat-
ibility complex alloantigens is defective in b2-deficient mice (Scharfetter-
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Kochanek et al. 1998). Humans with a mutation in the b2 gene develop leukocyte
adhesion deficiency type I (LAD-1) with a massive leukocytosis, recurrent bac-
terial infections, impaired wound healing, and a severe gingivitis. As in mice,
the neutrophil extravasation is severely disturbed.

Four a subunits are known to associate with b2 integrin, of which only aLb2

and aMb2 integrins have been investigated in transgenic mouse models. No
knockouts have been reported so far for aX and aD integrin. In the absence of
aLb2, immune responses against systemic viral infections are normal, but allo-
antigen-triggered T cell proliferation and cytotoxicity are severely impaired,
leading to defective host-versus-graft reaction and abrogated tumor rejection
(Schmits et al. 1996; Shier et al. 1996, 1999). The reduction of extravasation is
similar to b2-deficient mice and homing of lymphocytes to peripheral lymph
nodes and, to a lesser degree, to mesenteric lymph nodes and Peyer�s patches is
impaired (Berlin-Rufenach et al. 1999). Mice lacking aMb2, however, show an in-
crease of neutrophil extravasation in response to tumor necrosis factor (TNF)-a
(Ding et al. 1999). In contrast, extravasation was normal in an acute glomerulo-
nephritis model, but aMb2-null neutrophils did not remain in the tissue, appar-
ently due to absent Fcg binding of the neutrophils and failure to initiate suffi-
cient adhesion (Tang et al. 1997; van Spriel et al. 2001). Neutrophils deficient for
aMb2 are also unable to bind to fibrinogen coated disks and display impaired
phagocytosis and degranulation leading to a delayed neutrophil apoptosis
(Coxon et al. 1996; Lu et al. 1997). Mast cells are reduced in some, but not all,
locations of aMb2-deficient mice (Lu et al. 1997; Rosenkranz et al. 1998). Unex-
pectedly, mice lacking aMb2 or its ligand ICAM-1 are obese, suggesting a role of
aMb2 in the regulation of fat metabolism (Dong et al. 1997).

Apart from the regulation of adhesion and migration, aLb2-ICAM-1 have ad-
ditional function in the inflammatory response. In a murine autoimmune diabe-
tes-1 model, aLb2-deficient T cells showed a lower cytotoxicity and diminished
expression of interleukin (IL)-4 during primary CD4 T cell responses (Camacho
et al. 2001).

TGF-b1 and TGF-b3 are regulated by arginine-glycine-aspartic acid (RGD)-
binding integrins. TGF-b1 can be activated by avb6 (Annes et al. 2002; Munger
et al. 1999) and avb8 (Mu et al. 2002) binding to LAP1. In addition, avb6 binds
to LAP3 and can activate latent TGF-b3 but not TGF-b2 (Annes et al. 2002). The
avb1 and a5b1 integrins also bind to LAP1, but are not able to activate TGF-b1
(Munger et al. 1998; Annes et al. 2002).

Loss of avb6 reduces the amount of active TGF-b1 in epithelia, which at least
partially mimics a local TGF-b1 deficiency. Mutant mice exhibit juvenile bald-
ness due to macrophage infiltration of the dermis and demonstrate hallmarks of
asthma such as increased airway responsiveness and an infiltration of activated
B and T cells into the lung (Munger 1999). Mice deficient for b6 integrin show
normal embryonic development and wound healing (Huang et al. 1996).
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5
Platelet Function

When platelets contact injured or diseased blood vessel walls they attach to the
subendothelial matrix, become activated, and are crosslinked to form thrombi
which finally seal the defective blood vessel. The attachment of platelets to colla-
gen is believed to be of great importance in vivo. It has been shown that glyco-
protein VI (GPVI) is the main mediator of this interaction. GPVI also activates
b1 and b3 integrins, which is a prerequisite for firm adhesion and thrombus
growth (Nieswandt et al. 2001). The conditional deletion of b1 integrin and the
receptors a2b1, a5b1, and a6b1 on megakaryocytes does not lead to significant
changes in platelet counts or bleeding time, demonstrating that b1 integrins are
not essential for initial platelet adhesion (Nieswandt et al. 2001). Similarily, a2-
deficient mice have normal platelet counts and bleeding times. However, in the
presence of an antibody against GPVI, adhesion of b1-deficient or of a2-defi-
cient, but not wild-type, platelets is abrogated (Nieswandt et al. 2001; Holtk�tter
et al. 2002). Thus, a2b1 plays only a supportive, rather than an essential, role in
platelet–collagen interactions.

Integrin aIIbb3 interacts directly with fibrinogen and indirectly with collagen
via von Willebrand factor and is crucially important for the aggregation and ad-
hesive spreading of platelets during hemostasis (Shattil et al. 1998). Various ago-
nists such as thrombin, adenosine diphosphate (ADP), and collagen can induce
the activation of the aIIbb3 integrin receptor by “inside-out” signaling, allowing
binding to fibrinogen. Ligand binding to aIIbb3 results in “outside-in” signaling
with subsequent calcium mobilization, tyrosine phosphorylation of numerous
proteins including b3 integrin itself, and cytoskeletal rearrangement (Shattil et
al. 1998). Patients with a lack of functional aIIbb3 on their platelets suffer from
Glanzmann thrombasthenia. They display impaired platelet aggregation and
prolonged bleeding times. The same phenotype was replicated in mice lacking
the b3 or the aIIb integrin gene (Hodivala-Dilke et al. 1999; Tronik-Le Roux et al.
2000). Mice in which the ability for “outside-in” signaling has been disturbed by
the replacement of two cytoplasmic tyrosines of the b3 subunit are impaired in
the late phase of platelet aggregation. They display defects in clot retraction in
vitro and an increased tendency for rebleeding in once clotted tail wounds in
vivo, indicating an instability in hemostatic plug formation (Law et al. 1999). A
similar phenotype with an instability of arterial thrombi has been described for
CD40L which binds to aIIbb3 (Andre et al. 2002).

6
Vasculo- and Angiogenesis

Integrins a1b1, a2b1, a3b1, a5b1, a6b1, avb1, avb3, avb5, a6b4, and avb8 are ex-
pressed on endothelial cells and differentially regulated during angiogenesis
(Kennel et al. 1992; el Gabalawy and Wilkins 1993; Creamer et al. 1995; Gingras

Analysis of Integrin Function by Gene Targeting in Mice 203



et al. 1995; Jaspars et al. 1996; Zhu et al. 2002). Integrins a4b1 and a7b1 can be
found on vascular smooth muscle cells (Duplaa et al. 1997; Yao et al. 1997).

Targeted null mutation of the b1 integrin deletes all endothelial integrins ex-
cept avb3, avb5, avb8, and a6b4. There is strong evidence for an important role
of b1 integrin in blood vessel formation in vivo. First, chimeric mice derived
from b1-null embryonic stem (ES) cells lack b1-null endothelial cells at least in
the liver (F�ssler and Meyer 1995). Secondly, b1-null ES cells fail to contribute to
the endothelial cells of the blood vessels of b1-null teratomas (Bloch et al. 1997).
In vitro differentiation of b1-null ES cells into embryoid bodies shows that en-
dothelial cells are formed, but that vasculogenesis is significantly delayed and
responsiveness to vascular endothelial growth factor (VEGF) is impaired (Bloch
et al. 1997).

Mice lacking the a1 subunit show normal development of the blood vessel
system (Gardner 1996), but have reduced tumor angiogenesis (Pozzi et al.
2000). The decrease in tumor angiogenesis has been explained by an over-ex-
pression of matrix metalloproteinases (MMP)7 and 9. MMP expression allows
remodeling of the ECM and vessel invasion by degrading the ECM. Increased
MMP expression, however, also leads to an elevation of angiostatin, a strong an-
giogenesis inhibitor that is thought to be responsible for the reduced tumor an-
giogenesis in a1-deficient mice. In addition, isolated a1-null endothelial cells
from adult lung display reduced proliferation on both a1-dependent and a1-in-
dependent substrates (Pozzi et al. 2000). Thus, a1 integrins seem to have differ-
ent impact on embryonic, adult, and tumor angiogenesis.

Mice deficient for a2 show no obvious vascular defects (Holtk�tter et al.
2002), whereas a3-deficient mice show reduced branching and a distended lu-
men of glomerular capillaries (Kreidberg et al. 1996). This could result from an
abnormal formation of the capillary structure of the glomerulus or from a fail-
ure of podocytes to provide adequate scaffolding for the forming capillaries. In
addition, these mutant mice have a lung defect with reduced branching of the
conducting airway (Kreidberg et al. 1996) and show an alteration of the basal
membrane organization of the submandibular gland (Menko et al. 2001). Most
mice lacking integrin a4 die during embryonic development due to defects in
chorion allantois fusion at E10.5 (Yang et al. 1995). Animals that develop a func-
tional placenta show defects in epicardial formation and coronary heart vessels
(Yang et al. 1995). However, it is not clear if the coronary vessel defect is a direct
consequence of the loss of a4 or an indirect secondary defect due to the loss of
the epicardium. Mice lacking the a5 subunit have impaired development of the
extraembryonic and embryonic vasculature (Yang et al. 1993). At E9.5, extraem-
bryonic blood islands are not fused properly, vessel formation is impaired, and
primitive blood cells leak into the exocoelomic space. The a5-null embryos
themselves form distended and leaky hearts and blood vessels that contain only
a few primitive blood cells. Deletion of the major ligand of a5b1, fibronectin, re-
sults in a similar, but more pronounced phenotype which is influenced by the
genetic background (George et al. 1993, 1997). In C57BL/6 mutants, the yolk sac
is completely devoid of vessels. Embryonic hearts, however, are formed, al-
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though myocardial and endocardial cells are disorganized resulting in a bulbous
heart tube. Endothelial cells in the aorta lack contact with the surrounding mes-
enchyme. On a 129/Sv background the defects are more severe. Endothelial cells
are able to differentiate, but fail to assemble into vessels. While fibronectin-defi-
cient mice already show defects in initial vasculogenesis, a5-deficient mice initi-
ate vasculogenesis, but are unable to pursue proper formation and maintenance
of blood vessels. This suggests that, in the absence of a5, other fibronectin re-
ceptors realize early steps of vasculogenesis.

In addition to the b1 integrins, endothelial cells express at least four members
of the av-integrin subfamily; avb1, avb3, avb5, and avb8. The avb3 and avb5 inte-
grins are involved in growth factor-induced angiogenesis (Brooks et al. 1994;
Friedlander et al. 1995). Antagonist of av integrin disrupt vascular development
in the embryo and block pathological angiogenesis in chorioallantoic membrane
(CAM) assays (Brooks et al. 1994), in tumor models (Brooks et al. 1995), and in
neovascularization studies of the mouse retina (Friedlander et al. 1995; Hammes
et al. 1996), making this integrin subunit an attractive target for therapeutic in-
tervention (Eliceiri and Cheresh 2001; Rupp and Little 2001). Blocking antibod-
ies to inhibit tumor vascularization are currently evaluated in clinical trials for
treatment of cancer, arthritis, and ischemic retinopathy (Gutheil et al. 2000).
However av-null mice, develop normally until E9.5, when around 80% of the
embryos die due to placental defects. The remaining 20% die at birth, showing
intracerebral and intestinal hemorrhages and cleft palates but no defects in en-
dothelial proliferation, migration, tube formation, branching, or basement
membrane assembly (Bader et al. 1998). Normal vascular development has also
been reported for null mutants of many av ligands including vitronectin (Zheng
et al. 1995), tenascin-C (Forsberg et al. 1996; Saga et al. 1992), osteopontin (Liaw
et al. 1998), fibrinogen (Suh et al. 1995), perlecan (Costell et al. 1999), and von
Willebrand factor (Denis et al. 1998).

Two pathways of growth factor-induced angiogenesis have been identified in
which basic fibroblast growth factor (bFGF) induces angiogenesis via integrin
avb3 ligation, whereas VEGF induces angiogenesis via the ligation of integrin
avb5 (Friedl�nder et al. 1995). Deletion of VEGF results in embryonic lethality
in heterozygous mice between E8.5 and 9.5 (Carmeliet et al. 1996; Ferrara et al.
1996). VEGF injection into the blood or the brain of b5-deficient mice results in
a significantly reduced vascular permeability compared to b3-deficient mice
which display a normal response. VEGF induces Src-dependent phosphoryla-
tion of FAK which then interacts with avb5 integrin to trigger vascular responses
in vivo (Eliceiri et al. 2001). VEGF-R1-deficient mice have normal hematopoietic
progenitors, but stroke impaired blood vessel formation (Fong et al. 1995)

However, the loss of b3 and/or b5 integrins does not lead to obvious defects
in vascular development (Hodivala-Dilke et al. 1999; Huang et al. 2000; Reynolds
et al. 2002) and induced tumors in b3- and/or b5-deficient mice show enhanced,
rather than reduced, angiogenesis (Reynolds et al. 2002). A possible explanation
is that avb3 acts as a survival factor which allows cell survival if bound to the
extracellular matrix, but induces apoptosis in its unbound state, as shown for
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avb3 endothelial cells in vitro (Stupack et al. 2001). Blocking antibodies against
av disrupt extracellular interactions of avb3 integrins and decrease angiogenesis
by inducing apoptosis. In contrast, avb3-deficient cells are independent of adhe-
sion-regulated apoptosis and thus show enhanced vessel formation (Cheresh
and Stupack 2002).

Mice deficient for b8 integrin share many similarities to the av mutants with
early defects in placental development and later deficits in formation and stabi-
lization of the vascularisation of the central nervous system (Zhu et al. 2002).

Mice lacking a6 or b4 integrin show no blood vessel defects (Georges-
Labouesse et al. 1996; van der Neut et al. 1996).

7
Nervous System

The function of b1 integrin in the nervous system has been investigated in chi-
meric mice and mice with a conditional deletion of b1 in the brain. Chimeric
mice showed normal neuronal migration and differentiation. However, mice
that upon cre-mediated deletion lack the b1 integrin subunit in neurons and glia
die after birth with severe brain malformations. Cortical hemispheres and cere-
bellar folia fuse and cortical laminae are perturbed (Graus-Porta et al. 2001).
These defects result from a disorganization of the cortical marginal zone, where
b1 integrins are supposed to regulate glial endfeet anchorage, meningeal base-
ment membrane remodeling, and formation of the Cajal-Retzius cell layer. The
phenotype of the b1-deficient mice resembles pathological changes observed in
human cortical dysplasias, suggesting that defective integrin function con-
tributes to the development of some of these diseases (Graus-Porta et al. 2001).
Abnormal laminar organization has also been observed in a6 and a3/a6 double-
null mice. Single deletion of the a6 subunit results in a disorganization of the
developing cerebral cortex and retina. In addition, ectopic neuroblastic out-
growth on the brain surface and in the eye was observed (Georges-Labouesse et
al. 1998). In the a3/a6 double-knockout mice, the cortical disorganization ap-
pears earlier and is more severe. Compared to a6-deficient mice, a3/a6 double
mutants display additional abnormalities including exencephaly, syndactyly,
and kidney defects (De Arcangelis et al. 1999). An abnormal laminin deposition
has been observed in a6 single- and a3/a6 double-mutant mice. Ablation of the
ligand laminin a5 gene leads to a brain phenotype similar to the a3/a6 double
knockouts (Miner et al. 1998; Miner and Li 2000), indicating that the phenotype
is caused by a disrupted interaction with laminin a5. The importance of a nor-
mal BM composition is underlined by the phenotype of perlecan-deficient mice.
Although a BM is initially assembled, mechanical stress leads to BM deteriora-
tion, which causes abnormal expansion of neuroepithelium, neuronal ectopias,
and exencephaly in the expanding brain (Costell et al. 1999).

Involvement of integrins during nerve regeneration has been suggested by in-
creased expression of a7b1 integrin on axons and growth cones during peripher-
al nerve regeneration. An impaired axonal regeneration has been confirmed in
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a7-null mutants (Werner et al. 2000). The deletion of laminin-2, a major ligand
for a7b1 leads to muscular dystrophy and peripheral nerve dysmyelination due
to an inability of Schwann cells to sort bundles of axons (Hodges et al. 1997).
Schwann cell-specific disruption of b1 integrin causes a severe neuropathy.
Schwann cells deficient from b1 do not extend or maintain normal processes
around axons, but some Schwann cells form normal myelin, possibly due to the
presence of other laminin receptors such as dystroglycan and a6b4 integrin (Fel-
tri et al. 2002). Similarly, b1 compensation might be responsible for the normal
myelinization of peripheral nerves in b4-deficient mice (Frei et al. 1999). The
consequences of deleting a4 and a5 integrin in the peripheral nerve system have
been investigated by grafting experiments to overcome early lethality in a4- and
a5-deficient embryos. In the absence of a5, Schwann cell differentiation is unaf-
fected, but the proliferation of early progenitor cells is reduced. In a4-deficient
explants, survival of progenitor cells is impaired in a cell density-dependent
fashion (Haack and Hynes 2001).

Integrin a8b1 is localized to the apical hair cell surface during formation of
stereocilia in the inner ear. Most integrin a8-null mice die soon after birth. How-
ever, a few survive until adulthood and display hearing and balance defects. In
these mice, stereocilia start to develop, but deteriorate in a subpopulation of
hair cells. FAK recruitment to the apical hair cell is impaired, suggesting that
a8b1 integrin and FAK are involved in the regulation of assembly or mainte-
nance of the stereocilia cytoskeleton (Littlewood-Evans and M�ller 2000). The
early expression of a3 and a6 integrins during development of the mammalian
inner ear suggests that they may be involved in the molecular processes that de-
fine epithelial boundaries and guide sensory innervation (Davies and Holley
2002). However, no data on inner ear phenotypes of a3- or a6-deficient mice are
currently available.

8
Striated and Cardiac Muscle

During muscle development, two splice variants of b1 integrin are expressed in
muscle precursor cells and fetal muscle. The cytoplasmic b1A splice variant is
initially expressed and is substituted after birth by the b1D variant (Belkin et al.
1996). Concomitant with the change to b1D integrin, the expression of a1, a3, a4,
a5, a6, a7, a9, and av is downregulated and only the a7 integrin is expressed by
adult muscle cells (Bouvard et al. 2001).

Integrin-deficient Drosophila myoblasts fail to fuse into proper myocytes.
However, in b1-null chimeric mice, b1-deficient myoblasts migrate to their nor-
mal destinations and fuse with wild-type myoblasts. The overall contribution of
b1-null cells to the muscle is 2%–28% (Hirsch et al. 1998). A delay of myotube
formation can be observed in b1-null embryoid bodies (Hirsch et al. 1998;
Rohwedel et al. 1998), suggesting compensation by wild-type cells in vivo. Both
chimeras and adult mice with a conditional deletion of b1 integrin were used to
investigate b1 function in the heart. Chimeras showed a low contribution of b1-
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null cells in the heart and in areas with contribution of b1-null cells, ultrastruc-
tural analysis revealed alterations in the sarcomeric architecture (F�ssler et al.
1996). Using a conditional approach, b1 integrin was deleted in most of the ven-
tricular cardiac myocytes. The level of b1D integrin in the heart was reduced to
18% of control levels. These mice were viable, but displayed myocardial fibrosis
at age 5 weeks that by age 6 months had developed into a dilated cardiomyopa-
thy (Shai et al. 2002). Transgenic mice expressing a dominant-negative form of
b1 integrin, in which the extracellular domain of CD4 is fused to the transmem-
brane and cytoplasmic domain of b1 integrin, die around birth and display fi-
brotic changes in the heart. Lower levels of the transgene lead only to hypertro-
phic changes in the heart (Keller et al. 2001). Replacement of b1D with b1A in the
heart results in mild cardiac defects, with increased levels of atrial natriuretic
peptide (ANP), a vasorelaxant diminishing volume overload and hypertension.
The increased expression of ANP suggests that the b1A subunit, at least in the
heart, is not fully compensating for b1D (Baudoin et al. 1998). During embryonic
development, a5b1 integrin is expressed in adhesion plaque-like structures along
the myotube (Lakonishok et al. 1992), but gets downregulated in adult muscle.
Mice deficient for a5 integrin die due to mesodermal defects even before muscle
is formed. Chimeric mice with a high contribution of a5-null myoblasts to the
muscle develop muscular dystrophy, characterized by giant muscle fibers, vac-
uoles, centrally located nuclei, and reduced adhesion and survival of a5-null my-
oblasts (Taverna et al. 1998). Overexpression of a constitutively active form of
a5 integrin in the heart results in electrocardiographic abnormalities, cardiomy-
opathy, and death within 1 month after birth (Valencik and McDonald 2001).

Integrin a7b1 is the most abundant integrin in skeletal muscle and expressed
during all stages of muscle development (Bao et al. 1993; George-Weinstein et
al. 1993). In skeletal muscle, it binds to laminin 2 and laminin 4 (von der Mark
et al. 1991; Yao et al. 1996; Sch�ber et al. 2000). Integrin a7 mRNA undergoes
tissue-specific and developmentally-regulated alternative splicing in its intra-
and extracellular domain (Collo et al. 1993; Song et al. 1993; Ziober et al. 1993;
Martin et al. 1996). Mice deficient for a7b1 show a progressive muscular dystro-
phy with a disruption of the myotendinous junctions (Mayer et al. 1997). Ultra-
structurally, interdigitations at the myotendinous junctions are lost and myofila-
ments retract from the sarcolemmal membrane, basement membranes are
broadened and laminin a2 is mislocalized. The lateral side of the myofibers re-
mains morphologically normal. In contrast, mice that lack dystrophin have nor-
mal myotendinous junctions but lesions at the lateral side of the myotube, sug-
gesting that a7b1 is a major organizer of the myotendinous junction, whereas
the dystrophin–glycoprotein complex is important for lateral adhesion of mus-
cle cells (Miosge et al. 1999). Mutations in the a7 gene have also been identified
in patients suffering from congenital myopathies characterized by delayed mo-
tor milestones (Hayashi et al. 1998). A similar phenotype with congenital mus-
cular dystrophy occurs also in man and mouse when laminin a2 expression is
lost (Hodges et al. 1997). Mice that lack both dystrophin and utrophin develop a
severe muscular dystrophy similar to Duchenne muscular dystrophy. Twofold
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overexpression of a7 integrin partially compensates for the absence of the dys-
trophin- and utrophin-mediated linkage systems and alleviates many of the
symptoms (Burkin et al. 2001). Integrin a4b1 had been implicated in the forma-
tion of secondary myotubes (Rosen et al. 1992). However, neither a4-null chi-
meric mice nor a4-null embryoid bodies show defects in myotube development
(Yao et al. 1996). Similarly, no abnormalities in muscular developmental were
observed upon deletion of VCAM-1, a ligand for a4b1 integrin (Gurtner et al.
1995; Kwee et al. 1995). Single deletions of a1, a3, a4, a6, a9, and av integrins also
do not result in perturbation of muscular development.

9
Skeleton

Chondrocytes, bone-depositing osteoblasts, and bone resorbing osteoclasts are
the major cell types of the skeleton and express a number of integrin receptors
at their surfaces. Chondrocytes express a1b1, a2b1, a3b1, a5b1, a6b1, a10b1, avb3,
and avb5 integrins (D�rr et al. 1993; Loeser et al. 1995; Salter et al. 1995; Camper
et al. 2001). Integrins a1b1, a2b1 (D�rr et al. 1993), and a10b1 (Camper et al.
1998) bind to type II collagen; a1b1 interacts with matrilin-1 (Makihira et al.
1999) and collagen type VI (Loeser 1997), a2b1 binds to chondroadherin (Camp-
er et al. 1997); a5b1 and a6b1 have been shown to interact with fibronectin and
laminin-1, respectively (D�rr et al. 1993; D�rr et al. 1996); and avb3 and avb5

are putative receptors for fibronectin, vitronectin, and osteopontin (D�rr et al.
1993).

The majority of mice with a deletion of the b1 gene in chondrocytes die at
birth and develop severe chondrodysplasia characterized by disproportionate
dwarfism, disorganized growth plate, abnormal chondrocyte morphology, im-
paired differentiation, reduced proliferation, increased apoptosis, and perturba-
tion of cytokinesis giving rise to an increased number of binucleated cells
(Asz�di et al. 2003). Mice lacking fibronectin specifically in cartilage develop
without apparent skeletal abnormalities (Asz�di et al. 2003). These data suggest
an essential role for b1 integrin binding to type II collagen for the process of en-
dochondral ossification (Asz�di et al. 2003).

Integrin b1 Integrin function in bone generation was tested using transgenic
mice expressing a dominant-negative b1 integrin subunit under the control of
the osteoblast-specific osteocalcin promoter. The mice display a decreased rate
of cortical bone formation and reduced bone mass of cortical and flat bones.
Bone mass becomes normal in older male mice, but not in female mice (Zim-
merman et al. 2000). Deletion of a1 or a2 results in no skeletal phenotype de-
spite the severe phenotype with the absence of b1 integrin. No reports have been
published for the deletion of a10 integrin. This suggests compensation between
the different collagen II binding integrin receptors, or a major role for a10b1.

Single deletion of a3 or a6 integrin subunits results in no obvious skeletal ab-
normalities. However, a3/a6 double-knockout mice display exencephaly due to
incomplete neural tube closure, kinked tail, and limb anomalies (De Arcangelis

Analysis of Integrin Function by Gene Targeting in Mice 209



et al. 1999). Detailed analyses of the limb anomalies revealed discontinuity of
the surface ectoderm of the distal limb and defective formation of the AER,
shortening and abnormal shape of the long bones, lack of digit separation, and
fusion of phalanges between digits 2 and 3. Since single a3 or a6 mutants do not
show such defects, the observations suggest redundancy of these integrins in
the AER and the limb bud. Abnormalities of the distal limbs similar to the a3/a6

double knockout are present in laminin a5 knockout mice (Miner et al. 1998),
indicating that a3 and a6 integrins are the major cell surface receptors for a5

laminin chains in the distal limb ectoderm.
Mice deficient in b3 integrin suffer from osteosclerosis and hypocalcemia

(McHugh et al. 2000) because osteoclasts fail to form the proper ruffled mem-
brane important for their resorptive function. Osteoclasts deficient for b3 inte-
grin fail to spread in culture and lack the characteristic cortical actin rings, sug-
gesting that avb3-mediated signals are important for the organization of cyto-
skeleton in these cells. No skeletal abnormalities during embryonic development
have been reported after deletion of the av subunits (Bader et al. 1998).

10
Kidney

Integrin a8b1 is essential for kidney development. Mice carrying a deletion of
the a8 integrin subunit show abnormal growth and branching of the ureteric
bud and defective recruitment of mesenchymal cells into epithelial structures
(M�ller et al. 1997). The phenotype varies in different mouse strains, presum-
ably due to modifier genes (M�ller et al. 1997). Integrin a8b1-deficient mice
which survive to adulthood display an increased susceptibility to glomerular
capillary destruction after experimentally induced desoxycorticosterone-salt hy-
pertension, indicating that mesangial a8 integrin contributes to maintaining the
integrity of the glomerular capillary tuft during mechanical stress (Hartner et
al. 2002). Integrin a8b1 can bind fibronectin, tenascin-C, vitronectin, osteopon-
tin, and nephronectin. Fibronectin, tenascin-C and vitronectin are, however, not
expressed during this stage of kidney development. Osteopontin, which also
binds a8b1, had been proposed as the a8b1 ligand in kidney, but osteopontin-
null mice develop no apparent phenotype in the kidney (Denda et al. 1998;
Rittling et al. 1998). Nephronectin was recently identified as a new ligand for
a8b1 in kidney and might be involved in the phenotype of the a8b1-deficient
mouse (Brandenberger et al. 2001). It will be interesting to see whether a loss of
nephronectin mimics the a8-null phenotype in kidney.

Apart from a8b1 integrin, only a3b1 mutants show a kidney-related pheno-
type. Integrin a3-deficient mice display a disorganization of the glomerular
basement membrane. Glomerular podocytes seem unable to form mature foot
processes, suggesting that a3 integrin might be important for basal membrane
organization. The phenotype might, however, also result from an abnormal for-
mation of the capillary structure of the glomerulus.
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11
Skin

Human keratinocytes express several integrins, including a2b1, a3b1, a5b1, a9b1,
a6b4, and avb5 (Adams et al. 1991; Hertle et al. 1991). Basal keratinocytes adhere
to the basement membrane via specialized adhesion junctions called hemides-
mosomes. Keratinocytes that become committed to terminal differentiation de-
tach from the basement membrane, migrate into the suprabasal layers, and ter-
minally differentiate to form the stratum corneum. Binding to the basement
membrane is mainly dependent on a6b4, while a3b1 seems to be more involved
in migration of keratinocytes. In the absence of both a3 and a6 or b4 integrin,
basal keratinocytes can initially attach to the basal lamina and proliferate, indi-
cating additional adhesion mechanisms (DiPersio et al. 2000). A candidate re-
ceptor for maintaining adhesion and proliferation could be a-dystroglycan.

Mutations in the a6 or b4 integrin genes in humans cause epidermolysis bul-
losa. Patients suffer from severe blister formation leading, in most cases, to ear-
ly postnatal lethality (Vidal et al. 1995; Pulkkinen et al. 1997; Pulkkinen and
Uitto 1999). A similar perinatal lethal phenotype with absence of hemidesmo-
somes and subsequent detachment of the epidermis is seen in a6- and b4-defi-
cient mice. No disruption of the basal lamina has been observed in these mice
(Dowling et al. 1996; Georges-Labouesse et al. 1996; van der Neut et al. 1996).
Deletion of one of the subchains of laminin-5, the ligand for a6b4 integrin, leads
to lethal junctional epidermolysis bullosa in patients (Pulkkinen and Uitto
1999). Mice lacking laminin a3 develop severe blistering of the skin and abnor-
mal hemidesmosomes without involvement of the basal lamina (Ryan et al.
1999).

A disruption of the basement membrane occurs in mice deficient for a3. The
mice die perinatally due to defects in kidney and lung organogenesis (Kreidberg
et al. 1996), but also show mild blisters caused by rupture of the basement
membrane (DiPersio et al. 1997). Keratinocyte-restricted deletion of the b1 inte-
grin gene during early development results in perinatal lethality. These mice dis-
play severe blister formation of the skin with failure of basement membrane as-
sembly and hemidesmosome instability (Raghavan et al. 2000). If keratinocyte-
specific deletion of the b1 integrin gene occurs around birth, keratinocytes with
an aberrant morphology and reduced proliferation rate can be observed. They
are, however, still able to terminally differentiate (Brakebusch et al. 2000). Mi-
gration and adhesion of b1-null keratinocytes to collagen type I, laminin 1 and
collagen type IV is impaired (Grose et al. 2002). Mice deficient for b1 integrin in
keratinocytes show severe defects in wound healing, with a delayed re-epithe-
lization of the wound and an abnormal epithelial architecture after healing
(Grose et al. 2002).
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12
Tumorigenesis

Integrin functions are not only important for physiological processes, but also
for tumor growth, invasion and metastasis, and for tumor-related processes
such as angiogenesis and immune defense against tumors. Although there are
numerous papers describing the functions of integrins for tumorigenesis in vit-
ro, there is currently only limited data generated from the in vivo situation.

In epithelial cells, engagement of a6b4 promotes cell cycle progression by re-
cruitment of the adapter protein Shc to the a4 cytoplasmic domain with subse-
quent activation of the Ras-MAPK cascade (Mainiero et al. 1995; Mainiero et al.
1997). It was also shown that expression of this integrin in a6b4-deficient breast
carcinoma cells markedly enhances their invasive potential through a preferen-
tial targeting of PI3 K activity (Shaw et al. 1997). In addition, a6b4 can promote
the PKB/Akt-dependent survival of carcinoma cells that lack functional p53
(Bachelder et al. 1999).

Following the hepatocyte growth factor (HGF) binding to Met or upon Met
constitutive activation, neoplastic cells become invasive and start to form me-
tastases (Jeffers et al. 1996; Meiners et al. 1998). Physical association between
a6b4 integrin and Met tyrosine kinase has been shown. Upon Met activation, b4

is tyrosine phosphorylated and combines with Shc and PI3 K. This binding ac-
tivity of a6b4 is independent of the integrin adhesive role and resides in the b4

cytoplasmic domain. In b4-deficient cells or, if Shc recruitment is prohibited,
Met is unable to activate the signaling pathways above the threshold level re-
quired for induction of invasive growth and metastasis (Trusolino et al. 2001).

While overexpression of a6b4 increased the invasive potential of tumor cells
in the skin, overexpression of a3b1 has the opposite effect. Integrins a3b1 and
a2b1 have been implicated in the invasive growth of squamous cell carcinomas
because of their altered expression in tumor cells (Stamp and Pignatelli 1991).
Ectopic expression of a3b1 integrin in the suprabasal epidermal layers results in
a lower frequency of conversion of experimentally induced papillomas to malig-
nant squamous cell carcinomas compared to a2b1 transgenic or wild-type mice.
In addition, a3b1 transgenic papillomas displayed a diminished proliferative ca-
pacity and higher grade of differentiation (Owens and Watt 2001).

The influence of b1 integrin on metastasis and tissue invasion has been inves-
tigated by tail vein injection of Ras-Myc transformed fibroblast b1-null and b1-
expressing cell lines. Fibroblasts expressing b1 integrins formed bigger lung me-
tastases and additional small metastases in the liver (Brakebusch et al. 1999).
ESb murine T lymphoma cells invade muscle tissues and meninges after the loss
of b1 integrin (Stroeken et al. 1998), suggesting that b1 integrin expression has
an influence on the localization of forming metastases.

Epithelial cells that are not attached to matrix undergo apoptosis (Ruoslahti
and Reed 1994). An additional cell survival signal, which is independent of cell
adhesion by other integrins, has been described for b1 and b3 integrins. Tumor
cells which express b1 or b3 integrins undergo apoptosis when the integrins are
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not bound to an extracellular ligand. Apoptosis is induced independent of cell
adhesion and is achieved by activation of caspase 8 by the cytoplasmic tails of
b1 and b3 integrin (Stupack et al. 2001).

Integrins are also involved in immune defense against tumor cells. Peripheral
mononuclear cells (PMN), which attack tumor cells, require aMb2 for the FcR-
mediated cytotoxicity. PMNs deficient for aLb2 integrins exhibit defective
spreading on Ab-coated targets, impaired formation of immunologic synapses,
and absent antibody-dependent cellular cytotoxicity, which is important for tu-
mor cytolysis (van Spriel et al. 2001). Mice deficient for aLb2 integrin normal
cytotoxic T cell responses against systemic infections. However, they do not re-
ject immunogenic tumors grafted into footpads and do not demonstrate prim-
ing response against tumor-specific antigen. Thus, aLb2 deficiency causes a se-
lective defect in induction of peripheral immune responses whereas responses
to systemic infection are normal (Schmits et al. 1996).

13
Summary and Perspective

Gene targeting techniques have become a valuable tool to analyze protein func-
tion in vivo and to reevaluate data that have been produced in vitro. Almost all
integrin subunits have been deleted up to date by conventional gene targeting
techniques and analysis of these mice has confirmed many in vitro findings,
and has also revealed new aspects of integrin function.

Conventional targeting techniques allow insights in integrin function in em-
bryonic development and also help to establish cell lines which can be used to
study in vivo observations at a molecular level in vitro. Redundancy between
different integrin receptors can be investigated by the generation of double
kockouts.

However, due to embryonic lethality, integrin function in specific embryonic
and adult tissues or in aging, wound healing, tumor development, and degener-
ative processes cannot easily be addressed. Conditional gene targeting ap-
proaches have allowed researchers to investigate the function of embryonic-le-
thal integrins in adult tissues. Conditional targeted mice have thus far only been
generated for b1 integrin. However, the published data show the power of the
approach by highlighting b1 integrin function during skeletal development,
brain and peripheral nerve development, hematopoiesis, heart function, and
wound healing (Brakebusch et al. 2000, 2002; Potocnik et al. 2000; Raghavan et
al. 2000; Graus-Porta et al. 2001; Feltri et al. 2002; Grose et al. 2002; Shai et al.
2002; Asz�di et al. 2003).

Drawbacks of conditional gene targeting lie in the availability of Cre express-
ing mouse strains. Onset of expression and specificity of Cre expression are de-
pendent on the transgenic line and might not always correspond to the required
and desired expression pattern. Cre expression in spermatids can result in chro-
mosomal rearrangements, which are not restricted to the inserted loxP sites
(Schmidt et al. 2000; Loonstra et al. 2001). Recombination frequencies depend
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on the achieved levels of Cre expression, and in addition, they differ from gene
to gene. Cre mouse strains that result in a very high recombination frequency
on one gene locus might prove less efficient on another one. Finally, cells that
are still expressing the targeted protein might compensate for the protein loss
in the targeted cells (Vooijs et al. 2001).

Gene targeting techniques are not only confined to the ablation of specific
genes. The generation of knock-in mouse strains carrying distinct mutations
enables the analysis of integrin signaling in vivo, which has so far been mainly
restricted to cell culture experiments (Baudoin et al. 1998). Thus, the analysis of
integrin function in specific processes will enhance our understanding of such
central mechanisms as cell migration, proliferation, and differentiation but also
of more complex processes such as tissue remodeling, thrombosis, tumor devel-
opment, and inflammation.
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Abstract The release of neurotransmitter molecules from synaptic vesicles is of
outmost importance for the communication between cells in the nervous sys-
tem. Before their fusion with the plasma membrane, vesicles undergo a multi-
step process which is tightly regulated by a large number of proteins. After fu-
sion, a similarly complex protein machinery is involved in the recycling of the
vesicle membrane. In addition, many proteins modulate the amount of neuro-
transmitter being released, accounting at least in part for the tremendous plas-
ticity of human brain function. Here we review the current knowledge that has
been gained by the targeted disruption of genes encoding presynaptic proteins
in mice. In the first chapters, we discuss those proteins which have been as-
signed to a specific step in the synaptic vesicle cycle. In particular, we cover pro-
teins involved in transmitter and ion transport into synaptic vesicles, in synap-
tic vesicle docking and priming, in Ca2+ signaling and sensing, and in the fusion



process itself. Next, we discuss proteins which are not required for neurotrans-
mitter release, but which modulate its extent and thus most likely play a role in
synaptic plasticity. Finally, we review what is known about pharmacological
tools which interfere with neurotransmitter release. It can be expected that the
use of transgenic mouse models will continue to increase over the coming years
and that this strategy will help to finally unravel the secrets of neurotransmitter
release.

Keywords Neurotransmitter release · Secretion · Synaptic transmission ·
Exocytosis · Endocytosis · Docking · Priming · Fusion · Synaptic plasticity

1
Introduction

The complexity of our central nervous system is what distinguishes humans
from other animals on our planet. In this context, the distinguishing factor is
not simply the sheer size of the brain (dolphins, for example, have a larger brain
than humans) or the number of nerve cells present. Rather, differences in the
wiring patterns between nerve cells that form functional networks as well as
subtle differences in the function and regulation of genes and/or proteins in-
volved in central nervous system processes appear to account for the striking
computing power of the human brain in comparison to other nervous systems.

The connecting part between two nerve cells is called a synapse, and each of
the 100 billion nerve cells in our brain forms on average about 1,000 synapses
with other nerve cells. The interplay of neurons within this gigantic network,
i.e., the temporal and spatial organization of the signals they communicate,
leads ultimately to behavior and higher brain functions like self-awareness or
language. It is evident that such a complex system is prone to various levels of
dysfunction, expressed in severe disorders like epilepsy, depression, schizophre-
nia, Parkinson�s disease, or Alzheimer�s disease. Thus, in order to understand
human brain function and the accompanying disorders, one first has to under-
stand the basic mechanisms underlying communication between nerve cells.
This communication process occurs at the synapse and is called synaptic trans-
mission. The sending (presynaptic) nerve cell releases neurotransmitter into the
synaptic cleft through Ca2+-dependent fusion of synaptic vesicles with the pre-
synaptic membrane, and the receiving cell transduces this chemical signal back
into an electrical one through opening of neurotransmitter-gated ion channels
on the postsynaptic membrane. It is widely accepted that modulation of synap-
tic strength in either positive or negative direction forms the molecular basis of
the plasticity of the human brain, which underlies learning and memory pro-
cesses as well as multiple pathophysiological alterations of brain function.

Plastic modulation of synaptic transmission is achieved in vivo through a
multitude of pre- and postsynaptic processes. With a special focus on mutant
mouse models used as research tools, we summarize here the remarkable pro-
gress that has been made over the past few years in understanding the composi-
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tion of the molecular machinery that mediates and modifies neurotransmitter
release from the presynaptic cell. Some of the proteins discussed in this context
are possible targets for pharmacological interventions aiming at the therapeutic
interference with the transmitter release process in neurological and psychiatric
diseases.

2
The Synaptic Vesicle Cycle

As mentioned above, synaptic transmission starts with the fusion of a synaptic
vesicle with the presynaptic plasma membrane. The release of the neurotrans-
mitter from the interior of the synaptic vesicle is initiated by the opening of pre-
synaptic Ca2+ channels which are gated by the action potential-induced depolar-
ization. These channels are not distributed evenly over the entire presynapse,
but are highly localized to a small membrane area called active zone (Heuser
and Reese 1973; Heuser et al. 1974). The active zone can be visualized by elec-
tron microscopy as a dense thickening of the presynaptic membrane that is
caused by the enrichment of electron-dense, proteinaceous material. Just like
the opposing postsynaptic density, the active zone represents a specialized area,
since it is the only area of the presynaptic membrane where fusion of synaptic
vesicles occurs. Consequently, the active zone has to contain a large variety of
proteins which mediate and maintain the exocytotic process. Indeed, research
over the last decade has identified many proteins which are localized to the ac-
tive zone. Some of these are expressed exclusively in that area, and those mole-
cules are thought to fulfill specific functions related to Ca2+ dependent fusion of
synaptic vesicles (Garner et al. 2002; see below).

The presynaptic terminal represents the endpoint of a nerve cell axon, and as
such can be centimeters away from the cell soma where new proteins are syn-
thesized. Therefore, the availability of presynaptic proteins mediating fusion
would soon become a rate-limiting problem if the proteins involved would be
used only for a single round of fusion. The cell circumvents this potential prob-
lem by recycling the synaptic vesicle membrane with its protein components
through Clathrin-mediated endocytosis (Brodin et al. 2000; see Fig. 1). The re-
trieval of fused vesicle membrane occurs about a micrometer away from the
edge of an active zone. It starts with the binding of the tetrameric adaptor pro-
tein (AP)-2 to this membrane area (Schmid 1997), probably aided by the inter-
action of AP-2 with the synaptic vesicle membrane protein synaptotagmin
(Haucke and De Camilli 1999), phosphoinositides and phospholipase D. AP-2
attaches the clathrin coat consisting of hexagons and pentagons of clathrin and
the monomeric adaptor protein AP-180 to the plasma membrane. Accessory
proteins like endophilin are then required to generate invaginated coated pits
(Ringstad et al. 1999; Schmidt et al. 1999), before the neck region narrows and
the vesicle pinches off—a process called fission—with the help of other accesso-
ry proteins like dynamin and amphiphysin (Schmid et al. 1998; Takei et al.
1999). After the endocytic vesicle has left the plasma membrane, it is rapidly
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uncoated by the uncoating ATPase Hsc70 and auxilin (Ungewickell 1999). Most
likely, synaptojanin, a polyphosphoinositide phosphatase, is also involved in
this process (Cremona et al. 1999).

The majority of uncoated vesicles then passes through a second process of
fusion and budding with the endosomal membrane, aided by the synaptic vesi-
cle proteins Rab5 and Vti1 (Fischer von Mollard et al. 1994; Antonin et al.
2000). An alternative endocytic pathway is the direct return to the release site as
a fully functional synaptic vesicle (Cremona and De Camilli 1997; Gad et al.
1998; Murthy and Stevens 1998; see Fig. 1). Recently, a third alternative has been
postulated in which a small population of synaptic vesicles do not fuse entirely
with the plasma membrane and thus do not undergo clathrin-mediated endocy-
tosis, but remain after their partial emptying at the release site and can immedi-
ately repeat their partial fusion (Pyle et al. 2000; Stevens and Williams 2000).
This attractive hypothesis has been termed “reuse mechanism” (Pyle et al. 2000)
or, reminiscent of the hotly debated kiss-and-run mechanism, the “kiss-and-stay
mechanism” (S�dhof 2000). The overall physiological picture emerging from
these different vesicle cycles is that the largest pool of vesicles recycles through

Fig. 1 Synaptic vesicles undergo a cyclic process in the presynaptic terminal. After refilling with neuro-
transmitter and acidification, they translocate to the active zone of the plasma membrane where they
are anchored through a process called docking. Docked vesicles are then rendered fusion-competent by
a process called priming. Elevation of intraterminal [Ca2+] through opening of voltage-gated calcium
channels leads to fusion of synaptic vesicles with the plasma membrane and the release of neurotrans-
mitter into the synaptic cleft. The vesicle membrane is then retrieved through clathrin-mediated endo-
cytosis, and the majority fuses with endosomal compartments in the presynapse. Alternatively, empty
vesicles can be directly refilled with neurotransmitter without passing through endosomes. Note that
the third endocytotic pathway mentioned in the text, the “kiss-and-stay-mechanism,” has been omitted
in this figure for clarity
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endosomes but contributes very little to release while the small resident pool is
the most active in release.

Before reuse, synaptic vesicles have to be re-filled with neurotransmitter mo-
lecules. This uptake mechanism is mediated by the corresponding neurotrans-
mitter transporters (Liu and Edwards 1997; Eiden 2000; Iversen 2000) and is
driven by an electrochemical gradient that is generated by a vacuolar proton
pump consisting of at least 13 subunits (Stevens and Forgac 1997). The neuro-
transmitter-filled vesicle then translocates to the active zone, a process in which
the synaptic vesicle protein synapsin plays an instrumental role (Hilfiker et al.
1999; Ferreira and Rapoport 2002). At the active zone, the vesicle is anchored to
its future release site at the plasma membrane through a process called docking
(see Fig. 1). Although the docking process can be nicely visualized with evanes-
cent-field fluorescence microscopy, where it is characterized by a large reduc-
tion in lateral mobility of the vesicle (Steyer and Almers 1999; Oheim and St�h-
mer 2000), little is known about the molecules involved in this step. Docked ves-
icles, however, are not ready to fuse upon Ca2+ influx, but have to be rendered
fusion-competent by a process called priming. Considerable progress has been
made over the last few years in identifying priming factors, and members of the
presynaptic Munc13 protein family appear to be essential for this reaction
(Brose et al. 2000; see below). Once vesicles have been primed, they enter the re-
lease-ready pool from which they can fuse in a Ca2+- and SNARE protein-depen-
dent manner.

3
Mouse Genetic Analysis of the Presynaptic Transmitter Release Process:
The Pros and Cons

The presynaptic transmitter release machinery is one of the most extensively
studied functional protein networks in nerve cell biology. Indeed, due to their
ideal biochemical accessibility, synaptic vesicles, the key cellular organelles in
the transmitter release process, are among the best characterized subcellular
compartments, with most of their protein components biochemically identified
and cloned (Fernandez-Chacon and S�dhof 1999). Complementing this infor-
mation, numerous plasma membrane or active zone resident and cytosolic pro-
teins have been identified as mediators or important regulators of neurotrans-
mitter release (Garner et al. 2002).

With the advent of the gene knockout technology, the phase of identification
and cloning of presynaptic proteins involved in neurotransmitter release, which
started in the early 1980s, has been followed by a wave of mouse genetic studies
on proteins involved in presynaptic function. Since publication of the synapsin
1 knockout in 1993 (Rosahl et al. 1993), over 30 genes coding for protein com-
ponents of the neurotransmitter release machinery have been deleted or mutat-
ed in mice (Table 1). The information yielded by these studies has been of ex-
traordinary importance for our current understanding of the mechanisms of
neurotransmitter secretion.
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In the past, the gene knockout approach to the study of presynaptic function
has received repeated criticism which focused on three principal pitfalls: (1) re-
dundancy of protein function, because other isoforms or pathways may com-
promise the result of a single knockout; (2) for proteins with multiple functional
domains participating in distinct processes, the deletion mutant phenotype may
have a mixed character and may be difficult to interpret; and (3) for a protein
with multiple essential functions, developmentally later roles may not be uncov-
ered by a standard knockout. However, all these limitations can be—and in
many cases have been—overcome by using alternative approaches and more so-
phisticated technology.

Ten years of gene knockout studies on presynaptic function have shown that
the problem of redundancy is eminent because almost all proteins involved in
the control of neurotransmitter release belong to complex families of multiple
isoforms. As a consequence, elimination of even some of the most abundant
presynaptic proteins is of surprisingly little functional consequence as is evident
from the phenotypes of synaptophysin 1 (Eshkind and Leube 1995; Mcmahon et
al. 1996), synaptogyrin 1 (Janz et al. 1999a), synapsin 1 or synapsin 2 (Rosahl et
al. 1993, 1995; Chin et al. 1995; Li et al. 1995; Terada et al. 1999), SV2A or SV2B
(Janz et al. 1999b; Crowder et al. 1999), complexin 1 or complexin 2 (Reim et al.
2001), and Munc13-2 or Munc13-3 knockouts (Augustin et al. 2001; Varoqueaux
et al. 2002). However, subsequent studies showed that in all these cases the prob-
lem of redundancy can be circumvented by introducing multiple knockouts in a
gene family, thus revealing interesting insights into the complex functional in-
terplay between members of the respective families (Rosahl et al. 1995; Janz et
al. 1999a,b; Reim et al. 2001; Varoqueaux et al. 2002). With respect to the func-
tional analysis of individual protein domains, introduction of point mutations
into proteins by homologous recombination has proved to be a powerful re-
search tool. In the case of synaptotagmin 1, this approach has identified the C2A
domain as a key regulatory module involved in the Ca2+ sensing function of
synaptotagmin 1 (Fernandez-Chacon et al. 2001 and 2002; see below). Likewise,
the introduction of a point mutation into the C1 domain of Munc13-1 has led to
the identification of this protein as the only relevant presynaptic target of the
diacylglycerol second messenger pathway (Rhee et al. 2002; see below). Al-
though it has not been applied in the context of deletion mutations in genes
coding for components of the presynaptic release machinery, the technology of
inducible and tissue-specific knockouts allows a spatially and temporally more
restricted and detailed analysis of knockout phenotypes.

An additional, frequently mentioned point of criticism with respect to the
use of knockouts in the analysis of presynaptic function (as well as in other re-
search areas) concerns the chronic nature of knockouts, together with the possi-
bility of compensation mechanisms coming into play (Augustine et al. 1996). In
this context, experimental approaches such as interference with protein expres-
sion and function using antisense oligonucleotides, RNAi, or peptide, protein
and antibody injections are propagated as alternatives that may surpass the use-
fulness of gene knockouts in mice. However, in the case of antisense experi-
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ments and RNAi, the time between the respective manipulation and the assay of
effects is in the range of days, and therefore not dramatically different from the
time scale of brain development in utero. Moreover, attempts to perturb presyn-
aptic function in various preparations by protein or antibody injection are char-
acterized by a number of caveats, including the problem of in vivo specificity of
the corresponding peptides, proteins, and antibodies in use. With respect to
“compensatory” changes in protein levels after gene knockout, such compensa-
tory upregulation of homologous isoforms after elimination of a particular pro-
tein family member is rare. In the case of the deletion of the a1A subunit of the
P/Q-type Ca2+ channel, functional compensation via upregulation of N-type and
R-type channels has been described (Jun et al. 1999; Aldea et al. 2002). However,
it is currently unknown whether this compensation is based on changes at the
transcriptional or translational level or caused by altered channel protein stabil-
ity or modulation (Jun et al. 1999; Aldea et al. 2002). What is frequently ob-
served after deletion of genes encoding presynaptic proteins is the parallel
destabilization/downregulation of proteins that are not structurally related to
the deleted protein but function in the same molecular pathway (e.g., in the case
of synapsin 1/2, synaptophysin 1, Munc18-1, Munc13-1, or RIM1 knockouts;
Rosahl et al. 1993, 1995; McMahon et al. 1996; Verhage et al. 2000; Augustin et
al. 2001; Betz et al. 2001; Schoch et al. 2002). It is questionable whether in any of
the documented cases the altered protein levels serve to ameliorate an otherwise
more deleterious phenotype or whether these changes likely contribute to the
mutant phenotype and thus compromise the interpretation of the phenotype
observed (see, e.g., Schoch et al. 2002). Rather, concomitant changes in the lev-
els of proteins that are functionally but not structurally related to the deleted
protein have provided interesting insights into functional protein networks that
had previously been unknown (e.g., in the case of Munc13-1, RIM1, and com-
plexin 1; Augustin et al. 1999; Reim et al. 2001; Betz et al. 2001; Schoch et al.
2002).

A major advantage of mouse gene knockout studies in the analysis of trans-
mitter release mechanisms is the fact that phenotypic changes can readily be
studied in cultured nerve cells. As a consequence, even (or particularly) perina-
tally lethal phenotypes are very informative, since neurons can be cultured from
late embryonic stages and analyzed electrophysiologically, morphologically, and
biochemically in culture. Moreover, novel viral transfection technologies can be
applied in cultured nerve cells from knockout mice, thus allowing rescue exper-
iments and structure–function analyses of relevant protein domains on the dele-
tion mutant background. Indeed, the combination of gene knockout and viral
rescue experiments using the Semliki Forest Virus system has allowed a speed,
detail, and complexity of genetic analysis of transmitter release mechanisms in
cultured mouse neurons which approaches a level that is otherwise only
achieved in genetically more amenable model organisms such as Caenorhabditis
elegans and Drosophila (Betz et al. 2001; Rhee et al. 2002; Rosenmund et al.
2002).
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4
Insights from Mouse Genetic Analyses
of the Presynaptic Transmitter Release Process

Table 1 summarizes the current literature on gene knockout studies involving
proteins that are relevant for the transmitter release process. In several cases,
the observed phenotypic changes are surprisingly mild and do not allow us to
define a molecular function for the proteins studied. Interestingly, in some cases
the apparent lack of phenotypic changes contradicts theories on the essential
function of the deleted proteins that had been based on numerous biochemical
and cell biological studies. Examples include synaptophysin 1 (Eshkind and
Leube 1995; McMahon et al. 1996) or rabphilin 3A (Schl�ter et al. 1999), but
have to be interpreted with caution because of the possible presence of function-
ally redundant homologues (Janz et al. 1999a). Indeed, it is likely that the role
of proteins whose deletion in mice has so far not provided the expected func-
tional insights will be determined once systematic mouse genetic studies involv-
ing other members of the corresponding gene family reach completion (as has
been the case with complexins or Munc13s; Augustin et al. 1999, 2001; Reim et
al. 2001; Rosenmund et al. 2002; Varoqueaux et al. 2002).

While the “curse” of redundancy may have compromised the interpretation
of certain deletion mutant phenotypes, it is not a general problem. Rather, many
knockout analyses have initially led to a cell biological and physiological charac-
terization of the functional role of the proteins under investigation, thus allow-
ing researchers to relate the particular protein to a defined trafficking step in
the transmitter release process. Subsequent studies based on the initial charac-
terization of these mutant phenotypes, some involving the knockout/viral rescue
approach discussed above, have then resulted in a detailed molecular model of
protein function. In the following section, we are discussing some of the most
informative gene knockout studies of presynaptically relevant proteins with a
focus on recent developments (for related reviews on earlier knockout studies in
mice see Brose 1998; Fernandez-Chacon and S�dhof 1999).

4.1
Transmitter and Ion Transport into Synaptic Vesicles

The energy needed for the uptake of neurotransmitters into synaptic vesicles is
provided by a vacuolar-type proton pump which generates an electrochemical
gradient across the vesicle membrane. Depending on the type of transmitter car-
rier present on the vesicle, the DpH or the DY component of this electrochemi-
cal gradient is utilized for transmitter uptake (Reimer et al. 1998). The primary
structures of several mammalian vesicular glutamate (VGLUT1–3; Ni et al. 1994;
Aihara et al. 2000; Takamori et al. 2001; Gras et al. 2002), g-aminobutyric acid
(GABA) (VGAT; Mcintire et al. 1997; Sagne et al. 1997), and monoamine trans-
porters (VMAT1 and 2; Erickson et al. 1992; Liu et al. 1992) are known. Vesicle
acidification and uptake of certain transmitters require flux of counterions, in
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particular Cl
 (Maycox and Jahn 1990). Accordingly, synaptic vesicles contain at
least one type of Cl
 channel, ClC-3 (Stobrawa et al. 2001). In addition, trans-
porters for Zn2+ (Palmiter et al. 1996) and other proteins with structural homol-
ogy to transporter proteins but unknown function (e.g., SV2) are present on
synaptic vesicles (Lowe et al. 1988).

Among the neurotransmitter transporter genes, only the VMAT2 gene has
been deleted in mice (Fon et al. 1997; Takahashi et al. 1997; Wang et al. 1997;
Fumagalli et al. 1999; Itokawa et al. 1999; Travis et al. 2000; Uhl et al. 2000).
While homozygous mutants show a perinatally lethal phenotype, heterozygous
animals survive into adulthood, are viable and fertile, but show increased mor-
tality. Interestingly, heterozygous VMAT2 deletion mutant mice are character-
ized by reduced catecholamine release, which is indicative of reduced transmit-
ter uptake and shows that the activity of vesicular neurotransmitter transporters
may be rate-limiting (Takahashi et al. 1997). Heterozygous VMAT2 mutants
show increased heart rates and blood pressure under anesthesia, as well as in-
creased QT intervals in telemetrically measured EKGs, which could be the basis
of the increased mortality observed (Takahashi et al. 1997; Itokawa et al. 1999).
In addition, heterozygous VMAT2 mutants exhibit strikingly altered responses
to various pharmacological agents that target monoaminergic transmission: in-
creased amphetamine- and cocaine-induced locomotion, increased metham-
phetamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxicity,
and reduced amphetamine reward and sensitization to amphetamine. Moreover,
heterozygous VMAT2 mutants display enhanced age-related changes. In view of
these data, one focus of current research on VMAT2 function is on polymor-
phisms in the human VMAT2 gene and their possible role in variant drug re-
sponses and diseases such as Parkinson�s disease or substance abuse (Uhl et al.
2000).

As mentioned above, synaptic vesicles contain channels/carriers for several
different ions, some of which are necessary for normal transmitter uptake activ-
ity. The broadly expressed ClC-3 Cl
 channel, for example, is specifically local-
ized to synaptic vesicles and endosomal compartments of neurons (Stobrawa et
al. 2001). ClC-3-deficient mutant mice are viable, presumably because of the
presence of other Cl
 channels on synaptic vesicles, but characterized by mas-
sive degeneration of the retina and hippocampus. Synaptic vesicles from homo-
zygous ClC-3 mutants acidify at lower rates compared to controls, but glutamate
uptake into vesicles is not reduced when assayed in vitro. In fact, miniature ex-
citatory postsynaptic current (mEPSCs), and evoked EPSCs are slightly in-
creased in the mutants, possibly due to increased glutamate loading of vesicles
as would be expected by the increase in DY after reduction of vesicular Cl
 con-
ductance. This increase in glutamate loading of vesicles in vivo could cause ex-
citotoxic levels of glutamate in the brain, which in turn would lead to the ob-
served specific degeneration of retina and hippocampus (Stobrawa et al. 2001).
Taken together, the data obtained on ClC-3-deficient mice demonstrate the im-
portance of vesicular Cl
 channels for the control of glutamate release. It is like-
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ly that more dramatic consequences of the ClC-3 deletion are occluded by the
presence of additional vesicular Cl
 channels.

In addition to neurotransmitters and Cl
, a subset of synaptic vesicles (e.g.,
in mossy fiber terminals of the hippocampal CA3 region) accumulates high lev-
els of Zn2+, which may serve as a regulator of glutamatergic transmission at N-
methyl-d-aspartate (NMDA) receptors. Zn2+ is transported into synaptic vesi-
cles by the ZnT-3 transporter. Elimination of ZnT-3 in deletion mutant mice has
very minor consequences. Mutant mice have slightly increased seizure propen-
sity but are otherwise normal. While these data indicate that vesicular Zn2+ has
a protective neuromodulatory role, the presence of the alternative Zn2+ trans-
porter ZnT4 may compensate for the loss of ZnT-3 and occlude additional, more
severe consequences of the ZnT-3 deletion (Palmiter et al. 1996; Huang and
Gitschier 1997).

4.2
Synaptic Vesicle Tethering/Docking

Synaptic vesicle tethering/docking is a morphologically defined step in the syn-
aptic vesicle cycle that describes the state of close physical contact between the
vesicular and plasma membranes. Functionally, the pool of docked vesicles is
thought to define the pool of vesicles that is immediately available for release
(Schikorski and Stevens 2001). While electron microscopical data indicate that
tethered/docked vesicles at the presynaptic active zone are linked to the plasma
membrane by proteinaceous material (Harlow et al. 2001), the molecular identi-
ty of tethering/docking proteins is unclear.

Irrespective of the actual step in the synaptic vesicle cycle involved, many de-
letion mutations that lead to dramatic changes of transmitter release in mice
have very little effect on synaptic ultrastructure in general and the distribution
of synaptic vesicles within the synapse in particular. For example, almost com-
plete arrest of vesicle priming and transmitter release in Munc13-1 deletion mu-
tants (Augustin et al. 1999) or almost complete block of Ca2+-dependent exocy-
tosis in synaptotagmin 1 deletion mutants (Geppert et al. 1994b) leaves the mu-
ber of docked vesicles as well as other vesicle pools unaffected (which is in
striking contrast to the respective deletion mutations in C. elegans; see, e.g.,
Jorgensen et al. 1995; Richmond et al. 1999).

Only very few deletion mutations in mice lead to ultrastructural changes at
the level of vesicle distribution in the synaptic terminal. The overall number of
synaptic vesicles in nerve terminals is reduced in synapsin 1/2 and Rab3 GDP/
GTP exchange protein (GEP) deletion mutant neurons, but the reasons for these
phenotypic changes are not known (Rosahl et al. 1993, 1995; Tanaka et al. 2001).
In the case of Rab3 GEP, the deletion mutation is likely to interfere with Rab-de-
pendent vesicle trafficking and cause mistargeting and destabilization of trans-
port vesicles. Rab3-deficient nerve terminals are characterized by a deficit in ac-
tivity-dependent recruitment and tethering/docking of synaptic vesicles to the
plasma membrane, indicating one role of Rab3 proteins in vesicle targeting and
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tethering/docking to the presynaptic active zone as postulated on the basis of
their homology to yeast Ypt proteins (Leenders et al. 2001).

The only deletion mutation of a presynaptically relevant gene that seems to
interfere directly and specifically with vesicle tethering/docking is the Munc18-1
deletion (Voets et al. 2001). Munc18-1 belongs to an evolutionarily conserved
family of syntaxin interactors that are essential for fusion in yeast, invertebrates,
and vertebrates. Deletion of Munc18-1 in mice leads to a complete loss of regu-
lated secretory activity in neurons (Verhage et al. 2000). Mutant mice are com-
pletely paralyzed at birth and characterized by widespread neurodegeneration,
due to a specific role of Munc18-1 in neuronal survival rather than to the lack of
synaptic activity (Varoqueaux et al. 2002). However, surviving synapses in the
central nervous system of Munc18-1 mutant mice are ultrastructurally normal.
In contrast, the number of tethered/docked secretory granules in Munc18-1-de-
ficient chromaffin cells is reduced to 10% of control values, causing a compara-
ble reduction of secretory activity in these cells (Voets et al. 2001). It is unclear
why loss of Munc18-1 leads to reduced vesicle tethering/docking in chromaffin
cells and why this effect is not seen in synapses of the central nervous system.
Vertebrate Munc18-1 and many related proteins in other organisms are thought
to act via Syntaxin and its homologues with which they form a stable complex
(Misura et al. 2000). This Munc18-1/syntaxin complex may act as a vesicle teth-
ering/docking receptor in the chromaffin cell plasma membrane that interacts
with a vesicular proteinaceous component (e.g., a Rab/Rab effector complex or
DOC2a). In synapses of the central nervous system, this Munc18-1-dependent
vesicle tethering/docking can be bypassed by an unknown mechanism.

4.3
Synaptic Vesicle Priming

Before docked vesicles can fuse with the plasma membrane in response to an in-
crease in the intracellular Ca2+ concentration, they have to be primed to fusion
competence. The size of the pool of primed, readily releasable synaptic vesicles
can be determined by a neuron�s response to hypertonic sucrose solutions. This
priming process, which had originally been postulated on the basis of combined
electrophysiological and morphological analyses of synaptic fatigue, is now
known to be mediated by the presynaptic active zone components Munc13-1,
-2, and -3 (Augustin et al. 1999; Brose et al. 2000; Augustin et al. 2001; Varo-
queaux et al. 2002).

Munc13 proteins are among the very few known proteins that are specifically
localized to presynaptic active zones (Betz et al. 1998; Augustin et al. 2001). De-
pending on the isoform involved, deletion of Munc13 proteins leads to pheno-
typic alterations that range from mild changes in synaptic plasticity (Munc13-2
and Munc13-3; Augustin et al. 2001; Varoqueaux et al. 2002) to an almost com-
plete lack of fusion competent vesicles and synaptic transmitter release
(Munc13-1; Augustin et al. 1999). This variability of phenotypic consequences is
due to a complex redundancy among Munc13 isoforms. Once all Munc13 vari-
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ants expressed in a nerve cell are deleted, the readily releasable vesicle pool and
spontaneous and evoked release of glutamate and GABA (the only transmitters
tested in these mutant mice so far) are completely abolished, demonstrating
that Munc13-mediated vesicle priming is essential for transmitter release
(Varoqueaux et al. 2002).

At the molecular level, Munc13 proteins are thought to mediate their priming
function by regulating the activity of syntaxins. Many syntaxins can adopt two
alternative conformations (Dulubova et al. 1999), one “closed,” unable to enter
SNARE complexes, and stabilized by Munc18, and one “open,” competent to
form SNARE complexes, and stabilized by Munc13 proteins. Munc13 proteins
are thought to mediate vesicle priming by “opening” syntaxins, thereby promot-
ing SNARE complex formation (Brose et al. 2000), a model that recently re-
ceived direct support by data obtained in elegant genetic studies on Munc13 ho-
mologues in C. elegans (Richmond et al. 2001). This model, according to which
the activity of the t-SNARE syntaxin is controlled by the active zone-specific
Munc13 proteins, would also explain why transmitter release from synapses in
the central nervous system is spatially restricted to presynaptic active zones al-
though the t-SNAREs syntaxin and SNAP-25 are not restricted to this area but
rather spread out over the entire axonal plasma membrane.

Interestingly, the different Munc13 isoforms appear to have different priming
characteristics and subcellular distributions. In studies on individual hippocam-
pal glutamatergic neurons (which only express Munc13-1 and Munc13-2) in au-
taptic culture, deletion of Munc13-1 was shown to cause a 90% loss of priming
activity due to the shut down of 90% of all synapses. The remaining 10% of ac-
tive synapses are exclusively dependent on Munc13-2 and release transmitter
with normal release probability. In contrast to the majority of synapses in these
neurons—which are dependent on Munc13-1, silenced in the Munc13-1 mutant,
and show profound synaptic depression during high-frequency stimulation—
the Munc13-2-dependent synapses that are uncovered in the Munc13-1 deletion
mutant phenotype show pronounced and transient augmentation of synaptic
transmitter release. These data indicate that presynaptic boutons formed by a
single axon of a hippocampal glutamatergic neuron are differentially equipped
with Munc13 priming factors which in turn differ with respect to their short-
term plasticity characteristics (Augustin et al. 1999; Rosenmund et al. 2002).
This mechanism of differential expression of Munc13 isoforms at individual
synapses may represent a general mechanism that controls short-term synaptic
plasticity and contributes to the heterogeneity of synaptic information coding
(Rosenmund et al. 2002).

As the only protein class of the presynaptic release machinery, Munc13 iso-
forms contain a C1 domain and are regulated by the intracellular second mes-
senger diacylglycerol and its phorbol ester analogues. This feature resembles
characteristics of classical and novel protein kinase C isoforms and identifies
Munc13 proteins as potential targets of the diacylglycerol second messenger
pathway that may act in parallel with protein kinase C variants (Betz et al.
1998). Indeed, recent evidence suggests that Munc13 proteins, rather than pro-
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tein kinase C isoforms, are the only relevant targets of diacylglycerol and pho-
rbol esters in the control of presynaptic neurotransmitter release. When mice
are mutated by homologous recombination such that their hippocampal neu-
rons express only one diacylglycerol-/phorbol ester-insensitive Munc13 vari-
ant—a genotype that can be generated by crossing the Munc13-1H567K knock-in
mutation (expressing a diacylglycerol/phorbol ester insensitive Munc13-1) into
the Munc13-2 deletion mutant background—transmitter release from hippo-
campal neurons is no longer sensitive to the stimulating effects of phorbol esters
and otherwise characterized by a reduction in activity-dependent vesicle prim-
ing that leads to a perinatally lethal phenotype (Rhee et al. 2002).

Apart from Munc13 proteins, RIM1 and its invertebrate homologues are ac-
tive zone proteins that may be involved in the control of synaptic vesicle prim-
ing. RIM1 binds to Munc13-1 and the ubiquitously expressed Munc13 isoform
ubMunc13-2 and controls their priming activity (Betz et al. 2001), and neurons
in RIM1 deletion mutant mice exhibit phenotypic changes that are compatible
with a reduction in vesicle priming and synaptic release probability. Moreover,
Munc13-1 levels are reduced by 60% in RIM1-deficient brains, indicating that
the two proteins function in the same protein interaction cascade (Schoch et al.
2002). Indeed, deletion of the RIM1 homologue Unc-10 in C. elegans (Koushika
et al. 2001) leads to phenotypic changes that are very similar to, but more mod-
erate than those observed after elimination of the Munc13 homologue Unc-13
(Richmond et al. 1999), demonstrating that Munc13 and RIM isoforms function
in the same vesicle priming pathway that regulates syntaxin activity.

4.4
Presynaptic Ca2+ Signaling and Sensing

Stimulus-secretion coupling, i.e., the transduction of an arriving action poten-
tial into transmitter release at the synapse, is initiated by the opening of volt-
age-activated Ca2+ channels in response to the action potential-induced depolar-
ization. The Ca2+ channels involved in triggering fast neurotransmitter release
at synapses are of the high voltage activated P/Q and N type. In some synapses,
R-type Ca2+ channels also contribute to the presynaptic Ca2+ signal that triggers
transmitter release. The increase in intracellular [Ca2+] that follows opening of
voltage-activated Ca2+ channels—10–20 �M may suffice to trigger physiological
release patterns (Bollmann et al. 2000; Schneggenburger and Neher 2000)—di-
rectly triggers synaptic vesicle fusion with a very short delay of some 100–
200 �s. For this fast effect of Ca2+ on vesicle fusion, a Ca2+ sensor is required at
the site of exocytosis. Given the kinetic characteristics of the Ca2+ triggering ef-
fect on synaptic exocytosis, the corresponding exocytotic Ca2+ sensor must ex-
hibit highly cooperative Ca2+ binding and a Ca2+ affinity of some 10–20 �M. In
view of these requirements, the best candidates for exocytotic Ca2+ sensors be-
long to the synaptotagmin family (see S�dhof 2002; Chapman 2002 for recent
reviews of the extensive literature). However, alternative Ca2+ sensors are also
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discussed. For example, components of the SNARE complex may act as Ca2+

sensors that trigger secretory vesicle exocytosis (Sorensen et al. 2002).
So far, all Ca2+ channels that are most relevant for synaptic transmitter re-

lease have been deleted in mice: Cacna1a (P/Q-type a1A subunit; Jun et al. 1999;
Aldea et al. 2002); Cacna1b (N-type a1B subunit; Hatekayama et al. 2001; Ino et
al. 2001; Saegusa et al. 2001; Kim et al. 2001); and Cacna1e (R-type a1E subunit;
Saegusa et al. 2000). In all cases, the respective pharmacologically characterized
Ca2+ current is eliminated. Interestingly, the phenotypic consequences of these
mutations are very mild and synaptic transmitter release is maintained, albeit
often at reduced levels. Transmitter release is slightly reduced in the Cacna1a
deletion mutant but maintained at robust levels, because other Ca2+ channel
types are upregulated and functionally compensate the loss of P/Q-type chan-
nels. However, it is currently unknown whether this compensation is based on
changes at the transcriptional or translational level or caused by altered channel
protein stability or modulation (Jun et al. 1999; Aldea et al. 2002). At the behav-
ioral level, Cacna1a deletion mutants are characterized by ataxia and dystonia
which are paralleled by morphological changes in the cerebellum (Jun et al.
1999). Similar phenotypic alterations in mice are found in carriers of a number
of spontaneous or chemically induced mutations in the Cacna1a gene that lead
to partial loss of P/Q-type Ca2+ channel function (Cacna1atg; Cacna1atg-la;
Cacna1atg-rol; Cacna1arkr; Fletcher et al. 1996; Ayata et al. 2000; Mori et al. 2000;
Zwingman et al. 2001; Matsushita et al. 2002). Elimination of N- or R-type Ca2+

channels after Cacna1b or Cacna1e deletion mainly causes changes in pain re-
sponses, making the respective mouse lines interesting model systems in the
analysis and treatment of pain (Saegusa et al. 2000, 2001; Hatakeyama et al.
2001; Ino et al. 2001; Kim et al. 2001). With respect to the role of different volt-
age-gated Ca2+ channels in neurotransmitter release, the data obtained on dele-
tion mutant mice demonstrate a striking functional redundancy among presyn-
aptic Ca2+ channels that can be modulated in a dynamic manner. Even minor
changes in Ca2+ signaling due to channel deletion lead to developmental and
functional deficits that are characterized by aberrant cerebellar development
and cerebellar dysfunction in the case of P/Q-type Ca2+ channels or by altered
pain responses in the case of N- and R-type Ca2+ channels.

As mentioned above, synaptotagmins may act as the exocytotic Ca2+ sensors
that convert the presynaptic Ca2+ signal into vesicle fusion. In the central ner-
vous system, synaptotagmin 1 is the most abundant synaptotagmin isoform.
Like several other members of the synaptotagmin family, synaptotagmin 1 binds
Ca2+ ions via two C2 domains. Depending on the C2 domain involved, Ca2+ bind-
ing leads to secondary acidic phospholipid or target protein binding. Among
the protein interactors of synaptotagmin 1, syntaxin and SNAP-25 are thought
to be most relevant for the postulated Ca2+ sensor role (Chapman 2002; S�dhof
2002). Deletion of synaptotagmin 1 in mice leads to an almost complete block
of Ca2+-dependent transmitter release, while the size of the readily releasable
vesicle pool remains largely unaffected (Geppert et al. 1994b), a phenotype that
is compatible with a Ca2+ sensor function of synaptotagmin 1. The functional
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relevance of Ca2+ binding to synaptotagmin 1 is most clearly demonstrated by
subtle point mutations in the synaptotagmin 1 gene. Introduction of an R233Q
point mutation in the C2A domain of synaptotagmin 1 reduces the apparent
Ca2+ affinity of this domain (Fernandez-Chacon et al. 2001). When the same
point mutation is introduced into the murine synaptotagmin 1 gene by homolo-
gous recombination, mutant nerve cells exhibit a reduced Ca2+ sensitivity of
transmitter release, indicating that synaptotagmin 1 indeed functions as the ex-
ocytotic Ca2+ sensor (Fernandez-Chacon et al. 2001). Surprisingly, analogous
genomic mutations in the Ca2+ binding site of the synaptotagmin 1 C2A domain,
which cause loss of Ca2+ binding in vitro, have hardly any phenotypic conse-
quences (Fernandez-Chacon et al. 2002). Recent data obtained in Drosophila
support the findings obtained in mice and show that Ca2+ binding to the C2B
domain of synaptotagmin is essential for Ca2+-induced transmitter release
(Mackler et al. 2002; Robinson et al. 2002). Taken together, genetic data from
mice and Drosophila indicate that synaptotagmins are indeed the presynaptic
exocytotic Ca2+ sensors. Their C2 domains appear to act in concert to sense in-
creases in Ca2+ concentrations and trigger Ca2+-dependent vesicle fusion.
Whether this effect is due to Ca2+-dependent phospholipid binding or a Ca2+-
dependent interaction of synaptotagmins with SNARE proteins or other compo-
nents of the presynaptic release machinery is still unknown.

Apart from mutations in the murine Ca2+ channel and synaptotagmin 1
genes, only two other mouse deletion mutants that lack presynaptic proteins
show changes in the Ca2+ sensitivity of neurotransmitter release: SV2A/B double
mutants and complexin 1/2 double mutants (Janz et al. 1999b; Reim et al. 2001).
In both cases, it is unknown how exactly this changed Ca2+ sensitivity of release
is brought about. SV2A and B may function in Ca2+ sequestration into synaptic
vesicles such that their elimination changes presynaptic Ca2+ homeostasis (Janz
et al. 1999b). Complexins 1 and 2, on the other hand, are stoichiometric compo-
nents of a subpopulation of SNARE complexes and likely to affect the apparent
Ca2+ sensitivity of transmitter release by altering SNARE complex function or
SNARE complex interaction with the exocytotic Ca2+ sensor (e.g., synaptotag-
min 1; Reim et al. 2001).

4.5
Synaptic Vesicle Fusion

Despite the identification of proteins that are essential for the actual fusion re-
action of synaptic vesicles, the molecular mechanism of fusion remains a matter
of controversy. The fact that the synaptic vesicle v-SNARE synaptobrevin/VAMP
2 and the plasma membrane t-SNAREs syntaxin 1 and SNAP-25 are essential for
vesicle fusion is evident from the fact that their specific proteolytic cleavage by
several clostridial neurotoxins completely abolishes vesicle fusion without af-
fecting other properties of synaptic terminals (see, e.g., S�dhof et al. 1993 for a
review of the pioneering work on clostridial toxins). The three synaptic SNARE
proteins (as well as several homologous SNARE proteins from different intracel-
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lular compartments) form a thermodynamically highly stable complex, the
SNARE complex, whose association is thought to pull vesicle and plasma mem-
brane into close proximity and drive the actual fusion reaction (Weber et al.
1998; Sutton et al. 1998; Jahn and S�dhof 1999). Alternative molecular models
that mainly originate from data obtained in analyses of yeast vacuolar fusion
and sea urchin egg cortical granule fusion view the actual vesicle fusion step to
be independent of SNAREs. However, support for these models in the context of
synaptic neurotransmitter release is currently lacking.

Among the known synaptic SNAREs, synaptobrevin/VAMP 2 and SNAP-25
have been genetically eliminated in mice (Schoch et al. 2001; Washbourne et al.
2002). In both cases, mutants are completely paralyzed and die at birth because
evoked and spontaneous transmitter release are almost completely blocked.
However, nerve cells from both mutants still exhibit detectable vesicular exocy-
tosis. In particular, spontaneous vesicle fusion rates are surprisingly high de-
spite the postulated essential role of synaptobrevin/VAMP 2 and SNAP-25 in
vesicle fusion. At present, it is not clear whether the fact that synaptobrevin/
VAMP 2 and SNAP-25 deletion mutants still show spontaneous vesicle fusion is
indicative of SNARE-independent fusion mechanisms. In fact, it is likely that al-
ternative homologous SNAREs compensate partially for the loss of synapto-
brevin/VAMP 2 and SNAP-25. Thus, all currently available data on SNARE dele-
tion mutants are compatible with the idea that SNAREs mediate the actual vesi-
cle fusion reaction. Additional support for the SNARE model of membrane fu-
sion is provided by the fact that complete elimination of Munc13-mediated syn-
aptic vesicle priming, which is thought to involve activation of the t-SNARE
syntaxin as a key mechanistic step, leads to a complete arrest of spontaneous
and evoked transmitter release (Varoqueaux et al. 2002).

4.6
Synaptic Plasticity

Dynamic changes in the efficacy of synaptic transmission in the central nervous
system are essential for proper brain function. Long-lasting changes of synaptic
transmission efficacy, as observed in long-term potentiation and long-term de-
pression, are thought to be the basis of learning and memory processes in the
brain.

Changes in short-term synaptic plasticity processes such as paired pulse fa-
cilitation and other forms of synaptic facilitation, post-tetanic potentiation, or
synaptic augmentation are observed in a large number of mouse deletion mu-
tants lacking presynaptic proteins (see Table 1). In many cases, these changes
reflect subtle deficits in overall presynaptic function that appear to be most
readily detectable in short-term synaptic plasticity paradigms. In the case of
Munc13 priming proteins, the changes in short-term synaptic plasticity that are
observable in the respective deletion mutant neurons are due to protein intrinsic
features/differences (Rosenmund et al. 2002). In fact, Munc13 priming activity
appears to be regulated directly and indirectly by changes in intracellular Ca2+
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concentrations that cause short-term plastic changes of presynaptic activity
(Rhee et al. 2002; Rosenmund et al. 2002).

As seen with respect to short-term plasticity, changes in long-term synaptic
plasticity are often observed after genetic interference with presynaptic function
(see Table 1). In fact, changes in long-term potentiation are among the most fre-
quently observed phenotypic alterations in deletion-mutant mice with a central
nervous system dysfunction. It is unlikely that this is because all of the respec-
tive deleted proteins are directly involved in the molecular mechanism of long-
term potentiation. Rather, induction and maintenance of long-term potentiation
appear to be very sensitive even to subtle changes in synaptic transmission and
other nerve cell functions such that mild deficits have indirect consequences for
long-term changes of synaptic efficacy.

Among the mouse deletion mutants that lack presynaptically relevant pro-
teins, only two yielded direct insights into possible mechanisms of long-term
potentiation: in mice lacking the small GTPase Rab3A (Castillo et al. 1997) and
in mice lacking the Rab3 effector RIM1 (Castillo et al. 2002), mossy fiber long-
term potentiation in the hippocampal CA3 region is abolished. In contrast to
NMDA receptor-dependent long-term potentiation, mossy fiber long-term po-
tentiation has a principal presynaptic component and requires activation of pro-
tein kinase A, indicating that presynaptic substrates of protein kinase A are in-
volved. In view of the fact that RIM1 is a Rab3A effector and a substrate for pro-
tein kinase A, it is possible that the increases in transmitter release during
mossy fiber long-term potentiation are caused by a mechanism that involves a
GTP- and phosphorylation-dependent interaction of Rab3A and RIM1 at the
contact site between synaptic vesicle and active zone (Castillo et al. 2002).
Munc13 proteins, which are regulated by direct interaction with RIM1 (Betz et
al. 2001), may represent an additional protein component involved in mossy fi-
ber long-term potentiation. In fact, the essential role of Munc13 proteins in de-
termining presynaptic transmitter release efficacy in mice (Augustin et al. 1999,
2001; Rosenmund et al. 2002; Varoqueaux et al. 2002) indicates that Munc13
proteins may be a main target of regulation in mossy fiber long-term potentia-
tion.

5
Pharmacological Interference with Transmitter Release

Evidently, control of the synaptic vesicle cycle is mediated by a complex cascade
of protein–protein interactions. In most of the published cases, these interac-
tions involve poorly defined protein regions. Examples of interactions of clearly
defined domains and/or crystal structures thereof are rare and include the
SNARE complex without and with complexin (Sutton et al. 1998; Chen et al.
2002) the Rab3A/Rabphilin3A complex (Ostermeier and Brunger 1999), or the
Munc18-1/syntaxin 1A complex (Misura et al. 2000). So far, none of the docu-
mented protein–protein interactions involved in neurotransmitter release are
known to be perturbed by defined small molecules that might be developed into
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pharmacologically relevant drugs. Given the central role of neurotransmitter re-
lease in brain function, a systematic pharmacological analysis of the presynaptic
transmitter release process and the underlying protein–protein interactions us-
ing combinatorial chemical libraries represents a promising aim of future re-
search efforts.

While such pharmacological interference with presynaptic protein–protein
interactions is a realistic vision at best, several individual components of the
presynaptic release machinery are established or potential drug targets for
whose analysis the mutant mouse models described above may serve as impor-
tant experimental test systems. Voltage-gated Ca2+ channels, for example, are
known to be blocked by a number of toxins that are also useful therapeutically
in the treatment of pain. In this context, the Cacna1a, Cacna1b, and Cacna1e de-
letion mutant mice will serve as important model organisms for the develop-
ment of new drugs (Jun et al. 1999; Saegusa et al. 2000, 2001; Hatakeyama et al.
2001; Ino et al. 2001; Kim et al. 2001; Aldea et al. 2002). At the level of neuro-
transmitter uptake, the example of the VMAT blocker reserpine, which was one
of the first antihypertensive and antipsychotic agents used clinically, is proof of
the principle that synaptic vesicle neurotransmitter transporters are useful drug
targets. In particular, the known vesicular glutamate transporters VGLUT1–3
(Ni et al. 1994; Aihara et al. 2000; Takamori et al. 2001; Gras et al. 2002) are in-
teresting targets in this context because they are differentially expressed in dif-
ferent brain regions such that isoform-specific inhibitors would allow quite spe-
cific interference with glutamatergic transmission. Unfortunately, correspond-
ing mouse mutants that might serve as model systems for the development of
VGLUT-specific drugs are not available yet. Finally, a number of presynaptically
relevant proteins contain defined protein domains for which small molecule ac-
tivators and inhibitors are known. One of the most interesting examples is the
Munc13family of vesicle priming proteins which contain a central C1 domain
that is activated by diacylglycerol or phorbol esters and inhibited by calphostin
C (Betz et al. 1998; Rhee et al. 2002). Given the essential role of Munc13-mediat-
ed vesicle priming and the differences between the various known Munc13 iso-
forms with respect to their expression pattern and priming function, Munc13
proteins may serve as interesting targets for pharmacological interference with
transmitter release in different transmitter systems once isoform-specific in-
hibitors or activators have been developed. Corresponding mutant mice that
would be helpful to characterize such Munc13 isoform-specific pharmacological
agents are already available (Augustin et al. 1999, 2001; Varoqueaux et al. 2002).
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Abstract GABA is the major inhibitory neurotransmitter in the central nervous
system, acting via ionotropic GABAA receptors and metabotropic GABAB recep-
tors. GABAA receptors are molecular substrates for the regulation of vigilance,
anxiety, muscle tension, epileptogenic activity and memory functions and the
enhancement of GABAA receptor-mediated fast synaptic inhibition is the basis



of the pharmacotherapy of various neurological and psychiatric disorders. The
GABAB receptor is a target for the treatment of spasticity, migraine headache
and musculoskeletal pain. GABAA receptors are pentameric complexes assem-
bled from a repertoire of at least 18 subunits (a1–a6, b1–b3, g1–g3, d, e, q, r1–r3),
whereas GABAB receptors are heterodimers composed of the GABAB1 and
GABAB2 subunits. Two kinds of GABAA receptor-targeted mutant mice have
been generated: (1) knock-out mice which lack individual GABAA receptor sub-
units (a1, a5, a6, b2, b3, g2, d, r1) and (2) knock-in mice which carry point muta-
tions affecting the action of modulatory drugs [a1(H101R), a2(H101R),
a3(H126R) and a5(H105R)]. With regard to the GABAB receptor, the GABAB1 re-
ceptor subunit has been knocked out. Whereas the knockout mice have provid-
ed information primarily with respect to regulation of subunit gene transcrip-
tion, receptor assembly and some physiological functions of individual receptor
subtypes, the point-mutated knock-in mice, in which specific GABAA receptor
subtypes are insensitive to diazepam, have revealed the contribution of individ-
ual receptor subtypes to the broad pharmacological spectrum of diazepam. The
insights obtained studying targeting mutant mice are expected to aid in the de-
velopment of novel subtype-specific drugs with fewer side effects than the drugs
currently in clinical use.

Keywords GABA receptor · Neurotransmitter · Central nervous system ·
Benzodiazepines · Diazepam · Anxiolysis · Hypnosis · Fear conditioning

1
Introduction

g-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
central nervous system. It is synthesized in presynaptic terminals from gluta-
mate by the enzyme glutamic acid decarboxylase (GAD), stored in vesicles and
released into the synaptic cleft by an action potential. GABA binds to postsyn-
aptic ionotropic GABAA receptors, which mediate fast responses, and pre- and
postsynaptic metabotropic, G protein-coupled GABAB receptors, which mediate
slow responses. Binding of GABA to the GABAA receptor is followed in a matter
of milliseconds—in most cases—by an influx of chloride ions, leading to hyper-
polarization and thus functional inhibition of the postsynaptic neuron. GABAB

receptors are found both pre- and postsynaptically. Their activation inhibits
basal and forskolin-stimulated adenylyl cyclase activity, decreases Ca2+ conduc-
tance and increases K+ conductance (for review see Bowery et al. 2002). GABA
is removed from the synaptic cleft by GABA transporters and metabolized in a
transamination reaction (Fig. 1). This review is mainly focussed on the analysis
of assembly and function of GABAA receptors.

GABAA receptors belong to the superfamily of ligand-gated ion channels and
are pentameric membrane protein complexes that operate as GABA-gated chlo-
ride channels. They have an extracellular N-terminal domain, four putative
transmembrane domains, and an extracellular C-terminal domain. The second
transmembrane domain presumably lines the channel. The third intracellular
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loop contains consensus sequences for phosphorylation by protein kinases. On
the cytoplasmic side, most GABAA receptors appear to be linked indirectly to
the cytoskeletal protein gephyrin via the g2 subunit (Essrich et al. 1998). There
are seven classes of subunits with mostly multiple variants (a1–a6, b1–b3, g1–g3,

d, e, q, r1–r3). Among themselves, a subunits share greater than ca. 70% amino
acid sequence identity, whereas from one subunit class to another, the identity
is in the range of ca. 30%–40%. Most GABAA receptors are composed of a, b
and g subunits with a1b2,3g2 being the most abundant receptor subtype
(Fritschy et al. 1992), representing more than half of all GABAA receptors (M�h-
ler et al. 1995; McKernan and Whiting 1996).

GABAA receptors play an essential role in regulating the excitability of the
brain. Their activity is modulated by a variety of therapeutic agents, including
benzodiazepines, barbiturates, neurosteroids and general anaesthetics (Fig. 2).
The a1 subunit is by far the most abundant a subunit and expressed for in-
stance in cerebral cortex, cerebellar cortex, hippocampus and thalamus. The
other a subunits have more restricted distribution patterns. For instance, the a2
subunit is largely expressed is hippocampus, striatum and amygdala, the a3
subunit in monoaminergic and serotonergic neurons of the brain stem, in basal
forebrain cholinergic neurons and in the reticular nucleus of the thalamus, the
a4 subunit in the thalamus, the a5 subunit in the hippocampus and the a6 sub-
unit in cerebellar granule cells (Fritschy and M�hler 1995). Among the b sub-
units, the b2 subunit is the most abundant (55%–60% of GABAA receptors), fol-
lowed by the b3 and the b1 subunits (19%–26% and 16%–18% of GABAA recep-
tors, respectively) (Benke et al. 1994). The by far most abundant g subunit is g2

Fig. 1 GABAergic synapse. Scheme of a GABAergic synapse, depicting major elements of signal trans-
duction. Postsynaptic GABAA receptors are pentameric ligand-gated ion channels assembled from vari-
ous types of subunits. On the cytoplasmatic site they are indirectly linked to gephyrin. Metabotropic
GABAB receptors are found pre- and postsynaptically and regulate Ca2+ and K+ conductances. (Adapted
from M�hler et al. 2002)
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(ca. 90% of all g subunit-containing receptors), whereas g1 and g3 are rare. In
some instances, receptors contain a d subunit presumably instead of a g sub-
unit. The GABA binding site is most likely located at the interface between a
and b subunits. The binding site for modulatory benzodiazepines is, however,
most likely located at the interface between a and g subunits (Stephenson et al.
1990; Smith and Olsen 1995). Recombinant receptors consisting of a and b sub-
units only are activated by GABA, but a g subunit is necessary to convey modu-
lation by benzodiazepines (Pritchett et al. 1989). The GABAA receptors contain-
ing the a1, a2, a3 and a5 subunits (in addition to b and g subunits) are sensitive
to modulation by classical benzodiazepines such as diazepam, whereas recep-
tors containing the a4 and a6 subunits are not.

2
GABAA Receptor Subunit Expression and Assembly

2.1
Regulation of Subunit Gene Transcription Following Gene Inactivation

When individual components of multimeric receptor complexes are lacking due
to a gene knockout, the question arises whether the missing subunit is replaced
by another subunit of the same class, whether there are compensatory up- or
downregulations of other GABAA receptor subunits, whether the expression of
GABAA receptor subunits and composition of GABAA receptor complexes are al-
tered in a particular brain region or neuron or whether there is no change de-
tectable at the transcriptional and/or translational level apart from the subunit
in question following the knockout of a receptor subunit.

In g2 subunit knockout mice, which die shortly after birth, the protein levels
of the subunits a1, a2, a3, b2,3, g1 and g3 were unaltered as shown by immuno-

Fig. 2 Model of a GABAA receptor and its binding sites. In addition to the binding site for the neuro-
transmitter GABA, GABAA receptors have modulatory sites for a variety of ligands including benzodi-
azepines, barbiturates, neurosteroids and general anaesthetics such as isoflurane, enflurane, halothane,
etomidate and propofol. The positioning and size of these sites is arbitrary. One subunit has been re-
moved to visualize the pore. (Adapted from M�hler et al. 1996)
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blotting, indicating that in this case there are no major up- or downregulations
of other receptor subunits (G�nther et al. 1995). In b2 and b3 subunit knockout
mice, other b subunits were unable to substitute for the lacking b subunit
(Homanics et al. 1997b; Sur et al. 2001).

Inactivation of the a6 subunit gene, which is expressed in cerebellar granule
cells, did not change the levels of a1, b2,3, and g2 subunit in the cerebellum, as
shown by radioligand binding and a1 subunit immunohistochemistry. However,
in Western blotting there was a trend towards lower levels of the a1 subunit pro-
tein (Jones et al. 1997). In an a6 knockout generated independently, the mRNA
levels for a1, a3, b2, g2 and d were unaltered, while diazepam-insensitive
[3H]Ro15-4513 binding to cerebellar granule cells was reduced, consistent with
the loss of receptors containing the a6 subunit (Homanics et al. 1997a). Howev-
er, when the a6 knockout mice generated by Wisden and collaborators (Jones et
al. 1997) were examined in more detail, the composition of receptors found in
the cerebellum was shown to be altered. Immunoprecipitation and ligand bind-
ing revealed that the total number of GABAA receptors was reduced by ca. 50%
in the cerebellum of a6 knockout mice. The amounts of b2, b3 and g2 subunits
were reduced by ca. 50%, 20% and 40%, respectively, as detected by immuno-
blotting. The proportion of receptors containing b3 subunits was increased in
the cerebellum of a6 knockout mice, indicating that the remaining GABAA re-
ceptors display an overall altered subunit distribution (Nusser et al. 1999). In
the same a6 knockout mice, it was also found that the expression of the a1 and
b2 genes in the forebrain was reduced by ca. 43% and 25%, respectively, as as-
sessed by immunoblotting. The expression of the g2 and b3 subunits was not
changed. These changes are most likely due to elements in the neomycin-resis-
tance gene that was used for generating the a6 knockout, which affect the tran-
scription of neighbouring genes. In the genome, the genes for GABAA receptor
subunits are clustered. A cluster containing the a1, a6, b2, and g2 subunit genes
is located on mouse chromosome 11. Thus, elements in the neomycin-resistance
gene appear to reduce the expression of the neighbouring genes (Uusi-Oukari et
al. 2000). This artefact may limit the usefulness of this animal model, since it
may be difficult to decide whether e.g. a behavioural phenotypic abnormality is
due to the lack of the a6 subunit or due to the downregulation of a1 and b2 in
the forebrain.

In a1 knockout mice, more than 50% of total GABAA receptors are lost. How-
ever, the expression of a2 and a3 subunits is increased by 42% as seen in quanti-
tative immunoprecipitation experiments, which can be viewed as a compensato-
ry upregulation. In addition, the abundance of a6 subunits in the cerebellum
was reduced by ca. 38%, as assessed by radioligand binding (Sur et al. 2001).
Thus, the lack of the a1 subunit causes compensatory changes in the expression
of several other subunits, indicating that phenotypes seen in these animals
should be interpreted with these changes in mind.

In the b2 knockout mice, the expression of the a subunits a1–a6 was reduced
by ca. 39%–62%, indicating that the b2 subunits also associate with a subunits
other than a1 (Sur et al. 2001).
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2.2
Subunits Required for Receptor Assembly

Most GABAA receptors contain a, b and g subunits. Mutant animals lacking in-
dividual subunits have provided information on whether all three subunit types
are required to form receptors in the brain. As already mentioned, in a1 knock-
out mice, more than 50% of total GABAA receptors are lost, indicating that in
the absence of the a1 subunit, the respective receptors normally containing the
a1 subunit are not formed (Sur et al. 2001). In a5 knockout mice, the a5 GABAA

receptors, which are located primarily in the hippocampus, appear to be lost,
without detectable upregulation of other a subunits. However, since even in the
hippocampus, a5 GABAA receptors only represent ca. 20% of all GABAA recep-
tors, it might be difficult to detect potential minor changes in subunit expres-
sion (Collinson et al. 2002). Interestingly, in hippocampal pyramidal cells of
mice lacking the a5 subunit (and the g3 subunit) due to chromosomal deletions
on both alleles which have been generated by random mutagenesis (Culiat et al.
1994), the a2 subunits remained targeted to the axon initial segments and did
not replace the a5 subunit at their somatic and dendritic sites, indicating that
each receptor subtype is programmed for a specific subcellular localization
(Fritschy et al. 1998).

In the b2 knockout mice, where the expression of all a subunits was reduced
dramatically (39%–69%) (Sur et al. 2001) and in the b3 knockout mice, where
also about half of the GABAA receptors were lost (Homanics et al. 1997b), the
receptors normally incorporating the knocked-out subunit were apparently
largely not formed. In contrast, the number of GABAA receptors was apparently
unchanged in g2 knockout mice as shown by immunoblotting. However, the
number of benzodiazepine binding sites was reduced by 90% (G�nther et al.
1995). The apparent ab receptors had a normal dose–response curve for GABA,
but the single channel conductance was reduced (G�nther et al. 1995; Lorez et
al. 2000) and while the benzodiazepine response was missing, the response to
barbiturates was retained (G�nther et al. 1995). These results show that recep-
tors containing of a and b subunits can be assembled in the brain (though not
properly clustered, see Essrich et al. 1998). Extrapolated from a previous study
on recombinant receptors (Baumann et al. 2001), these ab receptors most likely
contain two a and three b subunits. The lack of the g2 subunit affects responses
to both GABA and benzodiazepines. Thus, whereas receptors are not assembled
when the respective a or b subunits are missing, receptors most likely consist-
ing of only a and b subunits can be assembled and inserted into the plasma
membrane in the absence of a g subunit.

The d subunit preferentially assembles with the a4 subunit in the forebrain.
In d subunit knockout mice (Mihalek et al. 1999), the level of g2 was increased
and the level of a4 decreased in immunoblots of forebrain membranes, while the
level of a1 was unaltered. As shown by immunoprecipitation with an antiserum
recognizing g2, the remaining a4 subunits were more often associated with g2

subunits. This was paralleled by an increase in diazepam-insensitive benzodiaz-
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epine binding sites in receptor autoradiography (Korpi et al. 2002). These data
support the idea of selective subunit assembly based on subunit availability and
their competition in assembly mechanisms. Similarly, in a separate study, it was
shown that g2 subunit expression was increased and a4 subunit expression was
decreased in areas of the forebrain normally expressing the d subunit (Peng et
al. 2002).

In the a6 knockout mice, the d subunit mRNA was present in cerebellar gran-
ule cells at the same level as in wild type, however, a d subunit-specific antibody
failed to detect the d subunit in immunoprecipitation, immunocytochemistry
and immunoblot analysis. These findings indicate a post-translational loss of
the d subunit in the absence of the a6 subunit and thus indicate a specific part-
nership between the a6 and d subunits (Jones et al. 1997).

3
GABAA Receptor Function

In the following paragraph we will review the lessons learned from gene knock-
outs and knock-ins with a particular emphasis on behavioural phenotypes.

3.1
Gene Knockout Studies

The following GABAA receptors subunits have been knocked out: a1, a5, a6, b2,
b3, g2, d, and r1. Selected phenotypes of these mice are summarized in Table 1.

3.1.1
a1 Subunit

Since the majority of diazepam-sensitive GABAA receptors contain the a1 sub-
unit, it is somewhat surprising that a1 knockout mice are viable, although un-
derrepresented in offspring from heterozygote crosses, indicating that there is
some lethality. Apart from the changes in subunit expression described above
(“Regulation of Subunit Gene Transcription Following Gene Inactivation”), a1

knockout mice had lower body weights (ca. 30%) until the age of at least
3 months and exhibited a tremor when handled. They did not display any major
deficits in beam balancing and swimming ability tests. The level of spontaneous
locomotor activity and exploration and the performance on the rotating rod
were similar to wild type (Sur et al. 2001). Further behavioural analysis was not
reported. In an independently generated line of a1 knockout mice, the develop-
mental changes of inhibitory synaptic currents in cerebellar neurons seen in
wild type mice were absent (Vicini et al. 2001).
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3.1.2
a5 Subunit

a5 Knockout mice display no overt phenotypic abnormalities. Motor perfor-
mance and coordination were also normal. The benzodiazepine chlordiazepox-
ide retained its anxiolytic-like action in these mice. Strikingly, in the Morris wa-
ter maze test of spatial learning, a5 knockout mice find the platform earlier than
wild type mice, indicating that in a hippocampus-dependent task these mice
show a significantly improved performance. In the two-way active avoidance
paradigm, which is thought to be hippocampus-independent, the performance
of a5 knockout mice and wild type mice was indistinguishable. Evidence for the
specific alteration of hippocampal functions were also obtained in point-mutat-
ed a5(H105R) mice (Crestani et al. 2002; see also Sect. 3.2.5). Thus, the a5-con-
taining GABAA receptors play a central role in cognitive processes. This is in
line with the localization of a5 subunits predominantly in dendritic regions of

Table 1 Overview of selected phenotypes of GABAA receptor subunit knockout mice

a1 No spontaneous seizures
Normal locomotor activity and motor
performance

Sur et al. 2001; Vicini et al. 2001

a5 Improved performance in a hippocampus-
dependent task (spatial learning)

Collinson et al. 2002

a6 Posttranslational loss of d subunit in cerebellum
Increased expression of TASK-1 K+ channels

Jones et al. 1997; Homanics et al. 1997a;
Brickley et al. 2001

b2 Increased locomotor activity in novel environment
No spontaneous seizures

Sur et al. 2001

b3 Cleft palate
Neonatally lethal (ca. 90%)
Hyperactive
Spontaneous seizures
Hyperresponsive
Motor impairment

Homanics et al. 1997b; DeLorey et al.
1998

g2 Homozygotes:
Neonatally lethal
Defects in postsynaptic clustering of GABAA

receptors

Gunther et al. 1995; Essrich et al. 1998;
Crestani et al. 1999

Heterozygotes:
Reduction of synaptic clustering e.g.
in hippocampus, chronic anxiety
Heightened responsiveness in trace fear
conditioning and ambiguous cue discrimination

d Attenuation of responses to neuroactive steroids
Reduced ethanol consumption
Attenuated withdrawal from chronic ethanol
exposure
Reduced anticonvulsant effect of ethanol

Mihalek et al. 1999, 2001

r1 Alteration of the& excitation/inhibition balance
between second and third retinal neurons

McCall et al. 2002
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the CA1–CA3 fields of the hippocampus. In fact, the amplitude of the IPSCs was
decreased in the CA1 region of hippocampal slices from a5 knockout mice, and
the paired-pulse facilitation of field EPSP (fEPSP) amplitudes was enhanced.
Taken together, these results suggest that an inverse agonist selective for a5-con-
taining GABAA receptors may be useful as a drug enhancing cognitive functions
(Collinson et al. 2002)

3.1.3
a6 Subunit

Two lines of a6 knockout mice have been generated independently. For one of
these lines, its was reported that the mice showed the same level of exploratory
activity in the open field as wild type mice, and the same behaviour on the ro-
tating rod and the horizontal wire (Jones et al. 1997). However, in the rotating
rod test, a6 knockout mice were significantly more impaired by diazepam than
wild type mice (Korpi et al 1999). This is surprising since the a6-containing
GABAA receptors are diazepam-insensitive. Thus, these changes may be due to
compensatory alterations in the cerebellum or due to the fact that the expres-
sion of the diazepam-sensitive GABAA receptors containing the a1 and b2 sub-
units in the forebrain is decreased due to the presence of the neomycin resis-
tance cassette in the a6 gene (see Sect. 2.1). Ethanol produced similar impair-
ments of the rotating rod performance in a6 knockout and wild type mice (Kor-
pi et al. 1999). In the other a6 knockout mouse line, the duration of the loss of
the righting reflex in response to ethanol, enflurane and halothane was the same
as in wild type mice. In addition, the tail-clamp/withdrawal response to enflu-
rane was also identical in both genotypes (Homanics et al. 1997a). Thus, the a6-
containing GABAA receptors do not appear to be relevant for mediating the be-
havioural responses to these agents. Perhaps most importantly, the a6 knockout
mice have provided an insight into mechanisms involved in the regulation of
tonic inhibition. In cerebellar granule cells from these mice, a tonic conduc-
tance, which is dependent on the presence of the GABAA receptor a6 subunit, is
absent. However, the response of these cells to excitatory synaptic input is unal-
tered. This appears to be due to an increased voltage-independent K+ conduc-
tance maintaining normal neuronal behaviour, with properties characteristic of
the two-pore-domain K+ channel TASK-1 (Brickley et al. 2001).

3.1.4
b2 Subunit

The b2 subunit is the most abundant of the three b subunits. Nevertheless, the
b2 knockout mice had no obvious phenotypic abnormalities, normal body
weights and did not display major deficits in the rotating rod, beam balancing
and swimming ability tests. When b2 knockout mice were placed in a novel en-
vironment, they exhibited a higher level of locomotor activity than wild type
mice, although they habituated to a similar degree as wild type mice. The basis
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for this observation is not known (Sur et al. 2001). Further behavioural studies
on these mice have not been reported.

3.1.5
b3 Subunit

Mice lacking the b3 subunit have been generated by random radiation-induced
mutagenesis before GABAA receptor subunit knockout mice became available.
Deletion mutants have been identified which encompass the pink-eyed dilution
(p) locus on mouse chromosome 7, which is located close to a cluster of the
genes encoding the a5, b3 and g3 subunits. Various deletion mutants were identi-
fied, which had also lost the genes encoding the g3 subunit, the g3 and the a5

subunits or the g3, a5 and the b3 subunits (Culiat et al. 1993; Nakatsu et al. 1993;
Culiat et al. 1994). It was observed that while mice lacking the g3 and a5 sub-
units are viable without apparent major deficits, mice lacking the g3, a5 and the
b3 subunits mostly die within a short period of time, presumably due to a cleft
palate which interferes with sucking milk. When the b3 subunit was expressed
as a transgene in mice lacking these three subunits on their chromosomes, the
cleft palate phenotype was rescued, strongly suggesting that the lack of the b3

subunit gene was indeed responsible for the cleft palate (Culiat et al. 1995).
When the b3 subunit was knocked out by gene targeting, ca. 90% of the mice

died within 24 h of birth, which is similar to the frequencies observed in the ra-
diation-induced mutants mentioned above. The penetrance of the cleft palate
phenotype was only ca. 57% in the knockouts, which may reflect differences in
genetic background or the contribution of other genes deleted in the radiation-
induced mutants. It is noteworthy that the b3 knockout mice were analysed on a
hybrid (129 Sv/SvJ x C57BL/6 J) background and not on an inbred background.
Frequently, phenotypes are less severe on a hybrid background. Nevertheless, in
the b3 knockout mice not all lethality was due to cleft palate to which feeding
problems can be attributed. The precise cause of the mortality not dependent
on cleft palate is not known. Surviving b3 knockout mice are runted until wean-
ing but achieve a normal body weight in adulthood (Homanics et al. 1997b).
They show features which are strikingly similar to Angelman syndrome in hu-
mans. These include hyperactivity, poor learning and memory, poor motor co-
ordination, repetitive stereotypical behaviour (running continuously in tight
circles), seizures and EEG abnormalities (DeLorey et al. 1998). These findings
suggest that the impaired expression of the b3 subunit may contribute to at least
some clinical features of Angelman syndrome in humans. Further phenotypic
abnormalities of b3 knockout mice that have been described are an enhanced
responsiveness to low-intensity thermal stimuli and that the GABAA receptor
agonist tetrahydroisoxazolopyridinol (THIP) does not produce antinociception
(Ugarte et al. 2000). However, the fact that the antinociceptive effect of the
GABAB receptor agonist baclofen was also reduced in b3 knockout mice indi-
cates that the function of other neurotransmitter receptor systems is also affect-
ed by the knockout (Ugarte et al. 2000). With respect to the response to anaes-
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thetic agents, the duration of the loss of the righting reflex in response to mida-
zolam and etomidate, but not to pentobarbital, ethanol, enflurane and halothane
were reduced in b3 knockout mice. The immobilizing action of enflurane and
halothane as determined in a tail clamp/withdrawal assay, was decreased in b3

knockout mice (Quinlan et al. 1998). This indicates that b3-containing GABAA

receptors may play a role in the mediation of some responses to selected general
anaesthetics. However, the altered sensory threshold and the demonstration that
other neurotransmitter receptors are also functionally impaired by the b3

knockout warrant some caution in interpreting these studies. Since the loss of
the righting reflex and the tail-clamp/withdrawal reflex are thought to be largely
mediated at the spinal level and the b3 subunit is abundant in the spinal cord, it
can be speculated that the spinal b3 GABAA receptors are involved in mediating
actions of general anaesthetics. Interestingly, in electrophysiological studies on
the spinal cord, the sensitivity of evoked responses did not differ between b3

knockout and wild type mice, which was, however, coupled with a decreased
role for GABAA receptors in mediating the actions of enflurane in the b3 knock-
out. It was concluded that the mutation led to a quantitative change in the mo-
lecular basis for anaesthetic depression of spinal neurotransmission in a fashion
not predicted by the mutation itself (Wong et al. 2001). These changes might be
due to developmental and/or adaptive changes in response to the b3 knockout.
In another set of experiments, it was found that locomotor stimulation induced
by cocaine was greater in b3 knockout compared to wild type mice (Resnick et
al. 1999). The mechanisms underlying this effect are not known.

An endogenous unsaturated fatty acid amide, oleamide, has sleep-enhancing
actions in mice. It decreases sleep latency and wake time, while it increases non-
rapid eye movement and total sleep in wild type mice. All of these effects are
missing in the b3 knockout mice, indicating that oleamide mediates its sleep ef-
fects via b3-containing GABAA receptors (Laposky et al. 2001).

In electrophysiological studies in slices, GABA-mediated inhibition was abol-
ished in reticular nucleus, but unaffected in relay cells, consistent with the ob-
servation that the b3 subunit is largely restricted to the reticular nucleus in ro-
dent thalamus. Oscillatory synchrony was dramatically intensified, suggesting
that recurrent inhibitory connections within the reticular nucleus act as “desyn-
chronizers” (Huntsman et al. 1999).

3.1.6
g2 Subunit

Historically, the g2 subunit was the first GABAA receptor subunit to be knocked
out by gene targeting. Homozygous g2 knockout mice die typically in the first
few days after birth. The oldest animal survived for 18 days (G�nther et al.
1995). The animals displayed a defect in postsynaptic clustering of GABAA re-
ceptors, indicating that the g2 subunit is essential for postsynaptic clustering in
vivo (Essrich et al. 1998). The survivors exhibited increased body and limb
movements following birth, and later impaired grasping and righting reflexes
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and an abnormal gait (G�nther et al. 1995). More than 90% of the benzodiaze-
pine binding sites were absent in the brain of neonatal mice and the single chan-
nel conductance level and the Hill coefficient were reduced, as they are in re-
combinant ab receptors (G�nther et al. 1995). It is conceivable that the lack of
postsynaptic clustering and/or the decreased conductance level are directly re-
lated to the lethality of the phenotype. When the g3 subunit was expressed ec-
topically in the g2 knockout background, synaptic clustering was restored. How-
ever, this did not rescue the lethal g2 knockout phenotype (Baer et al. 1999). In
mice that are heterozygous for the g2-null mutation, g2

+/
 mice, the synaptic
clustering was reduced, mainly in hippocampus and cerebral cortex. These mice
displayed an enhanced behavioural inhibition towards natural aversive stimuli
and heightened responsiveness in trace fear conditioning and ambiguous cue
discrimination learning. Thus, these mice represent a model of chronic anxiety,
suggesting that GABAA receptor dysfunction may underlie a predisposition of
patients to anxiety disorders. The anxiety-related behavioural inhibition of g2

heterozygous mice was reversed by diazepam, which is in line with the observa-
tion in humans that subjects with high anxiety scores are more sensitive to the
anxiolytic actions of benzodiazepines than controls (Crestani et al. 1999).

The g2 subunit consists of a short and a long form, g2S and g2L, respectively,
which arise by alternative splicing. g2S Differs from g2L by the inclusion of an
exon coding for eight additional amino acids. These amino acids are located in
the third intracellular loop and include a consensus sequence for protein kinase
C phosphorylation. It has been proposed that these eight amino acids which are
unique to g2L are required for the potentiating action of ethanol at the GABAA

receptor (Wafford et al. 1991). Mice lacking the exon encoding these eight ami-
no acids displayed electrophysiological responses to ethanol indistinguishable
from wild type. Likewise, the behavioural effects of ethanol such as loss of the
righting reflex, anxiolytic-like effect, acute functional tolerance, chronic with-
drawal hyperexcitability and hyperlocomotor activity were not affected by the
lack of these eight amino acids. Thus, the g2L-specific exon is not required for
the modulatory action of ethanol at GABAA receptors and its behavioural effects
(Homanics et al. 1999). In a separate set of experiments, transgenic overexpres-
sion of g2S or g2L rescued the lethal g2 knockout phenotype, indicating that the
both forms are functionally equivalent in this respect (Baer et al. 2000).

3.1.7
d Subunit

The role of the d subunit has been enigmatic, perhaps in part because GABAA

receptors containing a, b and d subunits are not modulated by diazepam. At the
electrophysiological level, a significantly faster miniature inhibitory postsynap-
tic current decay time was found in hippocampal slices from d knockout mice,
with no change in miniature inhibitory postsynaptic current amplitude or fre-
quency. In d subunit knockout mice, the duration of the loss of the righting re-
flex was significantly shorter in response to the neurosteroids alphaxalone and
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pregnanolone, but not in response to pentobarbital, propofol, midazolam, eto-
midate and ketamine. Thus, the attenuation of the responses to neuroactive ster-
oids is strikingly selective. In the elevated plus maze, the neurosteroid ganax-
olone has no anxiolytic-like effect in d knockout mice, in contrast to wild type
mice. Likewise, ganaxolone failed to prolong pentylenetetrazole-induced ab-
sence-like immobilization in d knockout mice, indicating that GABAA receptors
containing the d subunit are involved in mediating the anxiolytic-like and pro-
absence effects of neurosteroids. The duration of the loss of the righting reflex
in response to halothane and the tail clamp/withdrawal response to halothane
and enflurane were unaltered in the d knockout mice. Contextual and tone fear
conditioning were indistinguishable from wild type in the d knockout, indicat-
ing that learning and memory associated with fear conditioning are normal
(Mihalek et al. 1999). Furthermore, d knockout mice display reduced consump-
tion of ethanol, attenuated withdrawal from chronic ethanol exposure and a re-
duced anticonvulsant effect of ethanol. The anxiolytic-like and hypothermic re-
sponses to ethanol were indistinguishable from wild type, as were the develop-
ment of acute and chronic tolerance (Mihalek et al. 2001).

3.1.8
r1 Subunit

The ionotropic GABA receptors consisting of r subunits display different prop-
erties than the receptor subtypes described above. In particular, they are not
sensitive to bicuculline and are now frequently termed GABAC receptors (Bor-
mann 2000), whereas in the official IUPHAR nomenclature these receptors are
subsumed under GABAA receptors (Barnard et al. 1998). In the retina the ex-
pression of these receptors is largely restricted to the terminals of retinal bipolar
cells. These terminals transmit the visual signal to amacrine and ganglion cells.
When the r1 subunit was knocked out, the overall retinal and rod bipolar cell
morphology was normal. However, immunohistochemical and electrophysiolog-
ical measurements revealed that the expression of “GABAC” receptors was elimi-
nated. Electroretinogram (ERG) analysis revealed that only inner retinal func-
tion was altered, indicating an alteration of the excitation/inhibition balance be-
tween second and third order retinal neurons (McCall et al. 2002).

3.2
Point Mutation Studies

Although studies with knockout mice have provided important insights into the
function of GABAA receptor subtypes, their limitations, including adaptive
changes during development and a high complexity or even lethality of the phe-
notype, can make interpretation of findings difficult. However, gene-targeting
technology also allows for the introduction of more subtle mutations into the
mouse genome, e.g. point mutations. a Subunits that, when incorporated into
recombinant receptor complexes with b and g subunits, can bind diazepam (a1,
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a2, a3, and a5) contain a histidine residue at a conserved homologous position
(101, 101, 126, and 105, respectively), whereas the a subunits a4 and a6 contain
an arginine residue at this position. When the histidine residue in the a1 subunit
was replaced by an arginine subunit, recombinant a1b2g2 receptors became di-
azepam-insensitive (Wieland et al. 1992). This observation was later extended to
the a2, a3 and a5 subunits (Benson et al. 1998). Thus, for all diazepam-sensitive
a subunits, the exchange of a histidine to an arginine residue represents a genet-
ic switch, with which a specific GABAA receptor subtype can be rendered diaz-
epam-insensitive.

Diazepam is a prototypic classical benzodiazepine, which is used clinically
for its anxiolytic, sedative, hypnotic, anticonvulsant and myorelaxant actions.
Until recently, it was not known whether specific drug effects would be mediated
by defined GABAA receptor subtypes. It would in particular be desirable to de-
velop drugs which have a more selective profile than the benzodiazepines cur-
rently in clinical use, e.g. an anxiolytic without sedative side effects. To explore
the pharmacological role of defined GABAA receptor subtypes, a1(H101R),
a2(H101R), a3(H126R) and a5(H105R) mice were generated (Rudolph et al.
1999; McKernan et al. 2000; L�w et al. 2000; Crestani et al. 2002). The diazepam
effects that are normally mediated by the now mutated GABAA receptor subtype
are expected to be absent in the respective mouse lines. Conversely, any diaz-
epam effect that is present in a particular mouse line must be mediated by one
or more of the available wild type receptor subtypes. This point-mutation strat-
egy was designed to leave the physiological function of the mutated GABAA re-
ceptors intact and thus avoid the problems associated with typical knockouts,
e.g. compensatory regulations. Analysis by immunoblotting, immunohisto-
chemistry and immunofluorescence revealed that the mutant receptor subunits
were expressed at normal levels with unaltered regional and subcellular distri-
butions. The notable exception are the a5(H105R) mice, where the abundance of
the (extrasynaptic) a5 subunit is reduced in the hippocampus only (not in other
brain regions). The regional and subcellular localization were, however, un-
changed. The significance of this finding will be discussed later.

3.2.1
Sedation, Anterograde Amnesia, and Anticonvulsant Activity
of Diazepam Are Mediated by a1-Containing GABAA Receptors

In a1(H101R) mice, diazepam failed to reduce horizontal motor activity and the
latency to enter the dark compartment in the passive avoidance paradigm. The
specificity of the latter effect was confirmed with scopolamine, which retained
its amnesic action in a1(H101R) mice (Rudolph et al. 1999). In a2(H101R),
a3(H126R) and a5(H105R) mice, diazepam still elicited its sedative action (L�w
et al. 2000; Crestani et al. 2002). Thus, the sedative and the anterograde amnesic
effects of diazepam are mediated by GABAA receptors containing the a1 subunit.
The sedative action of the imidazopyridine zolpidem, a widely used hypnotic,
which has a high affinity for a1-containing GABAA receptors, an intermediate
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affinity for a2- and a3-containing GABAA receptors and no affinity for a5-con-
taining GABAA receptors, was also absent in a1(H101R) mice, indicating that
a1-containing GABAA receptors are also mediating the sedative action of zolpi-
dem (Crestani et al. 2000a).

It has been observed that when the mice are tested in a novel and thus excit-
ing and stressful environment, diazepam may increase the locomotor activity in
a1(H101R) mice. This locomotor stimulant effect is thus likely to be mediated
by a2-, a3-, or a5-containing GABAA receptors (McKernan et al. 2000; Crestani
et al. 2000b). In contrast, in a familiar environment, diazepam decreases motor
activity in wild type but not in a1(H101R) mice (Rudolph et al. 1999). Thus, the
novelty or familiarity of the test environment is a parameter that critically af-
fects the motor behaviour.

The anticonvulsant activity of diazepam was assessed using the pentylenete-
trazole convulsion test. Diazepam, given 30 min before the pentylenetetrazole,
can protect wild type mice from tonic seizures. This protective effect was re-
duced in a1(H101R) mice (Rudolph et al. 1999), but not in a2(H101R),
a3(H126R) and a5(H105R) mice (L�w et al. 2000; Crestani et al. 2002). Thus, the
anticonvulsant activity of diazepam is mediated in part by a1-containing GABAA

receptors. It is possible that the remainder of the anticonvulsant action of diaz-
epam will require at least two different GABAA receptor subtypes to act in con-
cert. Whereas diazepam displays activity against myoclonic jerks in wild type
mice and to a significantly reduced degree in a1(H101R) mice, zolpidem did not
display this kind of activity even in wild type mice. However, zolpidem was ac-
tive against tonic convulsions in wild type mice but not in a1(H101R) mice, in-
dicating that this activity of zolpidem is entirely mediated by a1-containing
GABAA receptors (Crestani et al. 2000a).

3.2.2
Anxiolytic-Like Activity of Diazepam Is Mediated via a2-Containing GABAA Receptors

Since the anxiolytic-like activity of diazepam, as assessed in two ethological
tests of anxiety, the light-dark choice test and the elevated plus maze test, was
still present in the a1(H101R) mice, it is likely to be mediated by GABAA recep-
tors not containing the a1 subunit. In the light-dark choice test and the elevated
plus maze test, diazepam increased the time the mice spent in the lit compart-
ment or the open arms, respectively, in wild type mice, a3(H126R) mice and
a5(H105R) mice, but not in a2(H101R) mice (L�w et al. 2000; Crestani et al.
2002). This indicates that a2-containing GABAA receptors, which constitute only
ca. 15% of the diazepam-sensitive GABAA receptors (Marksitzer et al. 1993) but
not a3- or a5-containing GABAA receptors, mediate the anxiolytic-like action of
diazepam. The finding that GABAA receptors containing the a2 subunit mediate
the anxiolytic-like action of diazepam is consistent with the expression of this
subunit in brain regions that are involved in emotional stimulus processing, e.g.
amygdala and hippocampus (Fritschy and M�hler 1995).
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3.2.3
Myorelaxant Activity of Diazepam Is Mediated via a2-, a3-
and a5-Containing GABAA Receptors

The myorelaxant activity was assessed in the horizontal wire test. In wild type
mice, diazepam impairs the grasping reflex and the animals are not able to
grasp the wire firmly. This activity of diazepam was completely preserved in
a1(H101R) mice (Rudolph et al. 1999; McKernan et al. 2000). In a2(H101R)
mice, however, it was absent at a dose of 10 mg/kg diazepam, which is myorelax-
ant in wild type mice. At a higher dose (30 mg/kg), diazepam had some residual
myorelaxant effect in a2(H101R) mice. These findings were specific, since the
myorelaxant action of the GABAB receptor agonist baclofen is not different in
a2(H101R) and wild type mice. In a3(H126R) mice, diazepam has a myorelaxant
effect at 10 and 30 mg/kg, but at 30 mg/kg this effect is reduced compared to
wild type mice (Crestani et al. 2001). In a5(H105R) mice, diazepam is not my-
orelaxant at 10 mg/kg, and at 30 mg/kg its effect was smaller compared to wild
type (Crestani et al. 2002). Thus, the myorelaxant action of diazepam appears to
be mediated by GABAA receptors containing the a2, a3 or a5 subunits. These
findings are consistent with the presence of these subunits in the spinal cord.
The results of the studies on the function of individual receptor subtypes de-
scribed so far are summarized in Table 2.

3.2.4
Diazepam-Induced Changes in the EEG

As pointed out previously, the sedative action of diazepam is mediated by
GABAA receptors containing the a1 subunit. It was therefore expected that the
hypnotic activity of diazepam would also be mediated by this receptor subtype.
However, in a1(H101R) mice, 3 mg/kg diazepam reduced the amount of initial

Table 2 Proposed roles of GABAA receptor subtypes in benzodiazepine action based on analysis of
point-mutated a subunit knock-in mice. The functional roles of GABAA receptor subtypes defined by
the presence of the a1, a2, a3 or a5 subunits mediating particular actions of diazepam are indicated

a1 a2 a3 a5

Sedation + � � �
Anterograde amnesia + ND ND ND
Anticonvulsant activity + � � �
Anxiolysis- + � � �
Myorelaxation � + + +

ND, not determined; +, response is absent in the mouse line carrying a point mutation in the subunit
in question and thus mediated by the respective receptor subtype; �, response is present in the mu-
tant mouse line and apparently not mediated by the respective receptor subtype.
Original data are from Rudolph et al. (1999), McKernan et al. (2000), Low et al. (2000) and Crestani et
al.& (2002).
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REM sleep similar as in wild type mice. Furthermore, the increase in power den-
sity above 21 Hz in non-REM sleep and waking and the suppression of slow-
wave activity (0.75 Hz–4 Hz) in non-REM sleep were seen in both a1(H101R)
and wild type mice, being even more pronounced in the a1(H101R) mice. Also,
the number of brief awakenings per hour of sleep was decreased and thus sleep
continuity enhanced by diazepam only in a1(H101R) mice. These findings sug-
gest that the diazepam-induced changes in the EEG and possibly its hypnotic
action may not be mediated by GABAA receptors containing the a1 subunit and
that the sedative and hypnotic actions of diazepam may be considered qualita-
tively different phenomena mediated by different neuronal circuits (Tobler et al.
2001).

3.2.5
Physiological Functions of a5-Containing GABAA Receptors

Whereas in a1(H101R), a2(H101R) and a3(H126R) mice the mutant subunits
have been found to be expressed at normal levels, the expression of the mutant
a5 subunits in a5(H105R) mice was reduced in hippocampal pyramidal cells by
ca. 30%, but not in other brain regions. However, the laminar distribution of
the a5 subunit in the hippocampus was unchanged. The reasons for this selec-
tive reduction are not known. In contrast to the a1, a2 and a3 subunits, the a5

subunits are largely located extrasynaptically (except in the spinal cord). Per-
haps, assembly and/or targeting of these extrasynaptic receptors are affected by
the point mutation, whereas these processes are not significantly affected by the
mutation with respect to synaptic receptors. In a5(H105R) mice, the sedative,
anticonvulsant and anxiolytic-like actions of diazepam were indistinguishable
from wild type. Only the muscle relaxant action of diazepam was reduced in
these mutant mice (Crestani et al. 2002).

The hippocampus plays an essential role in certain types of associative learn-
ing and memory. When a tone (conditioned stimulus) and a foot shock (uncon-
ditioned stimulus) are paired, associative learning involves the hippocampus
when tone and foot shock are separated by a time interval (trace fear condition-
ing) but not when they co-terminate or overlap (delay fear conditioning). When
the a5(H105R) mice were tested in a delay fear conditioning paradigm, the
amount of freezing was indistinguishable to wild type mice. However, in trace
fear conditioning, the a5(H105R) mice showed an enhanced percentage of freez-
ing compared to wild type mice. Thus, the a5(H105R) mice show a response dif-
ferent from wild type mice only in the hippocampus-dependent task, which is
compatible with the reduced expression of a5 subunits in the hippocampus of
a5(H105R) mice (Crestani et al. 2002). Interestingly, in the g2 knockout hetero-
zygous mice described above (Section 3.1.6)—which display a loss of benzodi-
azepine-binding sites in the CA1 and CA3 regions of 35% and 28%, respective-
ly—in trace fear conditioning, the time spent freezing to the tone was also sig-
nificantly increased (Crestani et al. 1999). These studies demonstrate that, most
likely, GABAA receptors containing the a5 subunit and the g2 subunit are crucial
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for this response. There is also evidence for the involvement of excitatory neu-
rotransmitter receptors in trace fear conditioning. Mice lacking the N-methyl-d-
aspartate (NMDA) receptor subunit NR1 in CA1 pyramidal cells only
(NR1.AC1-KO mutant) failed to memorize the tone-shock association in fear
conditioning when tone and shock are temporally separated by a trace but not
in delay fear conditioning, when the trace was removed (Huerta et al. 2000).
Thus, hippocampal NMDA receptors and GABAA receptors containing the a5

subunit and/or g2 subunit apparently have opposite roles in trace fear condition-
ing.

4
GABAB Receptor Function

The GABAB receptor agonist baclofen is used clinically for the treatment of
spasticity, where it is a drug of choice, and also for migraine headache, muscu-
loskeletal pain, pain associated with trigeminal neuralgia, stroke and spinal cord
injury. Nevertheless, its effectiveness as an analgesic is only moderate. Prelimi-
nary evidence suggests that baclofen also reduces the craving for cocaine in hu-
mans (Ling et al. 1998). Its utility is limited by side-effects such as sedation.
Thus, it would be desirable to develop drugs with more specific clinical profiles.
There is, however, so far no unequivocal evidence for the existence for multiple
GABAB receptor subtypes. Functional GABAB receptors are heterodimers com-
posed of GABAB1 and GABAB2 receptor subunits. These two receptor subunits
have 54% similarity and 35% homology and seven putative transmembrane do-
mains. The agonist appears to bind to the GABAB1 subunit, whereas the GABAB2

subunit couples to G proteins (for review see Bowery et al. 2002). The GABAB1

subunit alone is not transported to the plasma membranes and remains trapped
in the endoplasmic reticulum (Couve et al. 1998). In GABAB1 knockout mice, of
which two lines have been generated independently (Prosser et al. 2001; Schuler
et al. 2001), the expression of GABAB2 is strongly downregulated, indicating that
GABAB1 is required for stable GABAB2 expression. Tissues from these mice do
not respond to GABAB receptor agonists and have lost detectable pre- and post-
synaptic responses, indicating that the GABAB1 subunit is an essential compo-
nent of the GABAB receptor and that all GABAB2 protein is associated with
GABAB1. Whereas one of the knockout lines, which was studied on a 129/
Ola x C57BL/6J hybrid background, has a relatively short life span (up to
27 days) due to generalized epilepsy resulting in premature death (Prosser et al.
2001), the other line, which was kept on a Balb/c background, had a life expect-
ancy of at least 140 days despite the occurrence of tonic-clonic and, less fre-
quently, absence seizures (Schuler et al. 2001; Bowery et al. 2002). The GABAB1

knockout mice displayed increased locomotor activity, and the GABAB receptor
agonist baclofen did not impair motor coordination in the rotating rod test and
did not induce hypothermia. In the hot plate, tail flick and paw pressure tests
the knockout mice displayed hyperalgesia. Passive avoidance learning was im-
paired, indicating a marked negative effect of the knockout on memory perfor-
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mance (Schuler et al. 2001). Heterozygous animals showed enhanced prepulse
inhibition responses, indicating increased sensorimotor gating mechanisms
(Prosser et al. 2001). The studies on the GABAB1 knockout mice did not reveal
any evidence for pharmacologically distinct GABAB receptor subtypes. Genera-
tion and analysis of animals with elimination of either the GABAB1(a) or
GABAB1(b) splice variants, which have different transcriptional start sites, may
reveal whether they have different functional properties.

5
Outlook

Studies on GABAA receptor subunit knockout and knock-in mice have provided
significant insights into the physiological and pharmacological role of GABAA

receptors in general and specific receptor subtypes in particular that would have
been difficult or impossible to obtain without gene targeting. The next “wave”
in the study of in vivo functions of GABAA receptors are expected to be condi-
tional subunit knockouts. The ability to delete genes in a temporally and spa-
tially controlled fashion should open up new avenues for research and help to
achieve an unprecedented level of precision in the analysis.

Acknowledgements. The work on the a subunit point-mutated mice described in this re-
view was mostly performed in Hanns M�hler�s laboratory at the Institute of Pharmacolo-
gy and Toxicology, University of Z�rich in close collaboration with Florence Crestani,
Karin L�w, Ruth Keist, Jean-Marc Fritschy and Dietmar Benke and was supported by a
grant from the Swiss National Science Foundation. The author thanks Hanns M�hler, Flo-
rence Crestani and Jean-Marc Fritschy for critically reading the manuscript.

References

Baer K, Essrich C, Benson JA, Benke D, Bluethmann H, Fritschy JM, L�scher B (1999)
Postsynaptic clustering of g-aminobutyric acid type A receptors by the g3 subunit in
vivo. Proc Natl Acad Sci USA 96:12860–12865

Baer K, Essrich C, Balsiger S, Wick MJ, Harris RA, Fritschy JM, L�scher B (2000) Rescue
of g2 subunit-deficient mice by transgenic overexpression of the GABAA receptor
g2S or g2L subunit isoforms. Eur J Neurosci 12:2639–2643

Barnard EA, Skolnick P, Olsen RW, Mohler H, Sieghart W, Biggio G, Braestrup C, Bateson
AN, Langer SZ (1998) International Union of Pharmacology. XV. Subtypes of g-ami-
nobutyric acidA receptors: classification on the basis of subunit structure and recep-
tor function. Pharmacol Rev50:291–313

Baumann SW, Baur R, Sigel E (2001) Subunit arrangement of g-aminobutyric acid type A
receptors. J Biol Chem. 276:36275–36280

Benke D, Fritschy JM, Trzeciak A, Bannwarth W, M�hler H (1994) Distribution, preva-
lence, and drug binding profile of gamma-aminobutyric acid type A receptor sub-
types differing in the beta-subunit variant. J Biol Chem 269:27100–27107

Benson JA, Low K, Keist R, Mohler H, Rudolph U. (1998) Pharmacology of recombinant
g-aminobutyric acidA receptors rendered diazepam-insensitive by point-mutated a-
subunits. FEBS Lett 431:400–404

Bormann J (2000) The �ABC� of GABA receptors, Trends Pharmacol Sci 21:16–19

Analysis of GABA Receptor Assembly and Function in Targeted Mutant Mice 279



Bowery NG, Bettler B, Froestl W, Gallagher JP, Marshall F, Raiteri M, Bonner TI, Enna SJ
(2002) International Union of Pharmacology. XXXIII. Mammalian g-Aminobutyric
AcidB Receptors: Structure and Function. Pharmacol Rev 54:247–264

Brickley SG, Revilla V, Cull-Candy SG, Wisden W, Farrant M (2001) Adaptive regulation
of neuronal excitability by a voltage-independent potassium conductance. Nature
409:88–92

Collinson N, Kuenzi FM, Jarolimek W, Maubach KA, Cothliff R, Sur C, Smith A, Otu FM,
Howell O, Atack JR, McKernan RM, Seabrook GR, Dawson GR, Whiting PJ, Rosahl
TW (2002) Enhanced Learning and Memory and Altered GABAergic Synaptic Trans-
mission in Mice Lacking the a5 Subunit of the GABAA Receptor. J Neurosci 22:5572–
5580

Couve A, Filippov AK, Connolly CN, Bettler B, Brown DA, Moss SJ (1998) Intracellular
retention of recombinant GABAB receptors. J Biol Chem 273:26361–26367

Crestani F, Lorez M, Baer K, Essrich C, Benke D, Laurent JP, Belzung C, Fritschy JM,
L�scher B, M�hler H. (1999) Decreased GABAA receptor clustering results in en-
hanced anxiety and a bias for threat cues. Nat Neurosci 2:833–839

Crestani F, Martin JR, Mohler H, Rudolph U (2000a) Mechanism of action of the hypnotic
zolpidem in vivo. Br J Pharmacol 131:1251–1254

Crestani F, Martin JR, Mohler H, Rudolph U. (2000b) Resolving differences in GABAA re-
ceptor mutant mouse studies. Nat Neurosci 3:1059

Crestani F, L�w K, Keist R, Mandelli M, M�hler H, Rudolph U. (2001) Molecular targets
for the myorelaxant action of diazepam. Mol Pharmacol 59:442–445

Crestani F, Keist R, Fritschy JM, Benke D, Vogt K, Prut L, Bluthmann H, Mohler H, Ru-
dolph U. (2002) Trace fear conditioning involves hippocampal a5 GABAA receptors.
Proc Natl Acad Sci USA 99:8980–8985

Culiat CT, Stubbs L, Nicholls RD, Montgomery CS, Russell LB, Johnson DK, Rinchik EM.
(1993) Concordance between isolated cleft palate in mice and alterations within a re-
gion including the gene encoding the b3 subunit of the type A g-aminobutyric acid
receptor. Proc Natl Acad Sci USA 90:5105–5109

Culiat CT, Stubbs LJ, Montgomery CS, Russell LB, Rinchik EM (1994) Phenotypic conse-
quences of deletion of the g3, a5, or b3 subunit of the type A g-aminobutyric acid
receptor in mice. Proc Natl Acad Sci USA 91:2815–2818

Culiat CT, Stubbs LJ, Woychik RP, Russell LB, Johnson DK, Rinchik EM. (1995) Deficien-
cy of the b3 subunit of the type A g-aminobutyric acid receptor causes cleft palate in
mice. Nat Genet 11:344–346

DeLorey TM, Handforth A, Anagnostaras SG, Homanics GE, Minassian BA, Asatourian
A, Fanselow MS, Delgado-Escueta A, Ellison GD, Olsen RW (1998) Mice lacking the
b3 subunit of the GABAA receptor have the epilepsy phenotype and many of the be-
havioral characteristics of Angelman syndrome. J Neurosci 18:8505–8514

Essrich C, Lorez M, Benson JA, Fritschy JM, Luscher B (1998) Postsynaptic clustering of
major GABAA receptor subtypes requires the g2 subunit and gephyrin. Nat Neurosci
1:563–571

Fritschy JM, Benke D, Mertens S, Oertel WH, Bachi T, M�hler H (1992). Five subtypes of
type A g-aminobutyric acid receptors identified in neurons by double and triple im-
munofluorescence staining with subunit-specific antibodies. Proc Natl Acad Sci USA
89:6726–6730

Fritschy JM, M�hler H (1995) GABAA-receptor heterogeneity in the adult rat brain: differ-
ential regional and cellular distribution of seven major subunits. J Comp Neurol
359:154–194

Fritschy JM, Johnson DK, Mohler H, Rudolph U. (1998) Independent assembly and sub-
cellular targeting of GABA(A)-receptor subtypes demonstrated in mouse hippocam-
pal and olfactory neurons in vivo. Neurosci Lett 249:99–102

G�nther U, Benson J, Benke D, Fritschy JM, Reyes G, Knoflach F, Crestani F, Aguzzi A,
Arigoni M, Lang Y, Bluethmann H, M�hler H, L�scher B (1995) Benzodiazepine-in-

280 U. Rudolph



sensitive mice generated by targeted disruption of the g2 subunit gene of g-aminobu-
tyric acid type A receptors. Proc Natl Acad Sci USA 92:7749–7753

Homanics GE, Ferguson C, Quinlan JJ, Daggett J, Snyder K, Lagenaur C, Mi ZP, Wang
XH, Grayson DR, Firestone LL (1997a) Gene knockout of the a6 subunit of the g-
aminobutyric acid type A receptor: lack of effect on responses to ethanol, pentobar-
bital, and general anesthetics. Mol Pharmacol 51:588–596

Homanics GE, DeLorey TM, Firestone LL, Quinlan JJ, Handforth A, Harrison NL,
Krasowski MD, Rick CE, Korpi ER, Makela R, Brilliant MH, Hagiwara N, Ferguson C,
Snyder K, Olsen RW (1997b). Mice devoid of g-aminobutyrate type A receptor b3
subunit have epilepsy, cleft palate, and hypersensitive behavior. Proc Natl Acad Sci
USA 94:4143–4148.

Homanics GE, Harrison NL, Quinlan JJ, Krasowski MD, Rick CE, de Blas AL, Mehta AK,
Kist F, Mihalek RM, Aul JJ, Firestone LL (1999) Normal electrophysiological and be-
havioral responses to ethanol in mice lacking the long splice variant of the g2 subunit
of the g-aminobutyrate type A receptor. Neuropharmacology 38:253–265

Huerta PT, Sun LD, Wilson MA, Tonegawa S (2000) Formation of temporal memory re-
quires NMDA receptors within CA1 pyramidal neurons. Neuron 25:473–480

Huntsman MM, Porcello DM, Homanics GE, DeLorey TM, Huguenard JR. (1999) Recip-
rocal inhibitory connections and network synchrony in the mammalian thalamus.
Science 283:541–543.

Jones A, Korpi ER, McKernan RM, Pelz R, Nusser Z, Makela R, Mellor JR, Pollard S, Bahn
S, Stephenson FA, Randall AD, Sieghart W, Somogyi P, Smith AJ, Wisden W (1997)
Ligand-gated ion channel subunit partnerships: GABAA receptor a6 subunit gene in-
activation inhibits d subunit expression. J Neurosci 17:1350–1362.

Korpi ER, Koikkalainen P, Vekovischeva OY, Makela R, Kleinz R, Uusi-Oukari M, Wisden
W (1999) Cerebellar granule-cell-specific GABAA receptors attenuate benzodiaze-
pine-induced ataxia: evidence from a6-subunit-deficient mice. Eur J Neurosci
11:233–240

Korpi ER, Mihalek RM, Sinkkonen ST, Hauer B, Hevers W, Homanics GE, Sieghart W,
Luddens H (2002) Altered receptor subtypes in the forebrain of GABAA receptor d
subunit-deficient mice: recruitment of g2 subunits. Neuroscience 109:733–743

Laposky AD, Homanics GE, Basile A, Mendelson WB (2001) Deletion of the GABAA re-
ceptor b3 subunit eliminates the hypnotic actions of oleamide in mice. Neuroreport
12:4143–4147

Ling W, Shoptaw S, Majewska D (1998) Baclofen as a cocaine anti-craving medication: a
preliminary clinical study. Neuropsychopharmacology 18:403–404

Lorez M, Benke D, Luscher B, Mohler H, Benson JA (2000) Single-channel properties of
neuronal GABAA receptors from mice lacking the g2 subunit. J Physiol 527.1:11–31

L�w K, Crestani F, Keist R, Benke D, Brunig I, Benson JA, Fritschy JM, Rulicke T, Blueth-
mann H, M�hler H, Rudolph U (2000) Molecular and neuronal substrate for the se-
lective attenuation of anxiety. Science 290:131–134

Marksitzer R, Benke D, Fritschy JM, Trzeciak A, Bannwarth W, Mohler H (1993) GABAA-
receptors: drug binding profile and distribution of receptors containing the a2-sub-
unit in situ. J Recept Res 13:467–477

McCall MA, Lukasiewicz PD, Gregg RG, Peachey NS (2002) Elimination of the r1 subunit
abolishes GABAC receptor expression and alters visual processing in the mouse reti-
na. J Neurosci 22:4163–4174

McKernan RM, Whiting PJ (1996) Which GABAA-receptor subtypes really occur in the
brain? Trends Neurosci 19:139–143

McKernan RM, Rosahl TW, Reynolds DS, Sur C, Wafford KA, Atack JR, Farrar S, Myers J,
Cook G, Ferris P, Garrett L, Bristow L, Marshall G, Macaulay A, Brown N, Howell O,
Moore KW, Carling RW, Street LJ, Castro JL, Ragan CI, Dawson GR, Whiting PJ
(2000) Sedative but not anxiolytic properties of benzodiazepines are mediated by the
GABAA receptor a1 subtype. Nat Neurosci 3:587–592

Analysis of GABA Receptor Assembly and Function in Targeted Mutant Mice 281



Mihalek RM, Banerjee PK, Korpi ER, Quinlan JJ, Firestone LL, Mi ZP, Lagenaur C, Tretter
V, Sieghart W, Anagnostaras SG, Sage JR, Fanselow MS, Guidotti A, Spigelman I, Li
Z, DeLorey TM, Olsen RW, Homanics GE (1999) Attenuated sensitivity to neuroactive
steroids in g-aminobutyrate type A receptor d subunit knockout mice. Proc Natl
Acad Sci USA 96:12905–12910

Mihalek RM, Bowers BJ, Wehner JM, Kralic JE, VanDoren MJ, Morrow AL, Homanics GE
(2001) GABAA-receptor d subunit knockout mice have multiple defects in behavioral
responses to ethanol. Alcohol Clin Exp Res 25:1708–1718

M�hler H, Benke D, Benson J, L�scher B, Fritschy JM (1995) GABAA-receptor subtypes in
vivo: cellular localization, pharmacology and regulation. Adv Biochem Psychophar-
macol 48:41–56

M�hler H, Fritschy JM, L�scher B, Rudolph U, Benson J, Benke D (1996) The GABAA re-
ceptors. From subunits to diverse functions. In: Narahashi T (ed.), Ion Channels,
Volume 4, Plenum Press, New York, pp 89–113

M�hler H, Fritschy JM, Rudolph U (2002) A new benzodiazepine pharmacology. J Phar-
macol Exp Ther 300:2–8

Nakatsu Y, Tyndale RF, DeLorey TM, Durham-Pierre D, Gardner JM, McDanel HJ,
Nguyen Q, Wagstaff J, Lalande M, Sikela JM, Olsen RW, Tobin AJ, Brilliant MH
(1993) A cluster of three GABAA receptor subunit genes is deleted in a neurological
mutant of the mouse p locus. Nature 364:448–450

Nusser Z, Ahmad Z, Tretter V, Fuchs K, Wisden W, Sieghart W, Somogyi P (1999) Alter-
ations in the expression of GABAA receptor subunits in cerebellar granule cells after
the disruption of the a6 subunit gene. Eur J Neurosci111:1685–1697

Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart W, Olsen RW, Houser CR. GABAA
receptor changes in d subunit-deficient mice: altered expression of a4 and g2 sub-
units in the forebrain. J Comp Neurol 446:179–197

Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann H, Schofield PR, Seeburg
PH (1989) Importance of a novel GABAA receptor subunit for benzodiazepine phar-
macology. Nature 338:582–585

Quinlan JJ, Homanics GE, Firestone LL (1998) Anesthesia sensitivity in mice that lack the
b3 subunit of the g-aminobutyric acid type A receptor. Anesthesiology 88:775–780

Prosser HM, Gill CH, Hirst WD, Grau E, Robbins M, Calver A, Soffin EM, Farmer CE,
Lanneau C, Gray J, Schenck E, Warmerdam BS, Clapham C, Reavill C, Rogers DC,
Stean T, Upton N, Humphreys K, Randall A, Geppert M, Davies CH, Pangalos MN
(2001) Epileptogenesis and enhanced prepulse inhibition in GABAB1-deficient mice.
Mol Cell Neurosci 17:1059–1070

Resnick A, Homanics GE, Jung BJ, Peris J. (1999) Increased acute cocaine sensitivity and
decreased cocaine sensitization in GABAA receptor b3 subunit knockout mice. J Neu-
rochem 73:1539–1548

Rudolph U, Crestani F, Benke D, Brunig I, Benson JA, Fritschy JM, Martin JR, Blueth-
mann H, Mohler H (1999) Benzodiazepine actions mediated by specific g-aminobu-
tyric acidA receptor subtypes. Nature 401:796–800

Schuler V, L�scher C, Blanchet C, Klix N, Sansig G, Klebs K, Schmutz M, Heid J, Gentry
C, Urban L, Fox A, Spooren W, Jaton AL, Vigouret J, Pozza M, Kelly PH, Mosbacher
J, Froestl W, Kaslin E, Korn R, Bischoff S, Kaupmann K, van der Putten H, Bettler B
(2001) Epilepsy, hyperalgesia, impaired memory, and loss of pre- and postsynaptic
GABAB responses in mice lacking GABAB1. Neuron 31:47–58

Smith GB, Olsen RW (1995) Functional domains of GABAA receptors. Trends Pharmacol
Sci 16:162–168

Stephenson FA, Duggan MJ, Pollard S (1990) The g2 subunit is an integral component of
the g-aminobutyric acidA receptor but the a1 polypeptide is the principal site of the
agonist benzodiazepine photoaffinity labeling reaction. J Biol Chem 265:21160–
21165.

282 U. Rudolph



Sur C, Wafford KA, Reynolds DS, Hadingham KL, Bromidge F, Macaulay A, Collinson N,
O�Meara G, Howell O, Newman R, Myers J, Atack JR, Dawson GR, McKernan RM,
Whiting PJ, Rosahl TW (2001) Loss of the major GABAA receptor subtype in the
brain is not lethal in mice. J Neurosci 21:3409–3418

Tobler I, Kopp C, Deboer T, Rudolph U (2001) Diazepam-induced changes in sleep: role
of the a1 GABAA receptor subtype. Proc Natl Acad Sci USA 98:6464–6469

Ugarte SD, Homanics GE, Firestone LL, Hammond DL (2000) Sensory thresholds and the
antinociceptive effects of GABA receptor agonists in mice lacking the b3 subunit of
the GABAA receptor. Neuroscience 95:795–806

Uusi-Oukari M, Heikkila J, Sinkkonen ST, Makela R, Hauer B, Homanics GE, Sieghart W,
Wisden W, Korpi ER (2000) Long-range interactions in neuronal gene expression: ev-
idence from gene targeting in the GABAA receptor b2-a6-a1-g2 subunit gene cluster.
Mol Cell Neurosci 16:34–41

Vicini S, Ferguson C, Prybylowski K, Kralic J, Morrow AL, Homanics GE (2001) GABAA
receptor a1 subunit deletion prevents developmental changes of inhibitory synaptic
currents in cerebellar neurons. J Neurosci 21:3009–3016

Wafford KA, Burnett DM, Leidenheimer NJ, Burt DR, Wang JB, Kofuji P, Dunwiddie TV,
Harris RA, Sikela JM (1991) Ethanol sensitivity of the GABAA receptor expressed in
Xenopus oocytes requires 8 amino acids contained in the g2L subunit. Neuron 7:27–
33

Wieland HA, Luddens H, Seeburg PH (1992) A single histidine in GABAA receptors is es-
sential for benzodiazepine agonist binding. J Biol Chem 267:1426–1429.

Wong SM, Cheng G, Homanics GE, Kendig JJ (2001) Enflurane actions on spinal cords
from mice that lack the b3 subunit of the GABAA receptor. Anesthesiology 95:154–
164

Analysis of GABA Receptor Assembly and Function in Targeted Mutant Mice 283



Neurotrophic Factors

M. Sendtner

Institut f�r Klin. Neurobiologie, University of W�rzburg,
Josef-Schneider-Str.11, 97080 W�rzburg, Germany
e-mail: sendtner@mail.uni-wuerzburg.de

1 Neurotrophic Factors and Developmental Neuronal Death:
Nerve Growth Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

2 Neurotrophins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
2.1 Receptors for Neurotrophins: Dual Role of p75NTR in Neuronal Survival . . . . 287
2.2 Other Members of the Neurotrophin Family: BDNF, NT-3 and NT-4/5 . . . . . 288
2.3 Pharmacological Potential of Neurotrophins: Lessons from Animal Models

and Mouse Mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

3 CNTF and Functionally Related Molecules . . . . . . . . . . . . . . . . . . . . 292
3.1 The CNTF Receptor Complex: Actions of Leukaemia Inhibitory Factor,

Oncostatin M, Cardiotrophin-1 Are Mediated Through Shared
Receptor Subunits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

3.2 Effects of CNTF and Other Neurotrophic Factors in Murine Animal Models
for Motoneuron Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

4 Glial-Derived Neurotrophic Factor. . . . . . . . . . . . . . . . . . . . . . . . . 296

5 Signalling Pathways for Neurotrophic Factor-Mediated Neuronal . . . . . . . 298
5.1 Characterization of Downstream Signalling Pathways Which Mediate

the Neuronal Survival Response to Neurotrophins and CNTF:
The Role of Members of the IAP Family . . . . . . . . . . . . . . . . . . . . . . 300

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

Abstract Since the discovery of nerve growth factor (NGF) and original obser-
vations that limiting quantities of this protein regulate survival of distinct popu-
lations of neurons during development, a broad variety of neurotrophic factors
has been identified. These factors are members of several gene families and pro-
mote their effects though specific membrane receptors which either include
transmembrane receptor tyrosine kinases or classical cytokine receptor sub-
units such as gp130. Neurotrophic factors do not only regulate neuronal sur-
vival but also neural differentiation, neurite outgrowth, synapse formation,
transmitter synthesis and release. Additional functions in other organs than the
nervous systems have also been identified. Mouse models in which the genes for
these factors are specifically deleted have played an important role in our pres-
ent understanding of the physiological function of these molecules. These find-
ings are summarized and discussed in this review.
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1
Neurotrophic Factors and Developmental Neuronal Death:
Nerve Growth Factor

In higher vertebrates, many types of neurons are generated in excess. A signifi-
cant proportion of the newly generated cells are eliminated during development.
Studies by Victor Hamburger and Rita Levi-Montalcini (Levi-Montalcini 1987)
have shown that target tissues play a central role in this process by providing
limiting quantities of survival factors to neurons, in particular those projecting
to peripheral targets such as muscle, skin, or blood vessels. In 6-day-old chick
embryos, the lumbar part of the spinal cord contains about 20,000 motoneurons
of which about 8,000 are lost until embryonic day 12 (see Oppenheim 1991 for
review). Experiments by Victor Hamburger (Hamburger 1934, 1958) showed
that limb or wing bud removal in early chick embryos leads to virtually com-
plete loss of corresponding motoneurons. Conversely, the implantation of an ad-
ditional limb anlage results in an increased number of motoneurons projecting
to the enlarged target area (Holliday and Hamburger 1975). These experiments
were the first steps in the discovery of nerve growth factor (NGF). Experiments
with sarcoma tissue as a replacement of target tissue (Levi-Montalcini et al.
1954) demonstrated enhanced survival of sympathetic neurons in the paraverte-
bral ganglia and subpopulations of sensory neurons, but not of spinal motoneu-
rons. These data indicated that distinct survival factors are responsible for vari-
ous populations of neurons. After the identification of NGF as a specific survival
factor for sympathetic and subpopulations of sensory neurons, subsequent ex-
periments showed that this protein is produced in the target of these neurons
and transported in the axons to the cell bodies after binding to specific recep-
tors (Thoenen and Barde 1980; Ginty and Segal 2002). These findings with NGF
have guided research in the field of neurotrophic factors. During the past few
decades, researchers have concentrated on discovering factors with analogous
function for motoneurons and other types of neurons.

Experiments performed to understand the mechanisms of developmental cell
death of motoneurons have played an essential role in establishing the hypothe-
sis that target tissues influence development and maintenance of innervating
neurons. Since 1989, a broad variety of factors with survival-promoting activity
for motoneurons and many other types of neurons were identified, and evidence
has accumulated that various neurotrophic factors exist in target tissues, such
as skeletal muscle, and regulate survival of innervating cells during development
(reviewed by Thoenen et al. 1993). Animal models in which the genes for these
factors were eliminated have played a crucial role in determining the physiolog-
ical significance of these molecules in this context. For example, mice lacking
endogenous NGF (Crowley et al. 1994) show enhanced loss of sympathetic and
sensory neurons in spinal dorsal root ganglia, but do not show increased cell
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death in the population of central cholinergic neurons in the basal forebrain or
basal nucleus of Meynert, a specific population of neurons which is highly re-
sponsive to NGF treatment under physiological and pathophysiological condi-
tions (Li et al. 1995b; Hartikka and Hefti 1988). Similarly, although motoneu-
rons are highly responsive to BDNF (Oppenheim et al. 1992; Sendtner et al.
1992a), the second member of the neurotrophin family which was identified
(Leibrock et al. 1989), mice lacking brain-derived neurotrophic factor (BDNF)
do not show any reduction in motoneuron numbers (Conover et al. 1995; Liu et
al. 1995), despite major abnormalities in other populations of neurons. Thus,
compensatory effects by other neurotrophic factors could be unravelled. In ad-
dition, these mouse mutants proved very helpful to discover and investigate the
role of these neurotrophic factors for neuronal function, in particular in neurite
outgrowth, synaptogenesis and synaptic activity. This chapter will summarize
some of these findings, with specific emphasis on the role of these mouse mu-
tants for understanding the function of neurotrophic factors in the motor sys-
tem.

2
Neurotrophins

2.1
Receptors for Neurotrophins: Dual Role of p75NTR in Neuronal Survival

NGF is the prototypic target-derived trophic factor (reviewed by Barde 1990).
Its biological activities are limited to specific populations of peripheral and cen-
tral neurons. The biological effects of nerve growth factor on responsive neu-
rons are mediated by a low-affinity receptor which is common to all neu-
rotrophins (p75NTR) and through a specific high-affinity receptor (trk-A; see
Eide et al. 1993). The p75NTR receptor is highly expressed in motoneurons dur-
ing embryonic development. Expression drops to undetectable levels after birth,
and only after nerve lesion or in degenerative diseases, in particular in neurode-
generative disorders such as amyotrophic lateral sclerosis, it is re-expressed
(Kerkhoff et al. 1993; Seeburger et al. 1993). For some time, it was thought that
the biological functions of NGF on survival and neurite outgrowth were exclu-
sively mediated though the trk-A transmembrane tyrosine kinase receptor. Only
in recent years have we seen clear evidence for an involvement of the p75NTR re-
ceptor in signal transduction (Dechant and Barde 1997; Kaplan and Miller
2000). The p75NTR receptor also mediates pro-apoptotic signalling responses
(Rabizadeh et al. 1993; Bothwell 1996), but reports on this function in transgenic
mouse models were confusing. Initial reports on enhanced survival of choliner-
gic neurons in the basal forebrain in p75NTR knockout mice had to be revisited
(Van der Zee et al. 1996) and other data which are based on experiments with
p75NTR gene knockout mice and neuronal cultures derived from these mice
showed that p75NTR co-operates with trk receptors in mediating pro-survival ef-
fects (Wiese et al. 1999). The observation that p75NTR preferentially binds pro-

Neurotrophic Factors 287



forms of neurotrophins (Lee et al. 2001) that have not yet been cleaved to the
shorter mature neurotrophins has led to the hypotheses that (1) cleavage of neu-
rotrophin precursor protein decides on pro- versus anti-apoptotic effects of
these molecules, (2) neurotrophin precursor proteins mediate cell death via
p75NTR, and (3) mature neurotrophins mediate survival through trk receptors or
complexes of trk and p75NTR subunits.

These results correspond to pro-apoptotic effects of NGF on various types of
neurons. For example, in newborn rats, the application of NGF increases the
number of degenerating motoneurons after sciatic nerve lesion (Miyata et al.
1986) and after facial nerve lesion (Sendtner et al. 1992a). During embryonic de-
velopment, endogenous NGF promotes cell death of retinal ganglion cells
through p75NTR (Frade et al. 1996). This scenario could also be relevant when
p75NTR is re-expressed in motoneurons, such as neurodegenerative disorders
like amyotrophic lateral sclerosis (ALS).

The p75NTR receptor is also involved in functions other than mediating cell
death and survival signals. These functions have been observed long before neu-
rotrophin receptors were identified on a molecular level. For example, trk-A is
not expressed in motoneurons, whereas relatively high levels of p75NTR are ob-
served during development or after nerve lesion. The high expression of p75 ex-
plains why NGF can be taken up and retrogradely transported in embryonic
motoneurons of newborn, but not adult rats (Stoeckel et al. 1975; Yan et al.
1988). Some effects of NGF have been observed in motoneurons, among them
hypertrophy of a subpopulation of NGF-receptor-positive lumbar motoneurons
(Koliatsos et al. 1991) or a short-term effect on neurite outgrowth in cultured
embryonic motoneurons (Wayne and Heaton 1988; Wayne and Heaton
1990a,b). These effects are caused by activation of rhoA by direct interaction
with p75NTR (Yamashita et al. 1999).

2.2
Other Members of the Neurotrophin Family: BDNF, NT-3 and NT-4/5

In 1989, the gene for BDNF was cloned (Leibrock et al. 1989). BDNF is the sec-
ond members of the neurotrophin family. Its discovery paved the way to identi-
fication of neurotrophin (NT)-3 (Hohn et al. 1990; Maisonpierre et al. 1990) and
NT-4/5 (Berkemeier et al. 1991; Hallb��k et al. 1991). BDNF and NT-4/5 specifi-
cally interact with trk-B, and NT-3 preferentially binds to trk-C receptors. All
neurotrophins bind to the p75NTR with similar affinity. The expression of the trk
receptors defines the specificity for actions on various populations of neurons.

For example, motoneurons express full-length trk-B but not trk-A and there-
fore do not respond for their survival to NGF. A subpopulation of motoneurons
also expresses trk-C, which is a specific cellular receptor for NT-3 (Henderson
et al. 1993; Griesbeck et al. 1995). The positive effects of BDNF and NT-3 were
discovered when these proteins were applied to lesioned motoneurons in new-
born rats (Sendtner et al. 1992a; Yan et al. 1992) or to the allantoic membrane of
developing chick embryos (Oppenheim et al. 1992). Although virtually all of the
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motoneurons express trk-B, only a subpopulation of about 50%–60% of the mo-
toneurons survive after BDNF administration in vivo (Sendtner et al. 1992a; Yan
et al. 1992) or in vitro (Henderson et al. 1993; Hughes et al. 1993). The reason
for this apparent discrepancy is still not clear. As this effect is both observed in
cultured motoneurons from different embryonic stages as well as in vivo in
postnatal motoneurons, it has to be assumed that the responsiveness of mo-
toneurons to BDNF through trk-B does not simply increase during embryonic
development, but is regulated by other cellular or extracellular signals.

The genes for BDNF, NT-3 as well as the genes for the corresponding recep-
tors trk-B and trk-C have been knocked out in mice (Table 1). Mice without
BDNF survive after birth, but feed poorly and usually die within 4 weeks. Histo-
logical examination has shown loss of sensory neurons in the dorsal root gan-
glia and in particular the vestibular and nodose ganglia (reviewed in Snider
1994). Interestingly, motoneurons are not reduced in BDNF-deficient mice. It
was speculated that this could be due to the presence of NT-4 in muscle and a
compensatory effect of this neurotrophin through trk-B which is shared as a re-
ceptor. However, mice in which both BDNF and NT-4 were deleted also did not
show enhanced motoneurons loss (Conover et al. 1995; Liu et al. 1995). Similar-
ly, and in contrast to original reports (Klein et al. 1993), mice with inactivated
trk-B also do not show enhanced motoneuron (DeChiara et al. 1995) cell death.
The loss of sensory neurons was slightly higher in the trigeminal ganglia in
trk-B knockout mice (Klein et al. 1993) than in BDNF-deficient mice (Conover
et al. 1995). Highest loss of neurons in BDNF-deficient mice was observed in the
vestibular ganglion (90%–96% reduction) and in the nodose–petrosal ganglion
complex (60% loss). This result indicates that NT-4 does not compensate for
lack of BDNF in this neuronal population. Altogether, these analyses revealed
that the physiological requirement of these different population of neurons for
individual factors of the neurotrophin family vary, and that compensatory ef-
fects between various members of the neurotrophin family exist, but they are
not of major relevance for survival during development.

Many types of neurons also express trk-C, the specific receptor for NT-3, of-
ten in combination with trk-B. In particular, spinal motoneurons express rela-
tively high levels of this receptor. This appears relevant, since NT-3 is the most
abundantly expressed neurotrophin in skeletal muscle, both during develop-
ment and in the adult. For comparison, levels of BDNF expression in muscle are
very low (Griesbeck et al. 1995). From trk-C and NT-3 knockout mice, there is
good evidence that the g-motoneurons innervating the muscle spindles are de-
pendent on NT-3 for their physiological development (Ernfors et al. 1995; Ku-
cera et al. 1995). However, NT-3 also supports survival of facial motoneurons af-
ter nerve lesion, a population of motoneurons which does not contain g-mo-
toneurons (Sendtner et al. 1992a). Therefore, subpopulations of a-motoneurons
should also be responsive to NT-3. This is also suggested by the observation that
trk-C mRNA is highly expressed in spinal and brain stem motoneurons. During
embryonic development, the spinal motoneurons express NT-3 at relatively high
levels (Ernfors and Persson 1991). This suggested that NT-3 could function as
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an autocrine factor during this period. However, gene ablation of NT-3 did not
lead to reduced numbers of a-motoneurons. It appears that the NT-3 produced
in motoneurons serves as a neurotrophic and axon-attractant for proprioceptive
neurons which invade the spinal cord through the dorsal horn and make con-
tacts with the ventral motoneurons. In addition, NT-3 from motoneurons could
function on upper motoneurons, which have been shown to respond to this fac-
tor (Schnell et al. 1994).

NT-4/5 can also bind to trk-B and support motoneurons, most probably
through this receptor. Therefore, redundancy of these two ligands in their func-
tion on motoneurons has been suggested (Hughes et al. 1993; Conover et al.
1995; Liu et al. 1995). However, this is not necessarily the case. Splice variants of
trk-B have been identified with increased specificity for BDNF (Strohmaier et al.
1996), and it is not clear so far whether such splice variants with increased spec-
ificity for each of these ligands are expressed on motoneurons. This could be
relevant for consideration of the therapeutic potential of these two ligands for
treatment of neurodegenerative diseases.

NT-3 expression is detectable in skeletal muscle both during development
and in the adult. After muscle denervation either by nerve transection or by
transient blockade of neuronal transmission by injection of tetrodotoxin into
the sciatic nerve, NT-4 expression is rapidly downregulated in adult rats (Gries-
beck et al. 1995). Electrical stimulation of motor nerves leads to the opposite ef-
fect, a significant upregulation of NT-4 expression (Funakoshi et al. 1995). These
data suggest that neuronal activity at the neuromuscular endplate has a signifi-
cant influence on NT-4 expression in skeletal muscle, and NT-4 could be in-
volved in regulating efficacy of neuromuscular transmission, as has been shown
in co-cultures of Xenopus motoneurons and skeletal muscle after addition of
NT-3 or BDNF (Lohof et al. 1993).

2.3
Pharmacological Potential of Neurotrophins: Lessons from Animal Models
and Mouse Mutants

In contrast to ciliary neurotrophic factor (CNTF) (Shapiro et al. 1993; Fantuzzi
et al. 1995) and leukaemia inhibitory factor (LIF) (Metcalf and Gearing 1989;
Ryffel 1993), the systemic application of BDNF or NT-3 is well tolerated in ani-
mal models. However, animal studies in which these factors were applied for
maintaining survival of motoneurons under various experimental conditions
pointed to potential problems. The pharmacological application of BDNF, NT-4
or NT-3 to cell cultures or lesioned motoneurons in vivo supports less motoneu-
rons than one would expect from the expression of trk-B or trk-C (Yan et al.
1992; Henderson et al. 1993). Moreover, the local administration of high
amounts of BDNF to lesioned motor nerves in newborn rodents has only a tran-
sient effect in rescuing the corresponding motoneurons (Vejsada et al. 1994;
Vejsada et al. 1995; Vejsada et al. 1998).
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Levels of endogenous BDNF mRNA are extremely low in skeletal muscle, but
upregulated after lesion of peripheral nerves (Griesbeck et al. 1995). This proce-
dure leads to upregulation of BDNF mRNA production in Schwann cells, which
starts at the end of the first week after lesion and increases continuously during
the following 4 weeks (Meyer et al. 1992). At that time, levels of BDNF produc-
tion are about tenfold higher than maximal levels of NGF, which can be ob-
served a few days after nerve lesion. This scenario would make BDNF available
to lesioned motoneurons only at later periods when the motor axons regenerate
to their original muscle fibres. Therefore, a decreased responsiveness of lesioned
motoneurons to BDNF within a few days after lesion would not be compatible
with a functional role of this factor during the long period of axonal regrowth
after nerve lesion. In order to test the hypothesis that BDNF has to be available
continuously at physiological concentrations for lesioned motoneurons, recom-
binant adenoviruses were used for local overexpression of BDNF after motor
nerve lesion in newborn rats (Gravel et al. 1997). Indeed, this procedure could
lead to prolonged survival of motoneuron cell bodies. The molecular counter-
part for the influence of concentration (Vejsada et al. 1994) and application
mode (bolus vs. continuous application) might reside in the regulation of high-
affinity BDNF receptor expression on the cell surface of motoneurons. Cell cul-
ture experiments with cerebellar granular cells have shown that high levels of
BDNF can lead to a dramatic decrease of trk-B receptor expression on the cell
surface, most probably due to a block in transfer of full-length trk-B binding
sites from intracellular compartments to the cell surface (Carter et al. 1995).
Such mechanisms could play a role in motoneurons when BDNF is pharmaco-
logically administered. Currently, various efforts are being made to generate
mouse mutants in which specific deletions and point mutations are made into
the receptors in order to define specific elements which are responsible for
transfer of receptors to the cell surface, for activation of specific signalling path-
ways in correlation with effects on neurite outgrowth, synaptic activity and neu-
ronal survival. For example, mutation of the shc binding domain in trk-B re-
vealed a specific need of this site for NT-4-mediated effects on survival of senso-
ry neurons, but not for BDNF (Minichiello et al. 1998). Other mutants have been
made and are currently being investigated, and these mouse models could help
us define signalling pathways which are necessary for pharmacological effects
of neurotrophic factors, and possible downstream targets which might be worth
considering as target molecules for pharmacological treatment of neurodegener-
ative diseases.

3
CNTF and Functionally Related Molecules

CNTF was originally identified as a survival-promoting factor for cultured em-
bryonic chick ciliary neurons present in high quantities in chick eye extracts
(Adler et al. 1979; Barbin et al. 1984). This protein is also present in relatively
high amounts in peripheral myelinating Schwann cells, so that this protein
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could be finally purified from this source and its gene cloned (Lin et al. 1989;
St�ckli et al. 1989). CNTF differs from neurotrophins by its lack of a hydropho-
bic signal peptide, and thus it is not released via the conventional secretory
pathway. Moreover, it is not expressed during embryonic development at a time
when physiological cell death of motoneurons and other responsive neuronal
populations occurs.

3.1
The CNTF Receptor Complex: Actions of Leukaemia Inhibitory Factor,
Oncostatin M, Cardiotrophin-1 Are Mediated Through Shared Receptor Subunits

CNTF acts on responsive neurons via a receptor complex involving at least three
subunits (Stahl and Yancopoulos 1994). The low-affinity receptor CNTFRa ex-
ists both in membrane-bound form and as a soluble binding protein in body
fluids (Davis et al. 1993). The cell membrane-bound CNTFRa is linked via a gly-
cosyl-phosphatidyl-inositol (GPI) anchor to the outer layer of the cell mem-
brane and lacks a transmembrane domain. The expression of this receptor com-
ponent is relatively high in the nervous system and in skeletal muscle.

The high-affinity receptor for CNTF involves two additional components,
gp130, which has originally been identified as the signal-transducing compo-
nent of the interleukin (IL)-6 receptor, and LIFRb. This latter component can
bind LIF with low affinity (Gearing et al. 1991). Involvement of gp130 and
LIFRb in the receptor complexes for CNTF, LIF, oncostatin-M (OSM) and car-
diotrophin-1 (CT-1) (Gearing et al. 1992; Pennica et al. 1995) explains the over-
lapping activities of these factors in supporting motoneuron survival and func-
tion.

Mice have been generated in which the receptor components LIFRb CNTFRa
and gp130 have been eliminated (DeChiara et al. 1995; Li et al. 1995a; Yoshida et
al. 1996). In all cases, the introduced gene defects are lethal, and enhanced cell
death in motoneuron and sensory neuronal populations was observed in CNT-
FRa- and LIFRb-deficient mice. Thus, it appears that ligands for the LIFRb/
CNTFRa constitute physiological endogenous survival factors for developing
motoneurons and probably also other populations of neurons.

Mice in which the genes for CNTF (Masu et al. 1993), LIF (Escary et al. 1993;
Sendtner et al. 1996) or CT-1 (Oppenheim et al. 2001) are eliminated, are much
less affected than CNTFRa or LIFRb mice. All these mutants are viable and do
not show severe neurological deficits. CNTF
/
 mice do not show any deficits at
birth, but postnatally show enhanced motoneuron cell death which reaches a
level of 
20% at an age of 6 months. When LIF is deficient, there is no loss of
neurons at any stage of development. However, in CNTF and LIF double-defi-
cient mice, neuronal loss—in particular postnatal loss of motoneurons—is en-
hanced, leading to measurable neurological defects such as reduction of muscle
strength by about 30% (Fig. 1). These data point to a significant degree of over-
lap and redundancy of CNTF and LIF on neuronal survival. CNTF does not only
affect motoneuron survival, but also mitosis, differentiation and survival of

Neurotrophic Factors 293



oligodendrocytes and corresponding precursor cells (Barres et al. 1993). Thus,
the rate of mitosis of oligodendrocyte precursor cells in the optic nerve of
CNTF
/
 mice is reduced, and when an inflammatory disease is induced in the
nervous system in these mice by myelin/oligodendrocyte glycoprotein (MOG)-
peptide induced experimental autoimmune encephalomyelitis, the number of
proliferation oligodendrocyte precursor cells was massively reduced, apoptosis
of oligodendrocytes was enhanced, and degeneration of axons was observed,
corresponding to more severe disease (Maurer et al. 2002).

Similarly, a role of CNTF was identified as a modifier gene by crossbreeding
mice with transgenic mutant superoxide dismutase (SOD)1, a classical model of
human motoneuron disease, with CNTF-deficient mice (Giess et al. 2002a).
These mice show significantly earlier disease onset and higher loss of spinal mo-

Fig. 1a–c Morphology of motoneuron in the facial nucleus of control (a), CNTF (b) and CNTF/LIF (c)
double-deficient mice. In CNTF�/� mice, loss of about 20% of the motoneurons is observed in 3-month-
old mice (b), whereas LIF-deficient mice do not show enhanced cell death in this neuronal population.
However, when these gene defects are combined, significantly enhanced neuronal loss is observed (c)
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toneurons. These observation might be relevant insofar as a point mutation in
the splice acceptor site for exon 2 of the human CNTF gene is quite abundant so
that 2% of the human population are CNTF deficient (Takahashi et al. 1994). Al-
though this mutation per se is not associated with any neurological defect, it
modulates severity of disease when it occurs in combination with other genetic
and epigenetic conditions which lead to familial or sporadic motoneuron dis-
ease (Giess et al. 2000b; Giess et al. 2002a) or multiple sclerosis (Giess et al.
2002b). Similarly, mutations in the LIF gene have been reported to be more
abundant in patients with motoneuron disease than in controls (Giess et al.
2000a).

Mice with gene inactivation for CT-1 show enhanced loss of motoneurons
during embryonic development (Oppenheim et al. 2001). Thus, this factor seems
to be the only protein which so far has been clearly proven to act as a target de-
rived neurotrophic factor for spinal motoneurons. However, there is no signifi-
cant further loss of motoneurons during postnatal development. Thus CT-1 acts
primarily during embryonic development, whereas CNTF and LIF seem to play
a role in maintenance of motoneurons and other populations of neurons during
postnatal development.

Nevertheless, the extent of motoneuron loss and the severity of the neurolog-
ical deficit in CT-1-deficient mice is much less severe than in CNTFRa or LIFRb
mice. The discovery of cardiotrophin-like cytokine (CLC) as another ligand for
CNTFRa (Elson et al. 2000) when bound to cytokine-like factor (CLF) has given
a potential explanation for this observation, and efforts are currently made to
investigate CLF-deficient mice (Alexander et al. 1999) in order to find out how
the phenotype compares with CNTFRa gene knockout mice on a histopatholog-
ical level.

3.2
Effects of CNTF and Other Neurotrophic Factors in Murine Animal Models
for Motoneuron Disease

CNTF has been successfully used for experimental therapy in murine animal
models for motoneuron disease. Systemic administration of CNTF to progres-
sive motor neuropathy (pmn) (Sendtner et al. 1992b), wobbler (Mitsumoto et al.
1992) and motor neurodegenerative (mnd) (Helgren et al. 1992) mice showed
significant effects on the course of the disease, although the mechanisms how
CNTF achieves this effect might be different. The underlying gene defects in
these mouse mutants have not been identified so far. However, chromosomal
linkage data and experiments searching for mutations in candidate genes indi-
cate that they are unrelated and that these mice are not defective of genes coding
for these neurotrophic factors or their receptors. In the case of the mnd and
wobbler mice, large inclusion bodies were observed in motoneurons which ap-
peared during the course of the disease. Whereas the content of these inclusion
bodies has not been identified in wobbler mice (Blondet et al. 1995), the mnd
mouse has been described as an animal model of neural ceroid lipofuscinosis
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(corresponding to Batten�s disease in humans) (Bronson et al. 1993). In the
meantime, the underlying mutation in the mnd mouse has been identified as a
single bp insertion at codon 90 of the CLN8 gene which defines a specific sub-
group of neural ceroid lipofuscinosis in mouse and human. Surprisingly, signifi-
cant effects of CNTF have been observed in this mouse mutant (Helgren et al.
1992; Winter et al. 1996). Recently, also the gene defect responsible for motoneu-
ron disease in pmn mice was discovered (Bommel et al. 2002; Martin et al.
2002) as a point mutation leading to a single amino acid exchange in the tubulin
specific chaperone E gene. This indicates that CNTF signalling interferes with a
variety of cellular defects, also such defects which are not primarily caused by
mutation in signalling molecules for neuronal survival pathways.

4
Glial-Derived Neurotrophic Factor

Glial-derived neurotrophic factor (GDNF) was identified in 1993 as a potent sur-
vival factor for midbrain dopaminergic neurons (Lin et al. 1993). It quickly be-
came apparent that this protein, which shares distant structural homologies
with members of the TGF-b gene family, is also an effective survival factor for
other populations of neurons, in particular motoneurons. Half-maximal survival
of cultured embryonic motoneurons is supported by 0.2 pg/ml GDNF, corre-
sponding to 7 fM (Henderson et al. 1994). Thus GDNF is several orders of mag-
nitude more potent than BDNF, CNTF or LIF. The same study showed no effect
of GDNF on sensory, trigeminal or sympathetic neurons derived from embryon-
ic or perinatal rats. Relatively high expression of GDNF was found in skeletal
muscle, E15 hind-limb and Schwann cell cultures, and nerve lesions increase
GDNF mRNA expression within 2 days to maximal levels. Therefore, a function
of GDNF as an endogenous lesion factor for axotomized motoneurons (and
probably other types of neurons) was proposed, resembling very much the func-
tion of LIF and CNTF.

An effect of GDNF on peripheral sympathetic and sensory neurons was ob-
served in studies with chick embryos (Oppenheim et al. 1995). The application
of GDNF to the chorioallantoic membrane led to increased motoneuron survival
during the critical period of physiological cell death, but also increased the
number of surviving sympathetic and sensory neurons.

Mice in which the GDNF gene was inactivated show renal agenesis and a
complete lack of neurons in the autonomic ganglia of the gut which form the
myenteric plexus (Moore et al. 1996; Pichel et al. 1996; Sanchez et al. 1996).
Analysis of the nervous system identified deficits in several populations of sen-
sory neurons, in particular from dorsal root, sympathetic and nodose ganglia.
A small reduction in trigeminal and spinal lumbar motoneuronsin the range of
20% was found, but not in facial motoneurons. Thus, GDNF does not play a key
role in regulating survival of motoneurons during embryonic development.

The GDNF receptor complex involves a low-affinity binding component
(GFRa1) (Jing et al. 1996), which is linked to the membrane via a GPI-anchor,
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comparable to the CNTFRa. In contrast to the CNTF/LIF-receptor complex, sig-
nal transduction of GDNF and related molecules is mediated by a tyrosine ki-
nase (c-ret) which associates with the GFRa receptors after ligand binding and
transmits the ligand-induced signal to the cell (Durbec et al. 1996; Treanor et al.
1996; Trupp et al. 1996). Thus, Ret-deficient mice show similar severe defect in
kidney development and in the enteric nervous system (Taraviras et al. 1999;
Baloh et al. 2000).

The GDNF gene family now comprises three additional factors which also ac-
tivate the RET tyrosine kinase receptor which is shared by all these ligands.
These molecules have been named neurturin, persephin and artemin. They
seem to bind with some preference to one of four a-receptors, named GFRa1,
GFRa2, GFRa3 and GFRa4. GDNF preferentially binds to GFRa1, neurturin to
GFRa2, artemin to GFRa3 and persephin to GFRa4. However, neurturin and ar-
temin also bind to GFRa1, so there is a structural basis for functional overlap
between these ligands. The genes for the RET tyrosine kinase, the GFRa recep-
tors, GDNF and other ligands have been inactivated in mice by standard tech-
niques. Mice with deficiency in RET (Schuchardt et al. 1994), GFRa1 (Enomoto
et al. 1998), and GDNF (Moore et al. 1996; Pichel et al. 1996; Sanchez et al. 1996)
die during development. GDNF- and GFRa1-deficient mice fail to develop kid-
neys and enteric neurons and die around birth. RET and GFRa1 are expressed
in the embryonic ureteric bud and GDNF is found in the metanephrogenic mes-
enchyme to which the ureteric buds grow during development. In RET-deficient
mice, in addition to the lack of kidneys, many apoptotic cells are found in the
foregut, and these mice show a massive loss of sympathetic neurons in the supe-
rior cervical ganglia. In this respect, they differ from GDNF-deficient mice. Sig-
nificant loss of neurons in the GDNF
/
 mice is also observed in nodose and
sensory dorsal root ganglia, whereas loss of motoneurons is in a range of 20%–
30%, thus resembling CT-1
/
 mice.

Neurturin binds preferentially to GFRa2, and gene knockout for this ligand
or its corresponding a-receptor does not lead to severe developmental defects.
The mice are born, and they develop and breed normally, without any major or-
gan defects (Heuckeroth et al. 1999; Rossi et al. 1999). A decrease in density of
the myenteric plexus was observed which correlates with the relatively high ex-
pression of the GFRa2 receptor in autonomic neurons within gut and bowel af-
ter birth. Also some reduction of GFRa2-expressing sensory neurons in the dor-
sal root ganglia of neurturin-deficient mice have been observed, in particular in
a population of neurons conferring heat sensitivity. However, it is not yet clear
whether this reflects a loss of this subpopulation or simply the fact that expres-
sion of GFRa2 is reduced and function is disturbed when the ligand is lacking.

Mice with gene knockout of GFRa3 have been generated (Nishino et al.
1999), and the phenotype of these mice indicates that artemin/GFRa3-signalling
plays a major role for migration and differentiation of sympathetic neurons in
the superior cervical ganglion. GFRa3-deficient mice show ptosis which is due
to lack of innervation for lacrimal gland secretion. Interestingly, no major defect
was observed in paravertebral sympathetic and sensory ganglia.
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Mice with deficiency of GFRa4 have been generated (J.O. Hiltunen et al., per-
sonal communication), they seem to be viable and fertile, and no gross abnor-
malities have been observed so far (Airaksinen and Saarma 2002).

Altogether, a significant overlap of defects between the GDNF and the neu-
rotrophin families was observed, indicating that these two families of neurotro-
phic factors act together in promoting migration, differentiation, survival and
function of specific populations of neurons. Currently, many efforts are being
made to investigate these functional co-operations in more detail, and mouse
models, in particular mice in which individual gene defects are combined in
double- and triple-mutant mice, play a major role in these studies.

5
Signalling Pathways for Neurotrophic Factor-Mediated Neuronal

Recent years have seen significant progress in the understanding of signalling
pathways which mediate the various functions of neurotrophic factors in neuro-
nal cells. The neurotrophins have served as a prototypic gene family for investi-
gation of the signalling pathways which regulate survival and other effects in
primary neurons (Segal and Greenberg 1996). A significant contribution to this
research was provided by investigations employing the rat pheochromocytoma
cell line PC12. Signalling through high-affinity neurotrophin receptors which
include members of the trk gene family involves several pathways. Initiation of
this signalling depends on the cytosolic tyrosine phosphatase Shc, the activation
of PLC-g and the activation of the PI-3-kinase/AKT-pathways directly at the lev-
el of the trk transmembrane tyrosine kinases.

The Shc adapter proteins have been focus of research, as they can couple trk-
signalling to the Ras/mitogen-activated protein (MAP) kinase pathway, which
has been shown to be involved in promoting neuronal survival and neurite out-
growth. Experiments with PC-12 cells (Bar-Sagi and Feramisco 1985) and with
primary sympathetic neurons have shown that activated ras can support differ-
entiation and survival of primary neurons (Borasio et al. 1993), respectively. At
least in PC-12 cells, sustained activation of the MAPK pathway (Traverse et al.
1992; Aletta 1994; Wixler et al. 1996) seems to be responsible for the differentia-
tion versus mitogenic effects, and it has been suggested that sustained activation
of the MAPK pathway is also responsible for the neurotrophin-mediated sur-
vival effect in neuronal cell lines and primary neurons. Recently, a second ras-
independent pathway for activation of the MAPK pathway was shown to be in-
volved in mediating the differentiation effects of NGF (York et al. 1998). This
redirects focus of interest on activation mechanisms upstream from ras and oth-
er small GTP-binding proteins which transduce the signal from receptor mole-
cules to the MAPK and other intracellular signalling pathways.

In neurons, several forms of Shc exist, which are named ShcA, ShcB, and
ShcC/N-shc (Cattaneo and Pelicci 1998). The expression of these Shc isoforms
stands under strict control during development, and only little is known so far
about whether differences in the expression of these Shc isoforms influence sig-
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nal transduction downstream of trk receptors, for example by determining
downstream targets involved in mediating cellular effects of neurotrophic fac-
tors including survival of specific neuronal cell types at a specific stage of devel-
opment. Particular attention deserves the ratio of ShcA and ShcC expression.
ShcC/N has been detected as a neuron-specific Shc isoform (Nakamura et al.
1996) which mediates the coupling of trk signalling to Ras activation. Whereas
ShcA is expressed in a widespread manner in virtually all types of cells, ShcC
expression is only found in the brain at late stages of development. Interestingly,
the upregulation of ShcC corresponds to a downregulation of ShcA expression
in the brain at a developmental stage when neuronal cells become postmitotic
(Conti et al. 1997) and at least some populations of neurons including the mo-
toneurons become dependent on neurotrophic factors for their survival. It is
tempting to speculate that this switch from ShcA to ShC expression might be re-
sponsible for a switch in response to neurotrophic factors from a differentiation
signal to a survival signal (Segal and Greenberg 1996). This could be of impor-
tance for understanding how motoneurons become responsible to neurotrophic
factors for their survival during development.

Recent evidence from mice in which the Shc binding site in trk-B was mutat-
ed (Minichiello et al. 1998) suggest that differences between various neurotro-
phic factors exist in the utilization of this pathway for mediating survival and
neurite outgrowtheffects. Mice in which the Shc binding site of trk-B is mutated
show that NT-4-mediated survival effects were more dramatically reduced than
BDNF-dependent differentiation or survival. These mice display a complete loss
of the NT-4 dependent D-hair cells but no change in BDNF-dependent slowly
adapting mechanotransducing sensory neurons. However, survival of motoneu-
rons has not been investigated in such mice so far, and it remains to be demon-
strated whether survival or functional properties in motoneurons are altered
when the Shc binding site is mutated in the trk-B receptor.

Nevertheless, this report showed that significant differences exist between
various ligands in the activation of downstream pathways, even if shared recep-
tor components such as trkB in the case of BDNF and NT-4 are involved.

Besides the ras/MAPK pathway, a second pathway involving activation of
PI-3 K seems to be highly important for neuronal survival (Dudek et al. 1997).
Although direct association of PI-3 K with trk receptors has been found under
specific experimental conditions (Obermeier et al. 1993), it is now widely ac-
cepted that Shc signalling plays a major role for activation of PI-3 K down-
stream of trks in neuronal cells (Baxter et al. 1995; Greene and Kaplan 1995;
Datta et al. 1997). The PI-3 kinase in turn leads to activation of Akt, a serine/
threonine kinase with broad spectrum of substrates including the pro-apoptotic
Bad (Datta et al. 1997), caspase-9 (Cardone et al. 1998), the forkhead transcrip-
tion factor FKHRL1 (Brunet et al. 1999) and IkB kinase (IKK)a kinase, leading
to activation of the nuclear factor (NF)-kB pathway (Ozes et al. 1999; Ro-
mashkova and Makarov 1999). It remains to be seen which of these downstream
pathways is responsible for neuronal survival during various stages of develop-
ment and in the adult.
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A third important pathway which could be of importance for neuronal sur-
vival is the activation of phospholipase C (PLC)g1 (Obermeier et al. 1994; Segal
and Greenberg 1996; Tinhofer et al. 1996). Activation of this pathway leads to
increased release of free Ca2+ from intracellular stores, which in turn can acti-
vate cyclic AMP-response element binding protein (CREB) (Finkbeiner et al.
1997; Lonze and Ginty 2002). In addition, elevated intracellular Ca2+ levels have
also been described to activate the small GTP-binding protein Rap1 but not Ras
(Grewal et al. 2000). This leads to activation of B-raf but not to activation of
Raf-1. In developing motoneurons, B-raf is expressed at relatively high levels
during the period of physiological cell death (Wiese et al. 2001). Thus, a link be-
tween various pathways could exist, and increased levels of Ca2+ could con-
tribute to activation of Rafs, which seem to play a central role both in activation
of the MAPK pathway, and also as effector kinases for bcl-2. Rafs could phos-
phorylate BAD and thus inhibit its pro-apoptotic activity (Wang et al. 1994).

5.1
Characterization of Downstream Signalling Pathways Which Mediate
the Neuronal Survival Response to Neurotrophins and CNTF:
The Role of Members of the IAP Family

Not very much is known about the downstream signals involved in execution of
neuronal cell death and neurotrophic factor-mediated survival. Research on the
role bcl-2 has guided the way to our present knowledge. Overexpression of bcl-2
can significantly reduce the extent of physiological neuronal cell death during
development (Dubois-Dauphin et al. 1994; Martinou et al. 1994). However, mice
in which bcl-2 expression is abolished by homologous recombination show only
a small reduction of motoneuron numbers at birth (Michaelidis et al. 1996), in-
dicating either that bcl-2-related molecules can substitute or that bcl-2 is not
physiologically necessary for motoneuron survival during development. Inter-
estingly, motoneuron cell death is enhanced in the postnatal period, leading to
loss of around 40% of facial motoneurons of 6-week-old bcl-2
/
 mice. This sug-
gests that bcl-2 becomes important for postnatal survival at least of subpopula-
tions of motoneurons. However, this does not mean that bcl-2-deficient mo-
toneurons lose their responsiveness to neurotrophic factors. Both BDNF and
CNTF are still capable of rescuing motoneurons from lesion-induced cell death
after facial nerve transection in newborn animals. Nevertheless, survival in re-
sponse to these neurotrophic factors was lower in bcl-2-deficient mice, indicat-
ing that subpopulations depend on bcl-2 for survival after nerve lesion and/or
that compensation by other anti-apoptotic members of the bcl-2 family is only
incomplete in these cells.

Observations that neurons from BAX-deficient mice (Knudson et al. 1995;
Deckwerth et al. 1998) are resistant against cell death after neurotrophic factor
deprivation provide a second indication that mechanisms involving members of
the bcl-2 family are involved, and that mitochondria play a role in motoneuron
cell death. Recently, it has been shown that BAX-dependent release of cyto-
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chrome c from mitochondria plays an essential role in the initiation of cell death
in NGF-deprived sympathetic neurons (Deshmukh and Johnson 1998). Howev-
er, microinjection of cytochrome c into the cytoplasm could not initiate cell
death when the primary sympathetic neurons were grown in the presence of
NGF. Based on these observations, it was speculated that NGF leads to a rapid
production of an intracellular protein, which protects cells from pro-apoptotic
actions of cytochrome c (Newmeyer and Green 1998). Furthermore, it was con-
cluded that such protective molecules are expressed at low basal levels and up-
regulated within a short time after NGF exposure.

Members of the inhibitor of apoptosis/inhibitor of T cell apoptosis (IAP/ITA)
family are candidates for such protective proteins. They inhibit the activation of
procaspase-9 (Deveraux et al. 1998), which is initiated by cytochrome c and
Apaf-1 (Slee et al. 1999; Stennicke et al. 1999). Furthermore, they inhibit the
function of activated caspase-3, -6 and -7, and thus at least at two levels interfere
with cellular programs for apoptosis (Deveraux et al. 1997, 1998). The identifica-
tion and cloning of the chick ita gene (Digby et al. 1996), which encodes a pro-
tein of 611 amino acids with highest homology to the human cIAP-2 gene (also
called HIAP-1 or MIHC), allowed us to investigate the involvement of this pro-
tein in NGF-mediated survival of developing chick sympathetic and sensory
neurons. We could show that NGF rapidly induced ITA expression in cultured
sympathetic and sensory neurons. This upregulation of ITA mRNA and protein
levels involves the PI-3 K pathway. Overexpression of ITA in primary sensory
and sympathetic neurons can promote neuronal survival in the absence of NGF,
and antisense expression of ITA can abolish the NGF survival effect in sensory
and sympathetic neurons. These actions are apparently mediated through the
baculovirus IAP repeat (BIR domains) of the ITA protein, as expression of a
BIR-deleted form of ITA, was without any effect on neuronal survival.

These data suggest that members of the IAP family which include the mam-
malian IAP-2 and XIAP are important molecules which are involved in the sig-
nalling machinery for neurotrophic factor-mediated survival of sympathetic
and sensory neurons. The expression of inhibitors for caspases could be an es-
sential mechanism which contributes to motoneurons survival once these cas-
pases are activated, and they probably could be of high importance in protect-
ing motoneurons to any kind of pro-apoptotic signalling which might occur
during postnatal life and which has to be neutralized for further maintenance of
these cells.
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Abstract The production and analysis of opioid system knockout (KO) mice de-
ficient in one or more of the three opioid receptors (mu (MOR-1), delta (DOR-
1), and kappa (KOR-1)) and the three precursor proteins encoding opioid sys-
tem ligands (proenkephalin, prodynorphin, and proopiomelanocortin) have
considerably enhanced our understanding of the roles of this complex system.
All single and combinatorial KO mice with mutations in this system are viable
with receptor mutations, in particular, generally accompanied by only minor
compensations in other opioid system genes. These novel strains have been used
to examine the contributions of the endogenous opioid system to both baseline



behaviors and to actions of exogenous compounds. The effects of opioid system
mutation on endogenous behavior are generally modest, but there are demon-
strated effects of specific opioid system gene deletions on locomotion as well as
emotional behaviors, and there is evidence for opposing actions of specific re-
ceptor systems on these processes. Exogenous administration of opioid system
ligands has complemented and extended the findings of traditional pharmacolo-
gy while unanticipated observations continue to emerge. For example, extensive
analysis in multiple paradigms continues to demonstrate that essentially all ac-
tions of morphine are abolished following deletion of MOR-1, despite its signifi-
cant binding to other receptor subtypes in vitro. In addition, requirements of
DOR-1 and preproenkephalin for morphine tolerance but not dependence have
been demonstrated, as have alternate systems that can mediate analgesic re-
sponses to delta ligands, and recent findings indicate that at least some tradi-
tional opioid receptor ligands retain activity even in mice lacking all classic opi-
oid receptors. These recent results should help focus analysis of the genomic
and proteomic alterations that accompany drug administration and opioid sys-
tem mutation as well as characterization of conditional mutations of opioid sys-
tem genes.

Keywords Opioid receptor · Delta opioid receptor · Mu opioid receptor · Kappa
opioid receptor · Analgesia · Opioid pharmacology · Morphine tolerance ·
Morphine dependence · Anxiety · Locomotion

Abbreviations

ACTH Corticotropin
bend b-Endorphin
CFA Complete Freund adjuvant
DAMGO [d-Ala2,MePhe4,Gly-ol5]Enkephalin
DOR Delta-opioid receptor
DPDPE Cyclic[d-penicillamine2,d-penicillamine5]enkephalin
GTPgS Guanosine 50-3-O-(thio)triphosphate
HPA Hypothalamic-pituitary-adrenal axis
i.c.v. Intracerebroventricular
it Intrathecal
KOR Kappa-opioid receptor
M6G Morphine-6-glucuronide
MOR Mu opioid receptor
MSH Melanocyte stimulating hormone
Pdyn Preprodynorphin
Penk Preproenkephalin
POMC Proopiomelanocortin
SIA Stress-induced analgesia
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1
Introduction

Since its isolation from the poppy seed, humans have used the prototypic opioid
morphine not only because it relieves pain, but also because it produces feelings
of euphoria and well-being. Morphine remains the most widely used treatment
for several types of severe pain, while the synthetic diacetylation of morphine
forms heroin, which remains one of the most addictive drugs of abuse. The en-
dogenous receptors that are targets of these exogenous opiate drugs were first
identified pharmacologically in the 1960s, when binding studies indicated that
three major classes of opioid receptor sites exist, which continue to be designat-
ed as mu, delta, and kappa receptors. In the 1970s, Met- and Leu-enkephalin be-
came the first endogenous ligands for opioid receptors to be identified, while
isolation of b-endorphin and dynorphin peptides rapidly followed. The discov-
ery of not only receptors for exogenous ligands but also prospective endogenous
ligands for these receptors suggested that multiple new circuits could not only
mediate effects of exogenous opiates but could be expected to modulate multiple
endogenous physiologic processes as well.

Following discovery of this endogenous opioid system, its pharmacology has
been extensively explored using an increasing number of morphine derivatives,
additional natural products and multiple synthetic agonists and antagonists
with demonstrated selectivity for the three major opioid receptor subclasses.
These compounds have been used to characterize the effects on several physio-
logic processes, and have established that all three opioid receptor subclasses
could participate in nociception, reward processes, and anxiety as well as other
functions such as stress, respiration, food intake, gastrointestinal motility, and
endocrine and immune activity. The information from this pharmacologic ap-
proach has recently been reviewed (see Vaccarino and Kastin 2000) and rein-
forces not only the complexity of the opioid system but also the critical role of
this system in mediating the interaction and response of an organism to its en-
vironment.

Molecular approaches identified three opioid peptide precursor genes in the
late 1970s, while genes encoding the receptors were not identified until over a
decade later. Preproenkephalin (Penk), preprodynorphin (Pdyn) and proopio-
melanocortin (POMC) genes encode several enkephalin peptides, several dynor-
phin-related peptides, and one copy of b-endorphin, respectively. These pep-
tides, once liberated from their respective precursors by prohormone conver-
tases, all express the canonical opioid receptor-binding sequence Tyr-Gly-Gly-
Phe-Met/Leu sequence at their N-terminus. The opioid receptor proteins belong
to the G protein-coupled receptor family, and form a four-member gene sub-
family together with the orphanin FQ/nociceptin receptor discovered later by
homology screening (Darland et al. 1998; Mogil and Pasternak 2001). Three
genes encoding proteins with the pharmacology of the classic mu (MOR-1), del-
ta (DOR-1) and kappa (KOR-1) receptors have been isolated and have alterna-
tively designated Oprm, Oprd1 and Oprk1 using mouse genome nomenclature,
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or as MOP, DOP and KOP by the International Union of Pharmacology
(IUPHAR). These three genes predict highly homologous receptor proteins (Ki-
effer 1995) and have similar genomic organization (Gaveriaux-Ruff and Kieffer
1999).

Homologous recombination technology has successfully produced mouse
strains lacking all genes of the endogenous opioid system introduced above.
These mice have already been extensively used to complement and extend clas-
sic pharmacologic approaches and several important applications of these mice
have emerged. First, subtype-specific knockout (KO) mice have been used to as-
sess genetically the molecular targets of prototypic opioid agonists or antago-
nists developed by pharmacology. In addition, behavioral phenotyping of each
mutant strain has allowed for the contribution of each endogenous peptide and
receptor to presumptive opioid-controlled behaviors to be re-assessed. Since
several independently generated strains with mutations in the same gene have
been produced and analyzed in similar paradigms, broad consensus on several
aspects of opioid function have been reached. Nonetheless, several surprising
results have emerged from this analysis, which provide a focus for current work.
Here we will review much of the information from the study of opioid system
KO mice and attempt to highlight the particularly significant advances provided
by genetic analysis of this system. Analysis of the initial data from these strains
has been summarized in prior reviews (Hayward and Low 1999; Kieffer 1999;
Kieffer 2000). More recent data from an emerging area—the effect of opioid sys-
tem KOs on responses to other substances of abuse— has recently been re-
viewed (Kieffer and Gaveriaux-Ruff 2002), where a more thorough discussion of
immune and stress responses beyond the scope of this review can also be found.

2
Production of Opioid Receptor and Ligand Mutant Mice

2.1
Single and Combinatorial Opioid Receptor Knockout Mouse Lines

All opioid receptor genes have a similar organization (Gaveriaux-Ruff and
Kieffer 1999) and their coding regions are included in three exons. The MOR-1
gene differs slightly in that the last twelve codons of the 30 coding region, are
found on a fourth coding exon. Several additional MOR-1 exons have also been
identified in overlapping murine cosmid clones (Pan et al. 2001) and it will be
of interest to determine whether these exons also exist in humans. Between two
and five distinct targeting vectors for the MOR-1, DOR-1, and KOR-1 genes have
been successfully used for homologous recombination. The mutant alleles pro-
duced by these targeting events are illustrated with references in Fig. 1a.

Five strains of mice have been produced that contain mutations in the
MOR-1 locus (Matthes et al. 1996; Sora et al. 1997; Tian et al. 1997; Loh et al.
1998; Schuller et al. 1999). Three strains contain deletions of exon 1, though the
extent of the deletion differs among the strains, a fourth contains an insertion
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Fig. 1a, b Production of opioid system-deficient mice. a Production of opioid receptors-deficient. The
wild-type locus and targeted alleles for independent MOR-1, DOR-1, and KOR-1 receptor KO mice. In-
trons are indicated by solid lines. Exons are represented by boxes and show coding (black boxes) and
non-coding (diagonal-containing boxes) regions of the genes. The position of the neomycin-resistance
cassette is indicated. Mice with the following genetic backgrounds were assayed in original reports:
129/SvxC57BL/6 (Matthes et al. 1996; Sora et al. 1997; Simonin et al. 1998; Filliol et al. 2000), 129/
OlaxC57BL/6 (Loh et al. 1998), Swiss black hybrids (Tian et al. 1997), 129/SvEvxC57BL/6 (Schuller et al.
1999; Zhu et al. 1999; Chever et al. submitted). b Production of opioid peptide-deficient mice. The
wild-type locus and targeted genomes are indicated for b-endorphin (POMC gene), preproenkephalin,
and prodynorphin. Introns are represented by solid lines, while as in a, black boxes show the coding
region of exons while boxes with diagonal lines indicate non-coding parts of the genes. The position of
the neomycin-resistance cassette is indicated. A partial duplication of exon 3 occurred at the 30 end of
Neo in the Penk mutant generated by K�nig et al. Targeting of the POMC gene by Rubinstein et al. was
designed as to delete bend only, while other POMC-derived peptides are intact. In original reports mu-
tant mice harvest the following genetic backgrounds: 129/SvxC57BL/6 (Rubinstein et al. 1996; Zimmer
et al. 2001), CD1 hybrids (K�nig et al. 1996), 129SvEv-Tac for Sharifi et al. 2001), 129/SvEvxC57BL/6
(Nitsche et al. 2002)
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of a Neo cassette into exon 2, while the fifth strain has a deletion of both exons 2
and 3. In homozygous mutant mice from all five strains, binding of [3H] DAM-
GO, the prototypic mu-selective agonist was abolished, demonstrating that clas-
sic, pharmacologically defined mu receptor sites were deleted by all targeting
strategies. Binding of one other highly selective mu ligand, [3H] endomorphin-
2, is also absent from the one mutant strain tested (Monory et al. 2000). DAM-
GO, morphine, and endomorphin 1 and 2 have also been examined for ability
to activate G proteins; this ability is abolished in several MOR-1 mutants exam-
ined (Matthes et al. 1998; Mizoguchi et al. 1999; Monory et al. 2000; Narita et al.
1999; Park et al. 2000). These data indicate that all activation elicited by these
compounds requires MOR-1 and, conversely, that these agonists are unable to
initiate detectable G protein activation following possible binding to other re-
ceptors.

Two strains of mice have been produced that contain deletions of either
exon 1 or exon 2 of murine DOR-1 (Zhu et al. 1999; Filliol et al. 2000). In both
strains, binding of several radiolabeled delta-selective compounds with pre-
ferred specificity for either the pharmacologically defined delta-1 sites (DPDPE)
or the delta-2 sites (deltorphin 1 and 2) were undetected in homozygous mutant

Fig. 1 b
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mice after either homogenate or autoradiographic ligand binding. Binding of
the general delta antagonist naltrindole was also significantly reduced in both
strains. Taken together, these results demonstrate that the delta receptor sub-
types postulated by classical pharmacology (see Zaki et al. 1996) arise from, or
require, the DOR-1 gene.

Two lines of mice with deletions of either exon 1 or exon 2 of the murine
KOR-1 gene have also been produced, binding the highly selective kappa agonist
[3H] CI-977 or [3H]U-69,363, respectively (Simonin et al. 1998; V. Chever, sub-
mitted), could not be detected by homogenate binding and/or autoradiographic
mapping, demonstrating that murine KOR-1 encodes the previously described
kappa-1 receptor. The pharmacology of other kappa opioid receptor subtypes, a
highly controversial area, has begun to be elucidated using combinatorial recep-
tor KO mice as discussed below.

In summary, results from all nine KOs of individual opioid receptors have
consistently shown that binding of prototypic radiolabelled opioid ligands selec-
tive for mu, delta, and kappa sites, respectively, is undetectable in all cognate
MOR-1, DOR-1, and KOR-1 mutant strains. Interesting, binding in all heterozy-
gous mutants examined have exhibited ~50% reductions in receptor number,
which indicates that regulation of gene expression or receptor protein stability
is not adjusted in the presence of a null allele. Thus, analysis of mice with half
the number of functional receptors can have implications for identifying pheno-
types where the full complement of receptors is required, as discussed below.

Homozygous mutant mice from all nine opioid receptor lines are viable, fer-
tile, and have not shown any obvious morphologic deficits despite the wide-
spread prenatal activation of each gene in both central and peripheral nervous
systems as well as peripheral tissues of the mouse (Zhu et al. 1998; Zhu and Pin-
tar 1998). While these normal phenotypes raised the possibility that receptor
proteins might not be synthesized or activated during development, the ability
of mu and delta agonists to stimulate G protein activation during prenatal stages
has recently been demonstrated (Nitsche and Pintar 2003). In essentially all neu-
ral sites of fetal opioid receptor expression, the ability of both mu and delta lig-
ands to stimulate G protein activation begins soon after cognate mRNA detec-
tion, though coupling is often slightly delayed from the time of specific mRNA
appearance. One dramatic exception is the trigeminal ganglion, where mu li-
gand coupling is not present even at birth, though MOR-1 mRNA is robustly ex-
pressed soon after this ganglion forms. A significant conclusion from these
studies is that the lack of major developmental effects of MOR-1 and DOR-1 re-
ceptors, at least, is not because these receptors are unable to activate G proteins
before birth. Nonetheless, detailed morphological studies of neural and glial cell
number, as well as detailed structural analysis of neural circuitry, have yet to be
reported for the mature or developing brain for any mutant.

Mouse strains containing combinations of either two or all three individual
opioid receptor subtype mutations have also recently been produced. Like each
individual mutant, the double and triple opioid receptor mutant mice are viable
and fertile. Two strains of mice lacking three distinct individual mutations in-
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clude either the alleles reported by Matthes et al. (1996), Simonin et al. (1998),
and Filliol et al. (2000) or those reported by Schuller et al. (1999), Zhu et al.
(1999), and Chever (V. Chever, submitted). The first strain as expected lacks
[3H] DAMGO, [3H] CI-977 and [3H] DPDPE binding sites in homogenate assays
(Simonin et al. 2001), while the second strain shows a complete absence of [3H]
naloxone binding, the prototype opioid antagonist, as assessed by both autora-
diography and homogenate binding (Clarke et al. 2002). While these studies
clearly support the opioid receptor specificity of ligands such as naloxone under
the binding conditions used, low-affinity binding sites for these ligands might
not be detected using standard binding conditions but could potentially have
physiologic relevance that can be explored in these KO models.

2.2
Opioid Peptide Knockout Mouse Lines

Mice containing mutations in opioid peptide precursor genes have also been
produced using the targeting strategies illustrated and referenced in Fig. 1b. The
POMC precursor encodes several biologically active peptides including the opi-
oid peptide b-endorphin. To specifically delete this peptide domain, which is
the C-terminal peptide encoded by this precursor, a stop codon was introduced
at the b-MSH-bend junction. In homozygous mutant mice containing this mu-
tation, b-melanocyte-stimulating hormone (b-MSH) content and corticotropin
(ACTH) immunoreactivity were unchanged while bend was absent, confirming
that the mutation had successfully ablated production of the opioid peptide but
had not altered processing of other POMC domains. A strain lacking the entire
POMC coding region has also been reported (Yaswen et al. 1999); the absence of
multiple peptides with distinct activities in addition to bend has thus far pre-
vented changes arising specifically from the absence of bend to be identified.

Two strains of KO mice lacking the Penk gene have been reported. In the first
(Konig et al. 1996), the targeting strategy truncated the enkephalin-coding re-
gion (50 part of exon 3) but also introduced an unexpected partial duplication of
this exon. This mutation has nonetheless been useful since no met-enkephalin
has been detected in the homozygous mutants. In the second mutant, the target-
ing strategy deleted the entire region encoding the 50 part of exon 3 (Ragnauth
et al. 2001; Nitsche et al. 2002).

Two null mutations have also been introduced into the Pdyn gene by different
laboratories and include either deletion of the whole coding region, spanning
exons 3 and 4 in one KO, which eliminated Pdyn mRNA in homozygous mu-
tants, or deletion of exon 3 and part of exon 4, which produced mice lacking all
dynorphin peptides.

Thus mouse strains with mutations in each gene encoding opioid peptides
have been produced. Mice heterozygous for the ligand mutations generally show
half the peptide content, at least for bend and Penk, again making these mice
useful for studies of ligand reserve. Like receptor-null mice, homozygous opioid
ligand mutant mice do not show any obvious developmental defects or decreas-
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es in fecundity. Although there has been no report of triple-ligand KO mice yet,
viable and fertile b-endorphin and Penk double mutant have been produced
and used for experimental analysis (Hayward et al. 2002).

2.3
Compensatory Changes Accompanying Opioid System Mutation

Absence of one opioid system component throughout development might be ex-
pected to induce adaptive changes in either other molecules of the opioid sys-
tem or functionally associated neurotransmitter systems as a compensation to
maintain homeostasis. Such compensatory modifications could be subtle and
would not necessarily require altered gene expression to be functionally rele-
vant, especially since the known endogenous ligands such as bend and Penk
have somewhat overlapping terminal fields and could be expected to bind both
mu and delta receptors in vivo as they do in vitro.

Examinations of non-mutated opioid system components in several individu-
al mutant strains have been undertaken to evaluate intra-opioid system com-
pensation. In mice lacking an individual opioid receptor, levels of the two re-
maining receptors have been measured in both whole brain homogenates and
with receptor autoradiography to provide anatomic resolution. In MOR-1-defi-
cient mice, homogenate binding of several prototypic delta and kappa1 ligands
were similar in wild-type and mutant mice (Matthes et al. 1996; Kitchen et al.
1997; Sora et al. 1997; Loh et al. 1998; Schuller et al. 1999; Chen et al. 2000). Mu
and kappa agonist binding were also grossly similar in DOR-1-deficient mice
(Zhu et al. 1999; Filliol et al. 2000) while DAMGO and deltorphin binding were
unchanged in the KOR-1 homozygous mutant mice (V. Chever et al., submitted;
Simonin et al. 1998). At the regional level, qualitative in situ hybridization did
not reveal any major change in the level MOR-1 or DOR-1 expression in DOR-1
or MOR-1 receptor mutants respectively (Schuller et al. 1999; Zhu et al. 1999).
More detailed quantitative autoradiographic receptor mapping has also been re-
ported for each individual mutant, which has revealed at best subtle (10% on
average) but regionally restricted downregulation of delta and kappa sites in
MOR-1-deficient mice (Kitchen et al. 1997), upregulation of delta sites in the
KOR-1 mutant mice (Slowe et al. 1999), and trend toward regional decreases of
mu and kappa 1 sites in the DOR-1 mutant mice (Goody et al. 2002). Together,
the data clearly indicate that the absence of one opioid receptor does not dra-
matically alter the expression of other opioid receptor genes. Mutation of the
structurally related ORL-1 gene similarly does not significantly impact expres-
sion of any of the classical opioid receptors (Slowe et al. 2001)

Adaptations at the level of receptor coupling efficiency could occur in the ab-
sence of alterations in receptor binding. This possibility has not yet been fully
explored but has been investigated most thoroughly in MOR-1 mutant mice. In
these mice, SNC80- and deltorphin-stimulated [35S]GTPgS binding was general-
ly unchanged, suggesting integrity of delta receptor activation of G proteins
(Matthes et al. 1998; Narita et al. 1999; Hosohata et al. 2000). DPDPE also stimu-
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lated [35S]GTPgS binding with similar efficacy in wild-type and MOR-1 mutant
mice (Matthes et al. 1998; Narita et al. 1999), although with slightly reduced effi-
cacy in MOR-1 KO brain when a high dose was used (Park et al. 2000) as well as
in the spinal cord (Hosohata et al. 2000). The later findings could reflect DPDPE
occupancy of mu receptors in wild-type mice (Hosohata et al. 2000), which
would produce an apparent overall lower efficacy in the MOR-1 mutants.
DPDPE does show lower selectivity towards delta receptors compared to deltor-
phin (Corbett 1993; Matthes et al. 1998) and thus may bind both mu and delta
receptors under specific experimental conditions. Detailed autoradiographic
[35S]GTPgS studies have not been reported in these mice to identify more re-
stricted sites of regional coupling differences which could underlie the clear dif-
ferences in delta agonist-mediated behavior that accompany MOR-1 mutation
as discussed below.

The coupling of three different kappa agonists in MOR-1 mutant mice has
also been explored and induced [35S]GTPgS binding activities were comparable
in wild-type and MOR-1-deficient mice (Matthes et al. 1998; Narita et al. 1999;
Park et al. 2000). Thus, data so far strongly suggest that delta and kappa recep-
tor coupling to G proteins is generally intact in the absence of mu receptors.
Therefore the analysis of [35S]GTPgS binding in MOR-1 KO mice thus far pro-
vides no evidence for mu/delta or mu/kappa interactions at the cellular level.
The findings that ligand-stimulated downstream events, such as DPDPE-, del-
torphin- and U50,488H-inhibition of cAMP production, are also unaffected in
MOR-1 mutant mice (Matthes et al. 1998) is consistent with this notion. Analo-
gous studies in DOR-1- and KOR-1-deficient mice have not yet been reported
and, as mentioned above, a more restricted anatomic analysis or pharmacologic
interventions successfully used in vitro (Jordan and Devi 1999; Rios et al. 2001)
could conceivably uncover more discrete anatomically restricted changes that
could be ascribed to receptor dimers.

Just as individual receptor deletion does not markedly modify expression of
the other opioid receptors, opioid peptide deletion does not significantly alter
levels of other opioid peptides. In bend-deficient mice, for example, dynorphin
and enkephalin expression was unchanged (Rubinstein et al. 1996). Pdyn homo-
zygous mutant showed normal Penk mRNA but slightly attenuated POMC tran-
script levels (Sharifi et al. 2001) while Penk KO mice displayed normal levels of
dynorphin and bend immunoreactivity in striatal and hypothalamic extracts,
respectively (Konig et al. 1996).

Since transmitter and peptide levels can often regulate the numbers of cog-
nate receptors, experiments to determine whether absence of specific receptors
modifies expression of endogenous ligands or, conversely, whether the absence
of ligand alters receptor expression have been of interest. The absence of a re-
ceptor does not seem to regulate ligand expression since, at the RNA level,
MOR-1, DOR-1, and KOR-1 mutants all show no obvious alteration in POMC,
Penk, and Pdyn transcript levels, respectively, as demonstrated by in situ hy-
bridization (V. Chever et al., submitted; Matthes et al. 1996; Simonin et al. 1998;
Zhu et al. 1999; Filliol et al. 2000). In contrast, brains from at least one strain of
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Penk mutant mice show significant increases in mu and delta binding in regions
thought to mediate the emotional aspect of opioid function such as the central
amygdala nucleus for mu receptors and the ventral pallidum for delta receptors
(Brady et al. 1999). There are no apparent behavioral manifestations of receptor
upregulation in analgesic systems, however, since both basal analgesia as well as
morphine dose–response curves are unchanged in enkephalin mutant mice
(Nitsche et al. 2002). Analysis of other ligand mutants is more limited, although
either mu, delta, and kappa agonist-stimulated [35S]GTPgS binding or total opi-
oid binding were unchanged in Pdyn KO mice (Wang et al. 2001) and bend mu-
tants (Slugg et al. 2000), respectively.

In conclusion, significant regulatory interactions within the opioid system
have thus far only been observed in the Penk mutant mice. Other changes may
also occur in functionally associated systems, as illustrated by subtle modifica-
tions in orphanin FQ/nociceptin binding in individual DOR-1 and KOR-1 but
not MOR-1 mutant mice (Slowe et al. 2001) as well as triple KO mice (Clarke et
al. 2002). Since adaptations could conceivably extend to unexpected or unchar-
acterized genes, gene and protein profiling of opioid system mutant mice will
ultimately be needed to provide an accurate assessment of compensatory
change. The identification and extent of these changes represent a necessary
component of characterizing the mutant mice.

3
Basal Behavioral Phenotypes

Since all opioid receptor and ligand KO mice are viable and generally exhibit
minimal alterations in other opioid systems, behavior can be constructively ex-
amined in the absence of any known major alterations in these other systems.
Baseline phenotypes of several behavioral systems have been reported. General-
ly, systems examined include those where exogenous opiate administration has
previously been demonstrated to alter a behavior, which in turn has raised the
question of whether the endogenous opioid system also provides significant reg-
ulation of a specific behavior. If the endogenous system in fact contributes to a
behavior, changes from wild-type should be observed following baseline mea-
surements. Altered responses of mutant mice in nociception (summarized in Ta-
ble 1), locomotion and emotional/stress tests have indicated significant roles of
the endogenous system. Other behaviors are also introduced below and have
also been recently reviewed (Kieffer and Gaveriaux-Ruff 2002).

It is important to realize that many of these initial reports have utilized mice
of mixed genetic background. Most studies have attempted to minimize the ef-
fect of genetic variation by using mice from heterozygous mating, but it is con-
ceivable that genetic variation has obscured identification of some significant
differences or, alternatively, led to some of the interlab variability observed if
small numbers of mice have been tested. End points being measured certainly
reflect contributions from non-opioid systems and behavioral phenotyping us-
ing recently developed standardized test batteries (Brown et al. 2000) can be ex-
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pected to provide additional information that minimizes these effects. Since dif-
ferent genetic backgrounds may impact the contribution of a specific opioid
component to a specific behavior, one can anticipate that analysis of different
inbred strains containing opioid system mutations will add to the results sum-
marized below.

3.1
Pain Perception

Perhaps the most important recognized function of the opioid system is to
modulate pain perception. Exogenous mu, delta, and kappa opioid agonists all
produce analgesia and, in addition, an endogenous opioid tone has been pro-
posed to regulate nociceptive information (Ossipov 1997). To evaluate the pro-
posed tonic effects of the opioid system in pain perception, nociceptive thresh-
olds have been examined in KO mice using a wide variety of pain models. Sever-
al acute painful stimuli, as well as intermediate and chronic pain models, have
been tested (see Table 1 with references). Strain background may influence no-
ciceptive thresholds (Mogil et al. 1999) and detection of more subtle but
nonetheless significant differences may accompany testing of single and combi-
natorial mutants on different inbred backgrounds.

Several tests, including radiant heat-tail flick, warm water tail immersion, hot
plate, and the plantar test, have all been used to determine the basal sensitivity
of mice to thermal pain. DOR-1- and KOR-1-deficient mice do not exhibit any
alteration in the perception of noxious heat. In contrast, MOR-1 mutant mice
showed increased sensitivity in three different responses to heat, suggesting the
existence of an MOR-mediated contribution to thermal nociception. Triple KO
mice on a mixed outbred background also show decreased latencies in radiant
heat testing (Clarke et al. 2002). No change in baseline sensitivity to thermal
pain was reported in mice devoid of b-endorphin. Penk and Pdyn mutant mice
showed increase pain sensitivity in the hot plate and tail flick tests, respectively,
though a second Penk strain showed no different in long-latency radiant heat
testing (Nitsche et al. 2002). There is a tendency for mice lacking either MOR or
Penk genes to show a similar phenotype, suggesting a ligand–receptor interac-
tion.

Responses to mechanical pain, determined by response to pressure, was unal-
tered in MOR-1, DOR-1, KOR-1, and Pdyn mutants (Simonin et al. 1998; Fuchs
et al. 1999; Filliol et al. 2000; Wang et al. 2001) while other mutant strains have
not been tested. Sensitivity to chemical pain has been assessed alternatively by
measuring writhes after acetic acid injection or paw licking and lifting shortly
after formalin injection. DOR-1 and Pdyn mutant mice showed no difference in
response to chemical pain. Mice lacking KOR-1 showed a strong increase in
writhes following acetic acid, which is consistent with previous antagonist treat-
ments and indicates a tonic inhibitory role of kappa receptors in the perception
of visceral pain. Paradoxically, MOR-1 mutants displayed decreased nociceptive
responses in response to acetic acid (Sora et al. 1999), as did Penk mutant mice
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following formalin injection, but it is interesting that MOR-1 and Penk mutants
again have similar responses.

Inflammation induces long-lasting pain and both the nervous system and im-
mune cells may produce opioid peptides that induce analgesia after release at
inflammatory sites (Stein et al. 2001). MOR mutant animals were analyzed for
inflammatory hyperalgesia following complete Freund adjuvant (CFA) adminis-
tration but the mutant mice unexpectedly recovered more rapidly from CFA-in-
duced hyperalgesia than wild-type. This recovery was blocked by the delta-se-
lective antagonist naltrindole, and MOR-1 KO mice were also more responsive
to delta agonist analgesia (see Table 3 and Sect. 4.2), suggesting that delta recep-
tor activity was augmented in these mice under conditions of persistent pain
(Qiu et al. 2000). Pdyn mutant mice showed mild hyperalgesia in the late phase
of the formalin test, suggesting that endogenous dynorphins produce some an-
algesia during inflammation.

Pdyn mice have been analyzed in a model of persistent neuropathic pain
(Wang et al. 2001). While Pdyn KO and wild-type mice initially showed similar
responses following spinal nerve ligation, both thermal and mechanical sensitiv-
ities remained elevated in wild-type mice for several days after responses of
Pdyn KO mice had returned to baseline. Together with upregulation of dynor-
phin expression that also occurs following ligation, these data indicate that
pronociceptive activity of dynorphin in the maintenance of neuropathic pain.

To summarize, the nociceptive responses measured thus far in opioid system
KO mice indicate that most mutants contribute to basal pain sensitivity with de-
letion of an opioid receptor or peptide generally increasing sensitivity to acute
noxious stimuli. This finding is consistent with antagonist studies, although the
possibility that basal activation of receptors such as MOR-1 may produce noci-
ceptive tone in the absence of ligand has yet to be rigorously explored on a li-
gand-deficient mutant background. The genetic approach therefore confirms
the existence of an antinociceptive endogenous opioid tone. Importantly, since
alterations exhibited by a given mutant differ among different nociceptive as-
says, each opioid system component appears to contribute to different modali-
ties that mediate pain. Ideally, parallel studies in several KO models on inbred
backgrounds that differ in nociceptive parameters should ultimately produce a
clearer picture of respective contributions of each receptor and ligand in both
acute and chronic models of pain.

3.2
Locomotion

Exogenous opioid agonists and antagonists have produced variable and incon-
sistent effects on locomotory behavior (see Vaccarino and Kastin 2000). Opioid
system KO mice have thus represented an important new tool with which to as-
sess this behavior, but have thus far provided results both consistent with and
in conflict with prior studies. Basal locomotor activity of several MOR-1 mutant
strains has thus been reported as either unchanged or slightly reduced (Matthes
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et al. 1996; Sora et al. 1997; Tian et al. 1997; Becker et al. 2000) with the variation
possibly depending on the experimental conditions or genetic background.
When observed, however, the decreased locomotion of the MOR-1 KO suggests
that endogenous mu systems positively regulate locomotion. This pattern is
consistent with observations that activation of MOR-1 by exogenous morphine
produces a hyperlocomotion response. These findings from MOR-1 mutants
generally support the likelihood that mu receptor activation, whether by exoge-
nous or endogenous opiates, promotes locomotion.

In contrast to MOR-1 KO hypolocomotion, DOR-1 deficient animals instead
show significant hyperlocomotion, which suggests that endogenous delta recep-
tors tonically inhibit locomotion (Filliol et al. 2000). This result contrasts with
pharmacologic data indicating that both mu and delta agonists increase loco-
motion (see Cowan 1993). Possibly the previously described hyperlocomotor ac-
tivity of delta agonists could be mediated by mu receptor activation, as dis-
cussed above. Alternatively, as yet unidentified compensatory mechanisms may
have developed in the absence of delta receptors to produce the observed in-
creased locomotion.

Unlike the MOR-1 and DOR-1 KO mice, locomotory activity in KOR-1 mutant
mice is unchanged (Simonin et al. 1998), though even here there is some incon-
sistency with pharmacologic studies in which activation of the kappa receptor
by exogenous opioids decreased locomotion (Pfeiffer et al. 1986). The lack of al-
tered locomotion in the KOR-1 mutants suggests a low contribution of kappa
systems to control this behavior or, alternatively, compensatory mechanisms
that cancel each other�s effects.

Analysis of basal locomotion in opioid peptide KO mice has been more limit-
ed. bEnd and Pdyn mice showed normal locomotory activity. Penk animals dis-
played reduced locomotion in the open-field assay, which potentially results as a
downstream consequence of increased anxiety (Konig et al. 1996). Since hypolo-
comotion in the MOR-1 KO was not associated with increased anxiety (Filliol et
al. 2000), these two aspects of behavioral responses for mu receptors can be ge-
netically dissociated. Thus, since the locomotory patterns of MOR-1 and Penk
mice are similar, this result suggests that MOR-1 activation by endogenous
Penk-derived peptides tonically stimulates locomotion.

3.3
Emotional/Stress Responses

A role for endogenous opioids contributing to an “emotional tone” remains rel-
atively unexplored, but initial results from KO strains indicate that pharmaco-
logic reevaluation of opioid effects on anxiety-related processes (Naber 1993) is
warranted. All three subclasses of opioid receptor-deficient mice have recently
been compared to wild-type mice using several models of anxiety or depression
(Filliol et al. 2000). The results indicated that MOR-1 and DOR-1 KO animals
differed not only from littermate controls, but also from each other. Thus while
MOR-1 KO mice were less anxiogenic, DOR-1 mice showed increased anxiety in
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several tests. KOR-1 mutant mice did not show any alteration, suggesting that
kappa receptors may not tonically contribute to these behaviors.

As with locomotor activity, discussed above, this pattern does not confirm
predictions from pharmacologic studies, which would have expected similar ef-
fects of mu and delta receptor KO on these behaviors. Since DOR-1 mutant mice
have consistently displayed anxiogenic and depressive-like responses, the en-
dogenous activity of delta receptors may normally limit these behaviors. Thus,
delta agonists may have the potential to treat affective disorders (Baamonde et
al. 1992; Tejedor-Real et al. 1998).

The emotional responses of mice lacking bend or Penk have also been ana-
lyzed. While the bend mice did not show any alteration in anxiety, both strains
of Penk mutant mice display increased responses in different anxiety-evoking
environments (Konig et al. 1996; Ragnauth et al. 2001). Male mice were also
more responsive in a model of aggressive behavior (Konig et al. 1996), while fe-
male mice exhibited a greater response in a fear conditioning paradigm
(Ragnauth et al. 2001). These data suggest that endogenous enkephalins could
lower exaggerated or depressive-like responses to challenging environmental
cues. These data, combined with the DOR-1 phenotype described above, indi-
cate that preproenkephalin-derived peptides contribute to these behaviors at
least partially through delta receptors.

Stress responses have also begun to be explored in opioid system KO mice.
Exposure to stress is itself sufficient to induce analgesia, which can often be par-
tially reversed by opioid antagonists. Thus, release of endogenous opioid pep-
tides has been proposed to mediate this “stress-induced” analgesia or SIA. Inter-
estingly, the first reported phenotype for an opioid system KO was the absence
of opioid SIA that accompanies deletion of b-EP (Rubinstein et al. 1996). Since
naloxone-reversible SIA could not be obtained in wild-type control mice using
the hot plate test, the more sensitive abdominal constriction assay was used to
demonstrate that SIA was essentially completely abolished in mutant mice under
conditions that produced strong analgesia in control mice. Paradoxically, and
still unexplained, naloxone itself produced analgesia in the bend mutant mice, a
phenomenon that may reflect its function as an inverse agonist at basally active
receptors. Thus far no change in Penk KO SIA has been detected using the hot
plate assay following either forced swim in warm conditions, which would max-
imize opioid-dependent SIA, or cold water, in which only partially opioid-de-
pendent SIA would be detected (Konig et al. 1996). Just one study has attempted
to identify the receptor(s) mediating the b-EP-dependent SIA, presumably be-
cause of the high variability of measuring this response, which is extremely sen-
sitive to both background and paradigm. In this case, MOR-1-deficient mice dis-
played no change in SIA soon after stress, but less SIA than wild-type mice
15 min after stress, implicating mu receptors in the late phase of SIA (LaBuda et
al. 2000). Since treatment with the delta antagonist naltrindole further reduced
SIA in the MOR-1 mutant mice, a role for delta receptors has also been suggest-
ed.
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3.4
Baseline Differences in Other Behaviors

3.4.1
Respiration

One major clinically relevant consequence of opioid administration is its de-
pressive effect on respiration (Shook et al. 1990). Since mu agonists elicit anal-
gesia exclusively through MOR-1, analysis of several respiratory parameters has
been extensively studied only in MOR-1 KO but very few effects have been de-
tected. MOR-1 KO mice, for example, show normal respiratory frequency, min-
ute volume, and inspiratory time while at rest (Matthes et al. 1998; Morin-Surun
et al. 2001) and do not exhibit any changes in response to hyperoxia (high O2),
hypoxia (low O2), or hypercapnia (CO2) (Morin-Surun et al. 2001). Breathing
frequency is only slightly increased (15%) while the hypercapnic response is un-
changed (Dahan et al. 2001).

3.4.2
Reproduction

The endogenous opioid system has been proposed to affect reproduction by
regulating gonadotropin-releasing hormone and luteinizing hormone levels (Al-
meida 1993). Most initial descriptions of several MOR-1-deficient lines did not
report any deficit in fecundity of either males or females or any impairment of
maternal behavior (Matthes et al. 1996; Sora et al. 1997; Loh et al. 1998; Schuller
et al. 1999). One more-detailed study did find a series of alterations in male
MOR-1 KO mice that included deficiencies in mating behavior as well as sperm
count and motility (Tian et al. 1997). The direction of these responses toward a
less reproductive state was unexpected, since morphine and other exogenous
opioids generally inhibit several reproductive parameters (Vaccarino and Kastin
2000). Reproductive behaviors in which Penk had been implicated, such as lor-
dotic behavior, were surprisingly unchanged in Penk mutant mice (Ragnauth et
al. 2001), while some other findings such as the increased litter size reported in
KOR-1-deficient mice (Simonin et al. 1998) bear further study. Generally, while
detailed studies of reproductive functions in several mutants remain to be re-
ported, the apparently normal fertility of triple KO mice indicates that severe
depletion of the endogenous opioid system is not incompatible with fecundity.

3.4.3
Hematology–Immunology

Many immune functions are altered by opioid treatment (e.g., see Eisenstein
and Hilburger 1998; Sharp et al. 1998) but the mechanisms underlying this re-
sponse remain controversial. Some studies propose that immune effects of opi-
oids are mediated by receptors other than the classical opioid receptors (Stefano
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et al. 1996) and, in any case, the molecular identity of immune system opioid
receptors remains elusive. Since the consequences of exogenous opioid adminis-
tration are inconsistent, genetic models have provided an alternative tool to in-
vestigate the complex modulation of immune responses by endogenous and ex-
ogenous opioids.

The results so far have indicated modest effects of opioid mutants on the im-
mune system with functional consequences still unclear. The number of bone
marrow progenitor cells are higher in MOR-1 mutant mice, for example, sug-
gesting that endogenous mu receptor activation plays a role in hematopoiesis,
but paradoxically there is no change in mature circulating blood cell numbers
(Tian et al. 1997). Two studies have reported effects of MOR-1 ablation on thy-
mocyte populations. One reported no difference in the weight of the thymus,
but a decrease in MOR-1 KO thymocyte proliferation in vitro (Roy et al. 1998),
while another demonstrated that in vitro chemotactic migration of immature T
cells, predominantly highly immature CD4
 CD8
 T cells, was reduced in
MOR-1 KO mice (McCarthy et al. 2001). These effects might be expected to alter
T cell maturation in vivo.

Nonetheless, the most thorough comparison of immune parameters in wild-
type and MOR-1 KO mice has not yet revealed any major in vivo consequences
of MOR-1 mutation. Parameters such as thymus and spleen cell-type histology,
T lymphocyte distribution in the thymus, B and T cell distribution in the spleen,
natural killer activity, mitogen-induced T and B cell proliferation in vitro as well
as basal immunoglobulin levels in vivo were unchanged in MOR-1 KO mice
(Gaveriaux-Ruff et al. 1998). While these baseline parameters are unchanged, ef-
fects typically elicited by morphine on immune system function are abolished,
as are other morphine responses. Other minor effects of mutation of other sys-
tem components on immune function have recently been reviewed elsewhere
(Kieffer and Gaveriaux-Ruff 2002).

4
Opioid Pharmacology in Opioid System Mutant Mice

The remainder of this review will analyze the responses of opioid system KO
mice to exogenous opiates. Prior to the cloning of opioid receptors, enormous
effort was directed to developing specific mu, delta, and kappa ligands to ana-
lyze the endogenous opioid system. While the pharmacologic activities exhibit-
ed by these synthetic compounds have provided much of the current knowledge
of opioid receptor function, mice lacking opioid receptors provide ideal models
to confirm the specificity of these compounds. Theoretically, the biologic activi-
ties of highly selective mu, delta, and kappa agonists and antagonists should be
abolished in mice lacking the MOR-1, DOR-1, and KOR-1 genes, respectively,
while any residual activity could represent cross-activation of non-mutated re-
ceptors. The combination of classic pharmacology with contemporary genetics
has now provided new information on both the specificity of compounds for
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specific receptors as well as the consequences of the activation elicited by these
compounds in vivo.

The mutant mice also can be used to explore the action of compounds
thought not to act directly on the opioid system. As one example, the analgesic
cimetidine, a serotonergic receptor antagonist, was still able to elicit analgesia
in the absence of several individual opioid receptors, demonstrating that this
analgesia was indeed independent of the opioid system action (Hough et al.
2000). Additional responses of opioid system KO mice to non-opioid drugs has
been reviewed elsewhere (Kieffer and Gaveriaux-Ruff 2002)

4.1
Effects of Mu Agonists

After production of the first MOR-1 KO mouse strain, the action of the proto-
type opioid morphine was examined in detail. Several independent MOR-1-null
strains have since been produced which permit similar experiments to be per-
formed independently in several laboratories. Data from all these morphine-
treated MOR-1-deficient mice have proved surprisingly clear-cut in that all stud-
ies agree that none of the pharmacologic activities of morphine observed in
wild-type mice can be detected in mice lacking MOR-1 (see Table 2). In particu-
lar, analgesia elicited by morphine is absent in all the MOR-1 mutant mice not
only at doses that produces maximal analgesia in wild-type mice but also at dos-
es several fold higher than ED50 values, while analgesic effects are unaffected in
DOR-1 and KOR-1 mutants. This finding indicates that possible in vivo binding
of morphine to delta and kappa receptors, which would reflect binding detected
in vitro, cannot activate any detectable analgesic response. Activation of the re-
ward and dependence pathways, a second major action of morphine, was also
abolished in MOR-1 mutant mice.

Recently, the ability of the general opioid antagonist naloxone to induce place
aversion has also been shown to be MOR-1 dependent (Skoubis et al. 2001) and
thus may reflect inhibition of tonically active MOR-1 in vivo. Interestingly, mor-
phine appears to be aversive in self-administration experiments on MOR-1 KOs
(Becker et al. 2000), potentially reflecting in vivo kappa receptor activation.
Such a possibility can be tested directly using the combinatorial KO mice de-
scribed above. All other acute morphine effects examined, such as respiratory
depression, inhibition of gastrointestinal transit, and increased production of
stress hormones, do not occur in MOR-1 mice. Given these results, it is not sur-
prising that responses to chronic morphine administration, such as naloxone-
precipitated withdrawal, upregulation of adenylyl cyclase activity (Matthes et al.
1996), and downregulation of brain dynamin (Noble et al. 2000), are also abol-
ished. The genetic approach, therefore, has unambiguously demonstrated that
MOR-1-derived receptors are essential for all the biologic activities elicited by
morphine under standard experimental conditions.

Several morphine-elicited effects are clearly independent of DOR-1 and
KOR-1; for example, identical dose–response curves for morphine analgesia are
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exhibited by both KOR-1- and DOR-1-deficient mice (Zhu et al. 1999; Slugg et
al. 2000). These findings indicate that morphine does not require DOR-1 or
KOR-1 for full activity, despite the fact that morphine selectivity is relatively low
for MOR-1 in vitro and in vivo (see Matthes et al. 1998). Since both analgesic
and undesirable effects of MOR-1 appear to be coordinately activated, MOR-1
itself will be difficult to target therapeutically, though perhaps divergent signal-
ing pathways downstream mediating these effects can be identified and utilized.

It is also clear, however, that morphine activates pathways where downstream
requirements for delta and kappa receptors have been revealed by mutational
analysis (Table 2). For example, morphine withdrawal is significantly, though
not dramatically, attenuated in KOR-1 mutant mice. Perhaps more significantly,
analgesic tolerance to morphine is completely abolished in the DOR-1 mutant,
and it will be of interest to determine whether MOR desensitization exhibited
by different brain regions following chronic morphine (Sim et al. 1996) is differ-
entially altered in DOR-1 mice. Thus both KOR-1 and DOR-1 receptors, al-
though not directly activated by morphine, nevertheless contribute to pathways
that are initiated by binding of morphine to MOR-1.

Recent work has attempted to determine whether endogenous opioid pep-
tides could function as ligands for cognate receptors in these processes. While
the Pdyn KO has not been tested in morphine withdrawal, the Pdyn mutation
has no effect on tetrahydrocannabinol (THC) withdrawal (Zimmer et al. 2001).
In contrast, mutation of Penk, like mutation of DOR-1, also completely blocks
morphine tolerance in a daily injection paradigm (Nitsche et al. 2002). The sim-
plest explanation for this result is that Penk, which is released following mor-

Table 2 In vivo responses to morphine in mice lacking opioid system components

Responses MOR-1�/� DOR-1�/� KOR-1�/� Penk�/�

Analgesia Abolished1–6,20 Maintained7 Maintained8 Maintained18

Tolerance to morphine
analgesia

Abolished7 Abolished18

Hyperlocomotion Abolished9–11

Reward Abolished1,10 Maintained8

Self-administration Abolished10,11

Withdrawal Abolished1,10 Maintained18 Reduced8 Maintained18

Respiratory depression Abolished12,13

Inhibition of GI transit Abolished14,19

Inhibition of VD twitch Abolished15

Immunosuppression Abolished16,17,a

GI, gastrointestinal; VD, vas deferens.
a Some parameters were maintained in a paradigm using morphine pellets.
References: 1. Matthes et al. (1996); 2. Sora et al. (1997); 3. Loh et al. (1998); 4. Schuller et al. (1999);
5. Sora et al. (1999); 6. Fuchs et al. (1999); 7. Zhu et al. (1999); 8. Simonin et al. (1998); 9. Tian et al.
(1997); 10. Sora et al. (2001); 11. Becker et al. (2000); 12. Matthes et al. (1998); 13. Dahan et al.
(2001); 14. Roy et al. (1998); 15. Maldonado et al. (2001); 16. Gaveriaux-Ruff et al. (1998); 17. Roy et
al. (1998); 18. Nitscheet al. (2002); 19. King et al. (2002); 20. Nieland et al. (2002).
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phine treatment, activates DOR-1 in the pathway leading to morphine tolerance.
Interestingly, in both DOR-1 and Penk mutants, morphine dependence as as-
sessed by global withdrawal score is not altered, which has provided the clearest
separation of these processes to date (Nitsche et al. 2002).

Use of heterozygous mice can provide information about the effect of de-
creasing receptor number by 50% (Zhu et al. 1999; Sora et al. 2001). Analysis of
such mice showed that morphine-induced analgesia (see also Schuller et al.
1999), locomotory activity, and self-administration were all reduced in heterozy-
gous animals, suggesting little mu receptor reserve for these responses. Decreas-
es in spinal DPDPE analgesia were also found in heterozygous DOR-1 KO mice
(Zhu et al. 1999). In contrast morphine analgesic tolerance and morphine de-
pendence were unchanged, indicating that 50% of MOR-1 receptors are suffi-
cient to elicit the long-term effects of morphine. The DOR-1 and Penkrequire-
ments for tolerance are also markedly dependent on gene dosage, with mor-
phine tolerance dramatically reduced in each heterozygous strain (Nitsche et al.
2002).

The effects of multiple other mu agonists in addition to morphine have been
examined in MOR-1-deficient mice. Several studies have indicated that heroin
(Kitanaka et al. 1998; Maldonado unpublished) and morphine-6-glucuronide
(M6G) (Kitanaka et al. 1998; Loh et al. 1998; Maldonado unpublished), a major
morphine metabolite in humans, do not elicit analgesia in MOR-1 KO mice, ex-
tending the previous morphine data to close morphine derivatives. In contrast,
however, one study has indicated that heroin and M6G analgesia were present in
exon 1 but not exon 2 MOR-deficient mice, suggesting the possible existence of
MOR-1 splice variants that mediate this analgesia (Schuller et al. 1999); the
functional relevance of specific variants to this process remains to be estab-
lished. M6G can also inhibit GI transit in both exon 1 and exon 2 MOR-1 KO
(M.A. King, submitted; Malonado, Pintar, Kieffer, unpublished). This effect is
naltrexone sensitive at least in both the exon 1 MOR-1 KO as well as in triple
KOs (M.A. King et al., submitted). Analgesic effects of the clinically relevant
compound methadone, as well as the highly mu-specific agonists endomorphin-
1 and -2 are abolished in MOR-1 KO mice, as are all activities of DAMGO in-
cluding electrophysiologic responses of PAG neurons lacking MOR-1 (Loh et al.
1998; Connor et al. 1999; Mizoguchi et al. 1999; Schuller et al. 1999; Maldonado
et al. 2001; Morin-Surun et al. 2001), while activity of [DMT1 DALDE, another
mu-specific agonist is retained (Neilan et al. 2003). Together, the data indicate
that MOR-1 mediates the main biologic activities of most mu agonists.

Ligand mutants have primarily been examined only for morphine respon-
siveness and in dependence/reward paradigms. Expression of morphine analge-
sia, hyperlocomotion, reward, and withdrawal were unchanged in the Pdyn mu-
tant (Zimmer et al. 2001), indicating that major morphine effects do not require
the presence of endogenous prodynorphin peptides. These data may implicate a
constitutively active KOR-1 receptor in the aspects of withdrawal that are atten-
uated in this mutant. Systemic morphine analgesia was unchanged in both the
absence of bend (Rubinstein et al. 1996) and Penk (Nitsche et al. 2002) while
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subtle modifications were noted when morphine was administered to bend KO
mice i.c.v. or i.t. (Mogil et al. 2000). The participation of b-EP and Penk in food
reward, using an operant conditioning paradigm, has also been demonstrated
(Hayward et al. 2002), and it will be of interest to see if this response is MOR-1
dependent.

4.2
Effects of Delta Agonists

Functional interactions between mu and delta receptors not only in vitro but
also in vivo have been suggested by prior pharmacologic studies (Rothman
1993; Traynor and Elliott 1993). Since the delta receptor remains a potential
therapeutic target (Rapaka and Porreca 1991; Dondio 1997), studies on the ac-
tivity of delta agonists in MOR-1-deficient mice have been of much interest. The
data to date are summarized in Table 3 and remain an interesting area where
the mutational analysis, like the pharmacology, has indicated a great deal of
complexity.

Several delta agonists have been used to evaluate delta analgesia in MOR-1-
deficient mice but with a wide range of results. Deltorphinand DPDPE, for ex-
ample, have been reported to range from ineffective to fully effective in produc-
ing antinociception in thermal pain assays, depending on the test or route of ad-
ministration. In particular, supraspinal delta analgesia is diminished while spi-
nal analgesia is unaffected. DPDPE and SNC-80 analgesia were also decreased in
models of mechanical pain and visceral chemical nociception. Finally, several
non-analgesic effects of deltorphin (such as respiratory depression, reward, and
physical dependence) are absent in the MOR-1 mutant following supraspinal ad-
ministration (Hutcheson et al. 2001). Together these data at present strongly in-
dicate that delta agonists require mu receptors to be fully active. One possible
explanation is that delta compounds partially cross-react with mu receptors.
However, no decreases in delta binding have been detected in the MOR-1 KO,
which would be expected if traditional cross-occupancy were mediating these
delta effects and, moreover, acute mu antagonist treatment does not alter delta
analgesia (Suh and Tseng 1990). Alternatively, the absence of MOR-1 during de-
velopment could prevent delta analgesic circuitry from maturing normally in
vivo, and thus constitute the mu requirement for full delta analgesic activity.

Complementary studies examining delta agonist activities in mice lacking
DOR-1 have also produced interesting results. DPDPE and deltorphin analgesia
in the tail flick test following intrathecal administration are markedly reduced
in the DOR-1 mutant, which is consistent with the maintenance of delta intra-
thecal analgesia in MOR-1 KO. The antinociceptive action of DPDPE in the for-
malin test is also abolished in DOR-1 KO mice, as are convulsions elicited by
both SNC-80 and BW373U86. Together these data show clear DOR-1 receptor-
mediated activities of delta agonists. Surprisingly, however, deltorphin and
DPDPE continued to elicit analgesia in the DOR-1 mutants when the com-
pounds were injected i.c.v., suggesting that supraspinal analgesia elicited by
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these two compounds can utilize receptors other than DOR-1. While MOR-1
could be considered a possible candidate mediating this analgesia, DPDPE anal-
gesia in DOR-1 KO mice is unaffected by antagonist treatments that are suffi-
cient to block completely morphine action. Additional evidence that a distinct
mechanism underlies this “delta-like” analgesia is that a striking increase in the
analgesic potency of BW373U86 is also observed in DOR-1-deficient mice, sug-
gesting a compensatory upregulation (or unmasking) of a second delta-like sys-
tem. Thus data from both MOR-1 and DOR-1 KO mice suggest developmental
modifications in the KO animals that become apparent at the behavioral level
but are not readily discerned by binding or signaling studies (see Sect. 2.3).

4.3
Effects of Kappa Agonists

The in vivo responses of KOR-1 opioid receptor-deficient mice to kappa ago-
nists, unlike the MOR-1 and DOR-1 KO, have been consistent with the pharma-
cologic predictions (see Table 4 and references therein). The analgesic action of
U50,488H, studied in many different models, is abolished in KOR-deficient mice
following all routes of administration, while it is maintained in MOR-1- and
DOR-1-deficient mice. While two additional major effects of U50,488H, hypolo-
comotion and dysphoria, are dramatically reduced in KOR-1 KO mice,
U50,488H respiratory depression and U69,593 antihyperalgesic responses are
unchanged in the MOR-1 mutant, while the analgesic actions of both delta and
mu agonists are unaffected by KOR-1 KO mice. Taken together, the genetic data
indicate that compounds demonstrating kappa selectivity in vitro also retain

Table 3 In vivo responses to kappa opioid agonists in mice lacking opioid receptors

Opioid Responses MOR�/� DOR�/� KOR�/�

Kappa agonists

U50,488H Thermal pain: spinal analgesia Maintained1,2,3 Maintained6 Abolished7

Thermal pain: supraspinal nalgesia Maintained1,2 Abolished7

Peripheral analgesia Abolished9

Visceral pain: analgesia Maintained4

Mechanical pain: analgesia Maintained5

Hypolocomotion Reduced7

Dysphoria Reduced7

Respiratory depression Maintained1

U69,593 CFA inflammatory pain:
antihyperalgesia

Maintained8

CFA, complete Freund�s adjuvant.
Note: Spinal analgesia reflects physiological events that occur mainly at spinal cord level (tail-flick and
tail-immersion tests). Supraspinal analgesia involves integrated responses (hot plate).
References: 1. Matthes et al. (1998); 2. Loh et al. (1998); 3. Schuller et al. (1999); 4. Sora et al. (1999);
5. Fuchs et al. (1999); 6. Zhu et al. (1999); 7. Simonin et al. (1998); 8. Qiu et al. (2000); 9. Chever et al.
(2002).
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that selectivity in standard in vivo experimental conditions. The kappa analgesic
system function thus appears to function largely, if not completely, indepen-
dently from mu and delta receptors systems.

U50,488H analgesia and hypolocomotion are also unchanged in the Pdyn
mutant, suggesting that preprodynorphin-derived peptides generally do not
participate in analgesia produced by exogenous kappa opioid compounds (Zim-
mer et al. 2001) and also indicating that any alteration in KOR-1 receptor num-
ber in the absence of Pdyn does not produce any detectable alterations in behav-
ioral responses analyzed thus far.

4.4
Summary of Opioid Pharmacology

The application of pharmacologic agents to the opioid system has begun to illu-
minate several issues. Proposed receptor actions of several compounds have

Table 4 In vivo responses to delta opioid agonists in mice lacking opioid receptors

Opioid Responses MOR�/� DOR�/� KOR�/�

Delta agonists

DPDPE Thermal pain: spinal analgesia Decreased1,8 Reduced6

Maintained2,3

Thermal pain: supraspinal analgesia Abolished9 Maintained6

Decreased8

Maintained1,2

Formalin chemical pain: analgesia Abolished6

Mechanical pain: analgesia Abolished5

Tolerance to analgesic effect Abolished6

CFA inflammatory pain:
antihyperalgesia

Increased7

Deltorphin-II Thermal pain: spinal analgesia Decreased1 Reduced6

Maintained8

Thermal pain: supraspinal analgesia Maintained1,8 Maintained6

CFA inflammatory pain:
antihyperalgesia

Increased7

Respiratory depression Abolished1

Reward Abolished10

Physical dependence Abolished10

SNC80 Visceral pain: analgesia Abolished4

Convulsions Abolished11

BW373U86 Thermal pain: spinal analgesia Increased6

Convulsions Abolished11

CFA, complete Freund�s adjuvant.
Note: Spinal analgesia reflects physiological events that occur mainly at spinal cord level (tail-flick and
tail-immersion tests). Supraspinal analgesia involves integrated responses (hot plate).
References: 1. Matthes et al. (1998); 2. Loh et al. (1998); 3. Schuller et al. (1999); 4. Sora et al. (1999);
5. Fuchs et al. (1999); 6. Zhu et al. (1999); 7. Qiu et al. (2000); 8. Hosohata et al. (2000); 9. Sora et al.
(1997); 10. Hutcheson et al. (2001); 11. Broom et al. (2002).
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been confirmed and genetic evidence for functional interactions between opioid
receptor subclasses have been obtained. MOR-1 KO strains have provided both
clear-cut and more complex results. MOR-1-encoded receptors mediate a wide
array of biologic events (see Sect. 4.1) that reflect the well-known pharmacologic
profile of opiates either used clinically (morphine, fentanyl, methadone) or
abused (heroin). Activation of KOR-1 evokes analgesia, hypolocomotion, and
dysphoria, while activation of DOR-1 not only produces analgesia but also is re-
quired for morphine tolerance. Several lines of genetic evidence suggest that in-
teractions between mu and delta systems may underlie several behavioral re-
sponses that remain poorly understood at the biochemical level. In contrast, the
kappa system appears to act independently of the mu and delta system, general
consistent with the pharmacologic predictions. Thus, genetic analysis has estab-
lished that each receptor protein has a distinct role in both endogenous behav-
ior (see “Basal Behavioral Phenotypes” above) and following responses to exog-
enous opiates (this section).

4.5
Non-classical Opioid Responses

The relationship between the multiple opioid receptor subtypes described phar-
macologically and the three identified receptor genes remains a matter of some
debate (Pasternak 1993; Gaveriaux-Ruff and Kieffer 1999). Since triple opioid re-
ceptor KO mice are viable, they have already become extremely valuable tools to
possibly identify uncloned or unidentified opioid-like receptors that may mediate
some of the responses discussed above as well as to explore “non-classical” opio-
id pharmacology. Triple KO mice have already been used to both clarify to some
degree the identity of kappa-2 receptor sites as well as provide insight into “non-
opioid” actions of naltrindole. Kappa-2 sites have classically been defined by la-
beling with the non-selective compound [3H] bremazocine in the presence of ex-
cess cold DAMGO (mu), DPDPE (delta), and CI-977 (kappa-1). Since no selective
ligand for kappa-2 sites has been made available, the nature of kappa-2 receptors
has remained elusive. To clarify the contribution of the traditional opioid recep-
tors to kappa-2 sites, [3H] bremazocine binding was quantified in brain mem-
branes from single opioid receptor-deficient mice, as well as the triple mutant.
The data indicated most importantly that [3H] bremazocine binding was totally
absent from the triple KO mice (Simonin et al. 2001; Clarke et al. 2002). These
studies demonstrate that all kappa-2 sites can be accounted for by a combination
of [3H] bremazocine binding to the three known opioid receptor proteins.

The immunosuppressive activity of the delta “selective” antagonist nal-
trindole in an vitro model of the graft rejection process has also been examined.
Naltrindole as well as two structurally related derivatives showed the expected
inhibitory effect in cells not only from wild-type mice but also from DOR-1 KO
and triple opioid receptor KO as well (Gaveriaux-Ruff et al. 2001). This result
clearly indicates that another molecular target should be identified to explain
this intriguing biologic activity of the prototypic delta antagonist.
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Other unexpected opioid receptor sites remain to be clarified at the molecu-
lar level. The triple KO mice can be used to investigate, for example, the multi-
plicity of b-endorphin binding and effects (Narita and Tseng 1998) as well as
the DPDPE and BW373U86 responses observed so far in DOR-1 KO mice. Final-
ly, though naloxone and naltrexone have been widely used to define opioid ef-
fects, early evidence for non-opioid activities of these agents has been described
(Sawynok et al. 1979; Gold 1982) and can now be re-evaluated using triple KO
mice.

5
Prospectus

Opioid system ligand and receptor-null mice have already provided important
findings concerning the role of each component of the opioid system in mouse
physiology as well as a the respective contributions of MOR-1, DOR-1, and
KOR-1 to exogenous opiates. Baseline phenotypes of these mice have identified
specific roles for individual receptors and ligands in specific pain modalities,
emotional behaviors, and stress responses. The analysis of drug effects has iden-
tified MOR-1 as critical for multiple actions of morphine, while DOR-1 and
KOR-1 remain potential targets for analgesia as well as higher-order behavioral
abnormalities.

While many results have confirmed genetically the prior understanding of
opioid action, most findings have nonetheless strengthened and extended the
traditional pharmacologic view as well as opened novel areas of research. For
example, while the genetic identification of the DOR-1 requirement for mor-
phine tolerance was not entirely unexpected based on prior results, a role in de-
pendence thus far not supported genetically could also have been expected. The
extension of this finding to uncover the Penk requirement for morphine toler-
ance has identified a potential ligand/receptor necessary for tolerance and has
opened a line of study to identify anatomical pathways mediating this response.
Additional data suggest other ligand/receptors relationships in several indepen-
dent pathways, such as MOR/Penk interaction in the regulation of locomotion,
sensitivity to thermal pain and response to chemical pain, and the involvement
of the DOR/Penk genes in anxiety-related behaviors, as well as morphine toler-
ance and a role for MOR/bend in stress-induced analgesia. The opposite re-
sponses exhibited by DOR-1- and MOR-1-deficient mice in several stress and
anxiety behaviors were unexpected, clearly identifying a fertile area of study.

Some unexpected results from the study of analgesics have also emerged. Ex-
amples include retention of delta-like analgesia in the DOR-1 mutant (Zhu et al.
1999) and the reduced, rather than enhanced, perception of chemical pain in
MOR-1 (Sora et al. 1997) and Penk (Konig et al. 1996). One possible explanation
for these and other data is that adaptations have occurred in mutant mice to
compensate for the absent gene and contribute to the unexpected responses. Ge-
nomic and proteomic phenotyping of these mutant strains, both under basal
conditions and following drug treatment, is currently underway in several labo-

336 J. E. Pintar · B. L. Kieffer



ratories and can be expected to add considerably to our understanding the na-
ture of any adaptations that accompany opioid system mutation.

Finally, additional genetic approaches are now well-established and can be
expected to complement and extend traditional KO approaches as they are ap-
plied to the opioid system. Use of conditional mutations of opioid system com-
ponents, for example, can be expected to help define opioid receptor circuitry
both spatially and temporally, while knock-in approaches to introduce muta-
tions that modify, rather than inactivate, opioid receptor function should help
identify signaling pathways that mediate specific downstream opioid receptor
activities. This next generation of mutant strains, coupled with knowledge of
molecular adaptations, can be expected to further enhance the molecular and
anatomical understanding of opioid system function that has already benefited
from the fusion of pharmacology and genetics.
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Abstract Transgenic mouse technology, coupled with cardiac-specific promot-
ers and complex measurements of murine myocardial function and hemody-
namics, have played an important role in expanding our knowledge regarding
adrenergic receptors and downstream components of their signal transduction
cascade in both normal and diseased heart function. Herein we discuss the re-
sults and implications of overexpression or ablation of several adrenergic recep-
tors and/or downstream effectors in their G protein signaling pathway to further
delineate their potential roles in both normal and diseased heart function. Final-



ly, we discuss a number of mouse models of heart failure, and how they can act
as important “in vivo reaction vessels” to identify and test specific genes/hy-
potheses which may lead to novel therapeutics for heart disease.

Keywords Heart failure · Adrenergic receptor · G protein · Kinase · Signaling ·
Transgenic · Knockout

1
Introduction

1.1
Adrenergic Receptor Signaling in the Heart

Description and functional distinction of adrenergic receptors was first reported
by Ahlquist (1948), demonstrating a rank order of response to sympathomimet-
ic agents for what were then termed a- and b-adrenergic receptors (a-ARs and
b-ARs, respectively). These receptors belong to the superfamily of seven trans-
membrane-spanning receptors that activate heterotrimeric guanine nucleotide
binding proteins (G proteins), also known as G protein-coupled receptors
(GPCRs) (Caron and Lefkowitz 1993). In the myocardium, both a-ARs and b-
ARs are expressed, where they mediate several physiological aspects of cardiac
function via stimulation by the endogenous sympathetic neurotransmitters epi-
nephrine and norepinephrine (Koch et al. 2000).

To date, three subtypes of b-ARs have been identified, namely b1-, b2-, and
b3-ARs. In the heart, the b1-AR is the predominant sub-type, comprising 75%–
80% of cardiac b-ARs, with the remaining 20%–25% of thought to be b2-ARs
(Brodde 1993), although recent evidence suggests the presence of b3-ARs in the
myocardium (Gauthier et al. 1996). Both b1- and b2-ARs couple to adenylyl cy-
clase in the heart through the stimulatory G protein, Gas, increasing cyclic aden-
osine monophosphate (cAMP) and thus leading to enhanced chronotropy and
inotropy via calcium entry and release from intracellular stores (Bristow et al.
1989). Recent data also describe the interesting finding that, under certain con-
ditions, b2-ARs can couple to the inhibitory G protein, Gai (Daaka et al. 1997;
Xiao et al. 1999).

The a-ARs (both a1- and a2-ARs) are also expressed in the myocardium, par-
ticularly a1a-, a1b-, and a1c-ARs, albeit to a much lesser extent than the b-ARs,
at a ratio of 10:1 of b-ARs to a-ARs (Hoffman and Lefkowitz 1996). These recep-
tors primarily couple to the G protein Gaq, which in turn activates phospholi-
pase C (PLC), leading to an increase in the second messengers inositol triphos-
phate (IP3) and diacylglycerol (DAG), thus enhancing intracellular calcium and
activating protein kinase C (PKC) (Exton 1985). Of the three a-AR isoforms, the
presence of a1a- and a1b-AR isoforms has been confirmed in the myocardium
(Knowlton et al. 1993). The role of these a-ARs, as well as other Gaq-coupled
receptors have been implicated in both myocyte growth and hypertrophy
(Simpson 1983; Dostal and Baker 1998).
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Stimulation of either a1- or b-ARs leads to dissociation of the heterotrimeric
G proteins into their Ga and Gbg subunits, which can each propagate signals
within the cell by modulating the activity of one or more effector molecules, as
described above, such as adenylyl cyclases, phospholipases, and ion channels
(Clapham and Neer 1997). In turn, the activity of these effector enzymes and
channels regulates the production of second messenger molecules, which elicit
cellular responses by activating different signaling pathways (Rockman et al.
2002).

Importantly, signaling through GPCRs, including the ARs, is under tight reg-
ulatory control, the most rapid form being targeted intracellular phosphoryla-
tion of activated receptors leading to G protein uncoupling, a process termed
desensitization. Activation of protein kinase A (PKA) or PKC via signaling
through these receptors results in receptor phosphorylation, a process known as
heterologous (or non-agonist-specific) desensitization. In contrast, the most ra-
pid form of regulatory control, which is agonist-specific, or homologous desen-
sitization, involves targeted phosphorylation of agonist-occupied receptors by
GPCR kinases (GRKs). This leads to rapid association of a second molecule, b-
arrestin, with the phosphorylated receptors, which leads to uncoupling of the
receptor from G proteins (Lefkowitz 1998). Several GPCRs are expressed in the
heart, including the b-ARs, which are responsible for increasing both rate and
force of contraction (Bristow et al. 1990; Brodde 1993). Therefore, tight regula-
tion of the myocardial G protein signaling pathways is critical for maintenance
of normal cardiac function. For example, in several cardiovascular diseases,
where myocardial b-AR signaling and responsiveness is attenuated, increased
expression and activity of the b-AR kinase (bARK1, also known as GRK2) has
been described (Ungerer et al. 1993; Ungerer et al. 1996). Experimental animal
models of heart failure have also shown increased expression and activity of
both bARK1 (Anderson et al. 1999; Choi et al. 1997; Maurice et al. 1999) and
GRK5 (Ping et al. 1997).

The seven members of the GRK family (GRK1–7) are all serine/threonine ki-
nases that phosphorylate agonist-occupied or stimulated GPCRs (Lefkowitz
1998; Pitcher et al. 1998). With the exception of GRK1 (almost exclusively retinal
expression) and GRK4 (found almost exclusively in testes, vasculature, and cer-
tain brain regions), the GRKs are expressed in all tissues, including the heart
(Pitcher et al. 1998). In the heart, bARK1 is the primary GRK, although GRK3
(also known as bARK2), GRK5, and GRK6 are also found in the myocardium
(Inglese et al. 1993; Iaccarino et al. 1998). Long-term exposure (i.e., hours) to
agonist can also lead to internalization and inactivation of the receptor, mediat-
ed in part by both GRKs and b-arrestins (Laporte et al. 2000). The internaliza-
tion process may also stimulate other signaling intracellular signaling cascades,
such as various mitogen-activated protein kinase (MAPK) pathways.

Although there is some diversity within the GRK family, they all require tar-
geting to the plasma membrane for functional activation. Many of the GRKs are
constitutively localized to the plasma membrane, including GRK4, GRK5, and
GRK6. In the case of bARK1 (GRK2) and GRK3, these kinases are primarily cy-
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tosolic, and are translocated to the plasma membrane following agonist stimula-
tion of the cognate receptor, where they associate directly with membrane-
bound Gbg and are stabilized thereby direct interactions with the plasma mem-
brane (Pitcher et al. 1992; Koch et al. 1993). Importantly, the activity of bARK1
can be inhibited by expression of a peptide inhibitor of the carboxyl-terminal
194 amino acid Gbg-binding and pleckstrin homology domain (bARKct) that
competes with endogenous bARK1 for Gbg-mediated translocation (Pitcher et
al. 1992; Koch et al. 1993; Koch et al. 1995), which is discussed below in greater
detail.

1.2
Adrenergic Signaling in Heart Disease

In general, increased workload following myocardial injury results in the physi-
ological response of cardiac hypertrophy, which can lead to contractile dysfunc-
tion and ultimately heart failure (Anversa et al. 1985; Harding et al. 1995; Gidh-
Jain et al. 1998; Towbin and Bowles 2002). Numerous alterations in AR signaling
have been associated with the progression of heart failure. In the early develop-
ment of heart failure, the sympathetic nervous system responds by increasing
adrenergic drive to enhance contractility. One of the results of this increased AR
agonism is b-AR down-regulation and desensitization, as initially described by
Bristow et al. (1982). There appears to be sub-type specific down-regulation of
the b1-ARs; however, both remaining b1- and b2-ARs are substantially uncou-
pled from G proteins and desensitized (Bristow et al. 1989), a process mediated
in part by enhanced levels of myocardial bARK1 (Ungerer et al. 1994) and Gai

(Feldman et al. 1988). The reduction of cardiac b1-ARs leads to a notably differ-
ent ratio of b1-, b2-, and a1-ARs, and when coupled to altered AR signaling, may
contribute to altered cardiac function. These disruptions in signaling may also
lead to enhanced coupling of receptors to other signaling pathways involved in
hypertrophic responses and ventricular remodeling (including promotion of cell
survival and apoptosis), such as the MAPK and phospotidylinositol-3-kinase
(PI3K) cascades (Daaka et al. 1997; Zhu et al. 2001).

With specific regard to the hypertrophic response , several GPCRs have been
implicated. Gaq-coupled receptors (such as a1-ARs, angiotensin and endothelin
receptors) have been shown to activate hypertrophic MAPK pathways (Sugden
2001). In vitro experiments have also suggested a pivotal role of a1-ARs in pro-
moting cardiomyocyte hypertrophy (Knowlton et al. 1993), which can lead to
contractile dysfunction that ultimately results in heart failure (Harding et al.
1995). Furthermore, up-regulation of Gaq and PLC was found in the border
zones of myocardial infarction, suggesting that these signaling molecules/path-
ways play an important role in the surviving myocytes (Ju et al. 1998), although
it is not established whether this is adaptive or maladaptive.

In this chapter, we will discuss how transgenic mouse technology, coupled
with cardiac-specific promoters and complex measurements of murine myocar-
dial function and hemodynamics, has played an important role in enhancing
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our knowledge regarding adrenergic receptors and downstream components of
their signal transduction cascade in both normal and diseased heart function.
In addition, we will discuss transgenic mice with overexpression of a1b-ARs,
Gaq, or a peptide inhibitor of Gaq to further delineate their potential roles in
both hypertrophy and heart failure. Finally, we will discuss a number of mouse
models of heart failure, and how they can act as important “in vivo reaction ves-
sels” to identify and test specific genes/hypotheses which may lead to novel
therapeutics for heart disease.

2
Mouse Models of Adrenergic Receptor Signaling

The development and use of genetically engineered mice, which can provide tar-
geted (over-) expression or “knockout” of specific genes, coupled with sophisti-
cated physiological methods of measuring cardiovascular function and hemody-
namics, has provided a powerful set of tools to study the regulation of cardiac
contractility. Transgenic mouse studies of myocardial function were revolution-
ized by description of the a-myosin heavy chain (a-MHC) promoter, as this
promoter is cardiac-specific and is not significantly active until the perinatal pe-
riod, bypassing potential developmental effects of transgene expression (Subra-
maniam et al. 1991). Using this promoter, several GPCRs, including the b1-, b2-,
and a1-ARs, have been overexpressed in mouse myocardium, resulting in dra-
matically different phenotypes, indicating a fundamental difference in their sig-
naling and function in the heart. For a summary of a-AR and b-AR transgenic
animal models, please see summary Tables 1, 2, and 3 in the chapter by Engel-
hardt and Hein (this volume).

2.1
b-AR Signaling

2.1.1
b-AR Overexpression

Overexpression of the dominant cardiac b-AR subtype, the b1-AR, at levels of 5-
to 15-fold leads to a phenotype of dilated cardiomyopathy even in young mice,
and is similar to resultant pathology from chronic exposure to catecholamines
(Engelhardt et al. 1999). In another study, overexpression of the b1-AR at levels
greater than 20-fold resulted in similar pathology and diminished cardiac func-
tion, and also demonstrating an increase in myofibrillar disarray, fibrosis, and
apoptosis (Bisognano et al. 2000).

In contrast to the b1-AR, several studies have demonstrated that overexpres-
sion of the b2-AR at levels up to 200-fold higher than endogenous expression
have not resulted in any significant cardiac pathology in mice, which are instead
characterized by enhanced biochemical and in vivo cardiac function (Milano et
al. 1994; Liggett et al. 2000). Interestingly, in mice with very high overexpression

Transgenic Mouse Models of Cardiovascular Function and Disease 349



(~200-fold), baseline cardiac function was equal to or greater than normal litter-
mate control (NLC) cardiac function in response to the b-AR agonist isoproter-
enol. Furthermore, there was no increase in contractility in the b2-AR overex-
pressing mice in response to treatment with the b-AR agonist isoproterenol. In
addition to their enhanced cardiac function, these mice demonstrate enhanced
myocardial relaxation accompanied by down-regulation of a sarcoplasmic retic-
ulum calcium regulatory protein, phospholamban (PLB) (Rockman et al. 1996).
Transgenic expression of very high levels of b2-AR (i.e., >300-fold) results in a
rapid and progressive cardiomyopathic phenotype, consistent with the patho-
logical toxicity of chronic b-AR agonist stimulation (Liggett et al. 2000). In
transgenic mice with such dramatic overexpression of the endogenous protein,
it is difficult to determine whether the effects are due specifically to the protein
itself, or simply due to the fact that extreme overexpression of any protein can
produce pathophysiological effects, as was the case for cardiac overexpression
of green fluorescent protein (Huang et al. 2000).

2.1.2
b-AR Gene Ablation

The role of b-ARs in cardiac function has been further delineated by gene
“knockout” experiments, which have been eloquently detailed in a recent review
(Rohrer 1998). Ablation of the b1-AR in mice generally leads to embryonic le-
thality, with the majority of mice homozygous for gene disruption dying in ute-
ro (Rohrer 1998). If these mice are outbred, embryonic mortality can be re-
duced. The surviving mice have normal resting heart rate and blood pressure;
however, despite the presence of b2-ARs in these mouse hearts, they do not re-
spond to b-AR agonist stimulation. In contrast, the b2-AR knockout mice are
viable and apparently healthy. Only during the stress of exercise is a physiologi-
cal consequence observed, and this is a result of alterations in vascular tone and
energy metabolism (Chruscinski et al. 1999). These results suggest that under
endogenous conditions the b2-AR does not play a major role in cardiac func-
tion.

These data suggest that the b1-AR is the predominant mediator of catechol-
amine-induced chronotropy and inotropy in the mouse heart. They further
demonstrate that stimulation of b1-ARs, as compared to b2-ARs, have distinctly
different effects in the myocardium. This functional difference may be due, at
least in part, to the ability of the cardiac b2-ARs to couple to both Gas and Gai,
whereas cardiac b1-ARs appear to only couple to Gas. Interestingly, overexpres-
sion of Gas also leads to cardiac pathology (Iwase et al. 1996, 1997), indicating
similarity of these mice with b1- but not b2-AR overexpression. Dual coupling
of the b2-AR to both Gas and Gai may provide the mechanism by which b2-ARs
elicit survival responses, while stimulation of b1-ARs activates only apoptotic
pathways (Communal et al. 1999; Zhu et al. 2001). However, overstimulation of
the Gai pathway may also be detrimental to cardiac function. This was indirectly
demonstrated in conditional expression in the adult mouse heart of a Gai-cou-
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pled, ligand-specific opioid receptor, where stimulation of the receptor and
hence the Gai pathway led to cardiac conductance abnormalities and a lethal
cardiomyopathy (Redfern et al. 2000).

Of further interest, overexpression of the calcium-inhibitable adenylyl cy-
clases (ACs) found in the heart (AC V and VI) led to varying cardiac phenotypes
(Table 1). Overexpression of AC V in the heart resulted in increased heart rate
and fractional shortening at baseline, although there was no in vivo hemody-
namic response (heart rate and contractility) to isoproterenol infusion, suggest-
ing that AC V does not stoichiometrically constrain cardiomyocyte b-AR signal-
ing (Tepe et al. 1999; Ostrom et al. 2000). Conversely, overexpression of AC VI
in myocytes appeared to enhance not only baseline activity, but also b-AR sig-
naling in response to isoproterenol (Gao et al. 1998). Further studies in AC VI
transgenic mice cross-bred with a mouse model of heart failure revealed similar
data (Roth et al. 1999).

Table 1 Transgenic models with altered expression of G proteins or adenylyl cyclase (AC)

Gene Model Phenotype Reference(s)

Gas a-MHC Increased heart rate, mortality,
LV dilation; decreased ejection fraction

Iwase et al. 1996, 1997

Gai-coupled
ligand-specific
opioid receptor

a-MHC,
conditional
Tet system

Conductance abnormalities
and lethal cardiomyopathy

Redfern et al. 2000

Gaq a-MHC Hypertrophy, enhanced heart rate,
myocyte size, HF gene expression;
depressed fractional shortening,
at baseline
and in response to dobutamine

D�Angelo et al. 1997

Hypertrophy, functional decompensation Sakata et al. 1998
GqI (peptide
inhibitor of Gaq)

a-MHC Reduced hypertrophy following
trans-aortic
constriction

Akhter et al. 1997

CAM Gaq a-MHC Embryonic lethal. In utero hypertrophy
followed by apoptosis

Adams et al. 1998

Hypertrophy and ventricular dilation Mende et al. 1998,
2001

AC V a-MHC Increased heart rate and ractional
shortening,
with no enhanced response to b-AR
stimulation

Tepe et al. 1999;
Ostram et al. 2000

AC VI a-MHC Increased heart rate, fractional
shortening, and response
to b-AR stimulation

Gao et al. 1998;
Roth et al. 1999
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2.2
a-AR Signaling in Heart Failure

As stated above, the a1-ARs have been linked to the development of myocardial
hypertrophy and heart failure, in that signaling through a1-ARs (particularly in
cell culture) or other receptors coupled to the Gaq/PLC signaling pathway (i.e.,
angiotensin II AT1 or endothelin) have been implicated in pressure and/or vol-
ume overload-induced hypertrophy (Simpson 1983; Knowlton et al. 1993; Dostal
and Baker 1998). Due to the peripheral vascular effects of a-AR agonist admin-
istration, which can induce myocardial hypertrophy, it has been difficult to
specifically delineate the direct effect of cardiac a1-ARs in the development of
hypertrophy.

2.2.1
a1b-AR Overexpression

To address the cardiac-specific role of the a1-ARs, transgenic mouse models
have been developed that overexpress the a1b-AR, either in its wild-type form or
as a constitutively active mutant (CAM), using the a-MHC promoter (Milano et
al. 1994; Akhter et al. 1997). When the CAM a1b-AR is targeted to the myocardi-
um of transgenic mice, the adult hearts are significantly hypertrophied, with
ventricular myocyte size increasing by 62% (Milano et al. 1994). Therefore, con-
tinued signaling through CAM a1b-ARs expressed only in the heart can indeed
induce ventricular hypertrophy independent of peripheral vascular effects.
These mice also demonstrate other properties associated with ventricular hyper-
trophy, such as increased expression of atrial natriuretic factor (ANF) and en-
hanced signaling through the Gaq/PLC pathway, such as significantly elevated
basal levels of myocardial DAG and IP3 (Milano et al. 1994; Harrison et al.
1998).

In two separate lines of transgenic mice expressing wild-type a1b-ARs in the
heart at greater than 40-fold over baseline, basal myocardial a1-AR signaling, as
measured by DAG accumulation, was significantly increased to levels similar to
those found in the CAM a1b-AR mice (Akhter et al. 1997). However, in contrast
to the CAM a1b-AR mice, the hearts of the wild-type a1b-AR overexpressors did
not develop hypertrophy, despite significant elevation of ANF expression
(Akhter et al. 1997). Interestingly, in the wild-type a1b-AR animals, response to
the b-AR agonist isoproterenol was significantly depressed (Akhter et al. 1997;
Lemire et al. 1998). Two mechanisms for this diminished b-AR response in vivo
resulting from wild-type a1b-AR overexpression have been discovered. First,
overexpressed a1b-ARs appear to also couple to Gai, which could negatively im-
pinge on b-AR signaling through AC (Akhter et al. 1997). Second, as a result of
enhanced Gaq/PLC activity in these mice, myocardial PKC activity is increased
(Lemire et al. 1998), PKC being an enzyme which can phosphorylate and acti-
vate bARK1 (Chuang et al. 1995). Indeed, bARK1 activity was enhanced in these
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mice, leading to enhanced bARK1-mediated desensitization of the b-AR
(Akhter et al. 1997).

In follow-up studies, overexpression of the wild-type a1b-AR has been dem-
onstrated to result in dilated cardiomyopathy and premature death (Grupp et al.
1998; Lemire et al. 2001). This phenotype also occurred in rapid fashion in these
mice when chronically stimulated with the a1-AR agonist phenylephrine
(Iaccarino et al. 2001). Furthermore, the mice demonstrate diminished sar-
co(endo)plasmic reticulum calcium ATPase (SERCA2) and endogenous a-MHC
levels, and enhanced ANF and b-MHC, consistent with the phenotype (Lemire
et al. 2001). These mice raise the important issue of integration site upon trans-
genesis and that of mouse background strain, both factors which can signifi-
cantly affect the resultant mouse phenotype. However, further discussion of
these issues is beyond the scope of this chapter.

2.2.2
a1b-AR Knockout Animals

To further delineate the important role of the a1b-AR in the cardiovascular sys-
tem, a gene targeting approach has been used to develop a1b-AR knockout mice
(Cavalli et al. 1997). Homozygous knockout of the gene resulted in a 74% reduc-
tion of a1-AR radioligand binding, indicating that indeed the a1b-AR is the pri-
mary a1-AR isoform expressed in the mouse heart. The homozygous mice also
have significantly blunted blood pressure response to phenylephrine, and isolat-
ed aortic rings recapitulate this data, suggesting the important role of a1b-ARs
(as well as the previously documented role of a1a-ARs) in mediating blood pres-
sure elevation in response to a1-AR stimulation in vivo (Cavalli et al. 1997).

2.3
Myocardial Gaq Signaling and Inhibition

As described above, it has been well documented, particularly in vitro, that acti-
vation of Gaq signaling through a1-ARs, angiotensin II (AT1) and endothelin re-
ceptors can lead to hypertrophy, potentially through different mechanisms. To
address the role of Gaq in this process, two transgenic mouse models have been
developed and tested: cardiac-targeted inhibition or overexpression of Gaq. Ex-
periments in our laboratory initially documented that in vivo activation of Gaq

is a final common trigger of ventricular hypertrophy in response to pressure
overload (Akhter et al. 1997). In summary, a peptide inhibitor targeted to the
receptor-Gaq interface was expressed in transgenic mouse hearts using the a-
MHC promoter. This inhibitory peptide is targeted to the carboxyl-terminal 54
amino acids of the Gaq (GqI) that interacts with the activated Gaq-coupled re-
ceptor. In vitro experiments documented that this peptide inhibitor can selec-
tively block Gaq-coupled signaling, and in vivo it significantly attenuated ven-
tricular hypertrophy in response to transverse aortic constriction (TAC) and
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pressure overload (Akhter et al. 1997). This strategy demonstrates the impor-
tance of cardiac Gaq signaling in vivo in isolation of vascular effects.

Another approach to address Gaq signaling specifically in the heart was to
derive mice with cardiac-targeted overexpression of Gaq. The first description
of these mice demonstrated that Gaq overexpression at more than fourfold re-
sulted in hypertrophy, including increased heart weight and myocyte size, along
with increased levels of canonical heart failure marker (fetal) genes, such as
ANF, b-MHC, and a-skeletal actin, and decreased b-AR responsiveness
(D�Angelo et al. 1997). Furthermore, they had decreased cardiac function at
baseline and in response to dobutamine. At higher levels of Gaq overexpression,
some of the mice developed biventricular failure, pulmonary congestion, and
early mortality (D�Angelo et al. 1997). Further studies using similar mice have
demonstrated that superimposition of hemodynamic stress via TAC (pressure
overload) in the Gaq mice exacerbates hypertrophy to an eccentric hypertrophy
that leads to rapid functional decompensation (Sakata et al. 1998). Finally, ex-
pression of a CAM Gaq led to enhanced hypertrophy and increased apoptosis,
both in vitro and in vivo. In vivo, the CAM Gaq resulted in embryonic lethality
due to cardiac hypertrophy followed by significant apoptosis, and overexpres-
sion of higher levels of the wild-type Gaq led to enhanced hypertrophy and ap-
optosis in adult mice (Adams et al. 1998). Transient expression of a CAM Gaq

(and subsequent activation of PLC) also led to cardiac hypertrophy and dilation
detectable long after the transient initial stimulus is no longer detectable, both
at lower and higher levels of transient expression (Mende et al. 1998, 2001).
These experiments further demonstrate the important role that Gaq may play in
the development and progression of hypertrophy, and they also raise the impor-
tant question of enhanced apoptosis in cardiomyopathy.

3
Mouse Models of GRK Expression and/or Activity

In addition to altering myocardial AR to directly study their effects on cardiac
function, important information has been gathered using genetic manipulation
of downstream signaling molecules, particularly the GRKs (Table 2). The major-
ity of this work has focused on bARK1 (GRK2), which, as stated above, is the
primary GRK family member expressed in the heart. Experiments have also
been carried out to determine potential functional overlap of the activity of
these GRKs in vivo.

3.1
Genetic Manipulation of Myocardial bARK1 Activity

The activity of bARK1 has been manipulated in transgenic mouse hearts using
the a-MHC promoter to drive expression of either bARK1 or a cognate peptide
inhibitor (bARKct), which acts by competing with endogenous bARK for Gbg-
mediated translocation (Koch et al. 1995). Cardiac-targeted bARK1 overexpres-
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sion or bARKct expression result in reciprocally regulated in vivo cardiac physi-
ology. In transgenic mice overexpressing a myocardial targeted bARK1, cardiac
b-AR response to isoproterenol was significantly decreased, as were cardiac re-
sponses to angiotensin II (Koch et al. 1995; Rockman et al. 1998). Conversely,
transgenic mice expressing the bARKct demonstrated enhanced basal cardiac
function and response to isoproterenol (Koch et al. 1995). Subsequently, direct
evidence that the mechanism responsible for the phenotype in these mice was
bARKct inhibition of Gbg-mediated bARK1 activity was reported by our labora-
tory using hybrid transgenic mice, where bARKct expression in conjunction
with bARK1 overexpression restored normal cardiac function (that had previ-
ously been attenuated as a result of bARK1 overexpression) (Akhter et al. 1999).
The reciprocal nature of this physiology has been documented both in vivo, as
well as in vitro with culture cardiac myocytes from bARK1 and bARKct mice
(Koch et al. 1995; Korzick et al. 1997). These data indicate the critical role of
bARK1 for the regulation of normal cardiac function.

Genetic ablation of bARK1 further demonstrated the important role of
bARK1 in cardiovascular development, regulation, and function. Homozygous
knockout was embryonic lethal resulting from severe cardiac malformations,

Table 2 Transgenic models with altered expression of G protein-coupled receptor kinases (GRKs)

Gene Model Phenotype Reference

bARK1 a-MHC Decreased response to b-AR and
angiotensin II AT1 receptor stimulation

Koch et al. 1995;
Rockman et al. 1998

bARKct a-MHC Enhanced response to b-AR receptor
stimulation

Koch et al. 1995

bARKct Cardiac ankyrin
repeat protein
(CARP)

No expression in adult mouse unless
given myocardial stress: enhanced
response to b-AR stimulation following
trans-aortic constriction (and thus
bARKct expression), no effect on
hypertrophy

Manning et al. 2000

bARKct/bARK1 a-MHC/
a-MHC

Restored cardiac function at baseline
and in response to b-AR agonist
stimulation

Akhter et al. 1999

bARK1�/� Targeted
deletion

Embryonic lethal, cardiac malformation Jaber et al. 1996

bARK1+/� Targeted
deletion

Heterozygote of bARK1 targeted deletion,
similar function to bARKct animals above

Rockman et al. 1998

bARK1+/�

and bARKct
Mating
of two lines

Augmentation of cardiac function beyond
that of bARK1+/� or bARKct alone

Rockman et al. 1998

GRK5 a-MHC Reduced response to b-AR stimulation,
no effect on angiotensin II AT1 receptor
stimulation

Rockman et al. 1996

GRK3 a-MHC Reduced response to thrombin receptor
stimulation, no change in response to b-AR
or angiotensin II AT1 receptor stimulation

Iaccarino et al. 1998
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with lethality varying from embryonic day 7.5 to 15, and abnormalities found in
all mice from embryonic day 11 onward (Jaber et al. 1996). The cardiac malfor-
mation is representative of “thin myocardium syndrome” seen in the targeted
inactivation/ablation of several transcription factors (Rossant 1996). Data from
these knockout mice suggest an important role for bARK1 in normal heart de-
velopment (Jaber et al. 1996). Heterozygous bARK1 mice have no developmental
cardiac abnormalities and age normally (Rockman et al. 1998). Recently, we
demonstrated that these heterozygous mice have cardiac function and contrac-
tility similar to the bARKct mice. Furthermore, heterozygous bARK mice with
concurrent cardiac bARKct expression demonstrate even further augmentation
of cardiac function (Rockman et al. 1998). These data suggest that regulation of
cardiac bARK1 expression and activity are crucial in the maintenance of normal
cardiac function, and have important implications in the setting of heart dis-
ease.

3.2
Cardiac Specificity of GRK3 and GRK5

In the family of six known GRKs, four appear to be expressed in the myocardi-
um: GRK2, GRK3, GRK5, and GRK6. Study of these kinases in vitro suggested
there was functional overlap of the myocardial GRKs for GPCR substrates. Al-
though these kinases share substantial homology and functional overlap in vit-
ro, studies of their function using transgenic mice has revealed numerous differ-
ences in vivo, including experiments described above for bARK1 and bARKct.
Transgenic mice overexpressing GRK5 in myocardium were the first to demon-
strate in vivo GRK substrate selectivity, in that GRK5 attenuated signaling in re-
sponse to isoproterenol, but had no effect on cardiac signaling in response to
angiotensin II (Rockman et al. 1996). Further evidence of in vivo GRK substrate
selectivity in the heart was found in transgenic mice overexpressing GRK3,
which demonstrated no effect on signaling following isoproterenol or angioten-
sin II (Iaccarino et al. 1998). However, the GRK3 mice had significantly de-
creased response to a thrombin receptor agonist as determined by analysis of
MAPK signaling following thrombin receptor agonist, demonstrating that GRK3
was indeed active in these mice (Iaccarino et al. 1998). Desensitization of throm-
bin receptor signaling via GRK3 corroborated previous in vitro data (Ishii et al.
1994).

3.3
Delineation of GRK Specificity in Hybrid a1b-AR Transgenic Mice

Subsequent studies of hybrid transgenic mice expressing cardiac targeted
a1b-AR in conjunction with each of the three cardiac GRKs further demonstra-
ted in vivo GRK substrate selectivity (Eckhart et al. 2000). Signaling via the a1b-
AR as assessed by myocardial DAG content was attenuated by GRK3, but was
unaffected by GRK2 or GRK5. Hypertrophy and ANF expression were induced
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by a CAM a1b-AR; however, both of these measures were attenuated in mice
overexpressing either GRK3 or GRK5, but not GRK2 (Eckhart et al. 2000). Thus,
while GRK2 appears to be the primary GRK for in vivo regulation of b-AR sig-
naling in the heart, the homologous GRK3 appears to be selectively involved in
a1b-AR and thrombin receptor regulation, while GRK5 activity toward these re-
ceptor substrates is mixed.

3.4
Role of bARK1 in Hypertrophy

Cardiac hypertrophy is an initially adaptive response to increased cardiac load
(Grossman et al. 1975); however, it has become clear that sustained cardiac hy-
pertrophy is maladaptive and can lead to decompensated heart failure (Lorell
1997). As described above, GPCR signaling, particularly through Gaq, appears
to play an obligatory role in the initiation of hypertrophy in response to in-
creased cardiac load (Akhter et al. 1997). However, recent evidence also demon-
strates functional abnormalities in b-AR signaling in cardiac models of hyper-
trophy (Bohm et al. 1994). Following TAC, b-ARs are desensitized concomitant
with a threefold increase in bARK1 (Choi et al. 1997). Interestingly, it appears
that the b-ARs and bARK1 are not playing a role in the initiation of hypertro-
phy per se, since TAC in bARKct mice resulted in similar levels of hypertrophy
(Choi et al. 1997). However, the b-AR desensitization following TAC was com-
pletely reversed in the bARKct animals, suggesting that the b-AR desensitiza-
tion was secondary to the development of hypertrophy.

To study the role of bARK1 inhibition in hypertrophy, bARKct was targeted
to the hearts of mice under control of a promoter (cardiac ankyrin repeat pro-
tein, or CARP) that is normally functional only during development and during
the first 2–3 weeks of life (Manning et al. 2000). These mice were viable and
completely normal, and we documented loss of bARKct expression after 2–
3 weeks of life (Manning et al. 2000). Interestingly, CARP expression, similar to
other fetal genes such as ANF, can be activated in the adult heart by stress. Fol-
lowing TAC, an induction of bARKct expression in the heart was seen, and sim-
ilar to findings in other mouse models of heart failure rescued by bARKct de-
scribed below, resulted in enhanced b-AR responsiveness and reversal of b-AR
desensitization during pressure overload (Manning et al. 2000). However, cardi-
ac hypertrophy following TAC was not attenuated, confirming that bARK1 and
GRK activity do not play a role in the cardiac hypertrophic response .

Levels of bARK1 expression have also been investigated in other mouse mod-
els of hypertrophy. Interestingly, bARK1 is not elevated in a p21ras overexpres-
sion mouse model of hypertrophy (Choi et al. 1997). Furthermore, although
both isoproterenol and phenylephrine treatment result in similar levels of hy-
pertrophy in mice, bARK1 expression was only enhanced following treatment
with the b-AR agonist isoproterenol, data which was corroborated with in vitro
experiments using isolated cardiac myocytes (Iaccarino et al. 1999). These data
demonstrate that increased bARK1 expression and activity is not a generalized
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characteristic of all forms of hypertrophy. They also demonstrate that if hyper-
trophy is mediated through sympathetic activity, elevated bARK1 expression is
mediated strictly through activation of b-ARs and not a1-ARs, reinforcing the
hypothesis that bARK1 is critically involved in the pathogenesis of b-AR dys-
function in heart failure. Importantly, chronic b-AR blockade with agents such
as carvedilol, a b-AR antagonist used successfully in the treatment of heart fail-
ure (Packer et al. 1996; Packer et al. 2001), decreases the expression and activity
of bARK1 in the hearts of mice (Iaccarino et al. 1998). Thus, decreased bARK1
and the resultant resensitization of cardiac b-AR signaling may represent a pos-
sible mechanism for the beneficial effect seen in b-AR blockade treatment of
heart failure. To support this hypothesis, potential synergy of bARKct and b-AR
blockade therapy in the treatment of heart failure has been recently demonstra-
ted (Harding et al. 2001), and will be discussed in more detail below.

4
Mouse Models of Heart Failure and Rescue

An increasing number of genetic mouse models of heart failure and cardiomy-
opathy are being described, often discovered serendipitously following knock-
out or overexpression of a particular gene (Table 3). Often, these mouse models
closely recapitulate many of the aspects of human heart failure, such as hyper-
trophy, dilation, and aberrations of the b-AR signaling system such as receptor
down-regulation, desensitization, and enhanced bARK activity and expression
(Rockman et al. 2002). These mouse models provide powerful tools to investi-
gate the ability of other specific gene modulations to “rescue” the heart failure
phenotype. For the sake of this chapter, we will only discuss those models of
heart failure in which the phenotype has been alleviated by other genetic manip-
ulations. These include: (1) knockout of the muscle LIM-domain protein (MLP),
a cytoarchitectural protein and conserved regulator of myogenic differentiation
(Arber et al. 1997); (2) cardiac-targeted overexpression of calsequestrin (CSQ), a
high capacity calcium binding protein (Cho et al. 1999); (3) cardiac-targeted
overexpression of a mutant form of the a-MHC gene (HCM) (mutation ex-
pressed is associated with human hypertrophic cardiomyopathy) (Freeman et al.
2001); and the cardiac-specific Gaq overexpressing mouse, as described above
(D�Angelo et al. 1997).

4.1
Therapeutic Potential of bARKct

To determine the role that bARK and its inhibition may play in the development
and potential rescue of any heart failure phenotype, cardiac targeted bARKct
mice have been mated with the MLP, CSQ, and HCM mice (Rockman et al. 1998;
Freeman et al. 2001; Harding et al. 2001). Strikingly, in each of these mouse
models, cardiac-specific bARKct expression resulted in prevention of progres-
sive deterioration in cardiac function, prevention of hypertrophy, improved ex-
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ercise tolerance, correction of aspects of classical b-AR receptor signaling dys-
function as described above, normalized expression of heart failure marker
genes, and where assessed, markedly improved survival (Rockman et al. 1998;
Freeman et al. 2001; Harding et al. 2001). Furthermore, combination of b-block-
er therapy (metoprolol) and bARKct expression was synergistic in improving
survival (Harding et al. 2001). These data are particularly interesting given the
clinical promise of b-blocker therapy in individuals with chronic heart failure
(CIBIS-II 1999; MERIT-HF 1999; Packer et al. 1996; Packer et al. 2001). Impor-
tantly, studies from our laboratory have also shown that chronic b-AR blockade
by carvedilol decreases the expression of bARK1 in the heart and reduces cardi-
ac GRK activity (Iaccarino et al. 1998). Furthermore, recent data from our labo-
ratory suggest that bARKct not only rescues the cardiac phenotype of the MLP
mice, but also appears to normalize the cardiac gene expression profile, as de-
termined by oligonucleotide microarray analysis of gene expression (Blaxall et
al. 2000). As an interesting aside, b2-AR overexpression was unable to rescue the
cardiac phenotype in MLP knockout mice (Rockman et al. 1998). In larger ani-
mal models of heart failure, adenoviral-mediated delivery of bARKct also en-
hances cardiac function, normalizes b-AR signaling, delays the hemodynamic
onset of heart failure, and reverses the development of heart failure following
myocardial infarction (Akhter et al. 1997; White et al. 2000; Shah et al. 2001).

Mechanism of action for the bARKct appears to be inhibition of the
Gbg-bARK1 interaction; however, it is possible that bARKct may also affect oth-
er Gbg-dependent cell processes which may contribute to the extraordinary res-
cue of numerous animal models of heart failure by bARKct. Other documented
biological interactions potentially inhibited by bARKct include PI3K (Naga
Prasad et al. 2001) and IK,ACh channels (Clapham and Neer 1997); however, con-
tribution of these effects, if any, to the salutary effects of bARKct remains to be
determined. Moreover, since we have found that bARK1 can desensitize other
GPCR systems in the heart (i.e., angiotensin II AT1), the therapeutic benefit of
the bARKct may also involve enhanced signaling through other GPCRs. These
non-b-AR effects of the bARKct are subjects of ongoing investigations.

4.2
Rescue of Mouse Models of Heart Failure by Other Genetic Alterations

Moderate overexpression of the b2-AR in the cardiac-targeted Gaq overexpres-
sor mice rescued the hypertrophy and basal ventricular function, and normal-
ized expression of ANF and a-skeletal actin (Dorn et al. 1999). Interestingly,
high-level overexpression of the b2-AR (>200-fold) in these mice resulted in a
worsening of the cardiac phenotype (Dorn et al. 1999). Also of note is that car-
diac overexpression of bARKct in the Gaq mice had no effect on the phenotype
(Dorn et al. 1999), which may be because there is no elevation of bARK1 in the
Gaq mice, contrary to what is found in the other mouse models of heart failure
where bARKct has been tested, as described above. Finally, using the Gaq mice,
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overexpression of myocardial AC VI also resulted in improved cardiac function
and responsiveness to b-AR stimulation (Roth et al. 1999).

Regulation of intracellular calcium concentration remains an intensive focus
of investigation, particularly with regard to the sarcoplasmic reticulum calcium
regulatory protein SERCA2a and its inhibitor, phospholamban (PLB). Together,
these proteins are involved in intracellular calcium release and reuptake in exci-
tation–contraction coupling. Several studies have shown a disruption in the sto-
ichiometry of these molecules in advanced heart failure. Recently, ablation of
PLB was shown to normalize cardiac function and gene expression (reduced
ANF, a-skeletal actin, b-MHC) in the MLP mouse model of dilated cardiomyop-
athy (Minamisawa et al. 1999). Furthermore, inhibition of the PLB/SERCA2a in-
teraction by adenoviral-mediated delivery of a PLB point mutation resulted in
enhanced myocyte contractility (Minamisawa et al. 1999).

Finally, seminal experiments were recently performed to assess the individual
ability of b2-AR, bARKct, and PLB to rescue the HCM mouse model of heart
failure (Freeman et al. 2001). In these mice, b2-AR overexpression initially
showed enhanced cardiac function, however by 8 months, there was significant
reduction of fractional shortening and nearly 50% mortality. In contrast, the
PLB knockout and bARKct-expressing mice showed normal fractional shorten-
ing throughout the 12-month study period. Furthermore, neither b2-AR overex-
pression or PLB ablation could abate the onset hypertrophy, whereas bARKct
prevented the development of hypertrophy. PLB knockout mice showed the
greatest reduction in b-MHC expression, whereas bARKct resulted in the great-
est reduction of ANF and a-skeletal actin expression. In summary, these experi-
ments indicate that bARKct is the most favorable chronic rescue of the HCM
mice examined in this study (Freeman et al. 2001).

5
Conclusions

In summary, transgenic mice to date have allowed us to determine specific in
vivo cardiac adrenergic signaling and kinase activity. These mice have also pro-
vided us with a valuable tool to determine viable targets for rescuing a heart
failure phenotype. Their contribution to the development of novel therapies has
been and will continue to be crucial to the investigation of cardiovascular disor-
ders.
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Abstract The control of blood pressure is achieved by a complex interplay of
several hormonal systems acting either in an endocrine manner or locally in tis-
sues such as brain, vessels, and kidney in a paracrine or autocrine manner. Be-
cause of the complexity of the cardiovascular system and its regulation, the
study of these processes has been by and large limited to the whole organismic
level. Thus, transgenic technology has been of the highest importance in recent
years to assist in the discovery of the role of specific gene products in cardiovas-
cular regulation . This review summarizes such findings about peptide systems
involved in blood pressure control with a major emphasis on the renin–angio-
tensin system, which cardiovascularly may be the most relevant system. Also,
transgenic animals with targeted genetic alterations in the synthesis or action of
kinins, endothelins, natriuretic peptides, as well as adrenomedullin and the cal-
citonin gene-related peptide (CGRP) are described. For the renin–angiotensin



system, all components have been deleted by gene targeting. Whenever angio-
tensin II synthesis or action was completely blunted, such as by the deletion of
renin, angiotensinogen, angiotensin-converting enzyme, or the angiotensin II
AT1 receptor, the mice showed very low blood pressure, kidney dysmorphology,
and a high mortality. In contrast, most transgenic rat or mouse models overex-
pressing renin or angiotensinogen became hypertensive. Transgenic rats with
reduced angiotensinogen in the brain are hypotensive and accordingly mice
with enhanced angiotensin II generation in the central nervous system exhibited
increased blood pressure, supporting an important role of the central renin–an-
giotensin system in cardiovascular control. Mice lacking endothelins or its re-
ceptors revealed functions of these peptides going beyond blood pressure regu-
lation and implicating the endothelin system in the development of neural crest-
derived cells. Novel transgenic technologies such as inducible conditional gene
targeting will help to further this knowledge and to design new therapeutic stra-
tegies.

Keywords Renin · Angiotensins · Kinins · Endothelins · Natriuretic peptides ·
Adrenomedullin · CGRP · Transgenic · Gene targeting · Animal models

1
Introduction

The control of blood pressure is achieved by a complex interplay of several hor-
monal systems acting either in an endocrine manner or locally in tissues such
as brain, vessels, and kidney in a paracrine or autocrine manner. Because of the
complexity of the cardiovascular system and its regulation, the study of these
processes has been by and large limited to the whole organismic level. Thus,
transgenic technology has been of highest importance in recent years for dis-
covering the role of specific gene products in cardiovascular regulation (Bader
et al. 2000; Sigmund 2001; Doan et al. 2001). The expression of numerous genes
has been altered by genetic manipulation in rats and mice. Rat would be the
preferable model for such studies since this species has been used for decades
in the physiological analysis of the cardiovascular system. Numerous experi-
mental and genetic models for cardiovascular diseases such as hypertension ex-
ist in rat, in contrast to mouse, in which important experimental tools have just
been developed. However, despite considerable efforts, it is not yet possible to
establish gene targeting technology in rat. Therefore, mouse has also become
the most frequently used model for transgenic studies of blood pressure control.
Nevertheless, transgenic rats are among the models which have had the greatest
impact on our understanding of these physiological processes (Mullins et al.
1990; Ganten et al. 1992; Schinke et al. 1996).

The renin–angiotensin system (RAS) is only one of numerous hormonal sys-
tems involved in blood pressure regulation. Some other very important systems
are described in other chapters of this book, including the adrenergic and cho-
linergic system, nitric oxide, and steroid hormones. This review will focus on
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peptide systems involved in blood pressure control with a major emphasis on
the renin–angiotensin system, which may cardiovascularly be the most relevant
system. Also summarized are the findings obtained in transgenic animals with
targeted genetic alterations in the synthesis or action of kinins, endothelins, nat-
riuretic peptides, as well as adrenomedullin and the calcitonin gene-related pep-
tide (CGRP) (Table 1).

2
Renin–Angiotensin System

The RAS generates peptide hormones with considerable impact on cardiovascu-
lar regulation and with great etiologic and therapeutic significance for cardio-
vascular diseases. Generation of active angiotensin peptides is achieved by a
small number of proteins all of which have been overexpressed, as well as inac-
tivated, by transgenic technology (Fig. 1). Renin was discovered by Tigerstedt
and Bergman more than 100 years ago (Tigerstedt and Bergman 1898) and is
generated by juxtaglomerular cells of the kidney. It cleaves its only substrate an-
giotensinogen, synthesized mainly in the liver, resulting in the liberation of the
inactive decapeptide angiotensin I. The active peptide angiotensin II is generat-
ed by proteolytic ablation of the two carboxyterminal amino acids of angioten-
sin I primarily by the endothelium-associated angiotensin-converting enzyme
(ACE). Angiotensin II elicits its effects via two different receptor subtypes, AT1
and AT2. AT1 is expressed in all main target organs such as the kidney, heart,
brain, adrenal cortex, and vessel wall and represents the receptor responsible
for most actions of the peptide. AT2 is mainly restricted to embryogenesis, cer-
tain brain regions, and the adrenal medulla, but it is also present at low levels in
the heart, kidney, and vessel wall. In addition to the circulating RAS, angioten-
sin generation is observed in single organs such as the brain, heart, kidney, and
adrenal gland from locally expressed or plasma-derived precursors. The physio-
logical relevance of these tissue renin–angiotensin systems represent a major fo-
cus of transgenic models.

2.1
General Overexpression or Depletion

2.1.1
Angiotensinogen

The first transgenic model with alteration in angiotensinogen expression was a
mouse overexpressing the rat gene under the control of the mouse metalloth-
ionein promoter (Ohkubo et al. 1990). Although exhibiting high levels of circu-
lating angiotensin II, these mice were normotensive. Subsequently, the angioten-
sinogen genes of rats (Kimura et al. 1992) and humans (Takahashi et al. 1991;
Ganten et al. 1992; Yang et al. 1994) have been expressed in transgenic mice
(Takahashi et al. 1991; Yang et al. 1994) and rats (Ganten et al. 1992) under the
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control of their own regulatory sequences. The only reported transgenic mouse
among these with a cardiovascular phenotype also carried the rat angiotensino-
gen gene, but this time under the control of its own regulatory sequences
(Kimura et al. 1992). These animals developed high blood pressure and the typ-
ical signs of end-organ damage also observed in human hypertensives, such as
cardiac hypertrophy and renal fibrosis (Kang et al. 2002).

All rodents transgenic for human angiotensinogen remained normotensive
even though some of them exhibit very high levels of the human protein in plas-
ma (Takahashi et al. 1991; Yang et al. 1994; Ganten et al. 1992). The same was
true for all animals carrying the human reningene as transgene (Fukamizu et al.
1989; Ganten et al. 1992; Sigmund et al. 1992; Thompson et al. 1996; Sinn et al.
1999). These findings corroborated previous biochemical studies showing that
human renin and angiotensinogen do not interact with their rodent counter-
parts (Oliver and Gross 1966). Because of this species specificity of the enzyme-
substrate reaction, only double transgenic mice and rats carrying both the hu-
man renin and angiotensinogen genes as transgenes became hypertensive
(Fukamizu et al. 1993; Thompson et al. 1996; Merrill et al. 1996; Bohlender et al.
1997; Sinn et al. 1999). These “humanized” rodent models independently devel-
oped by several groups are useful tools to study the local production and action
of angiotensin II in tissues eliciting end-organ damage (Luft et al. 1999). They
are also useful to test human renin inhibitors, which because of species specific-
ity cannot be tested in normal rodents (Ganten et al. 1992; Mervaala et al. 1999).
Besides this, such animals may help to elucidate the cause of specific forms of
pregnancy-induced hypertension (Takimoto et al. 1996; Bohlender et al. 2000).

Mice carrying zero to four alleles of angiotensinogen were produced in a
gene-titration experiment (Kim et al. 1995). Circulating angiotensinogen levels
as well as blood pressure correlated strongly with the gene dose, supporting the

Fig. 1 The renin–angiotensin system. For de-
scription see text
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important role of this protein in blood pressure regulation at least in rodents.
Very low blood pressure levels (Fig. 2) and morphological alterations in the kid-
ney characterized by atrophy of the renal papilla and renovascular hyperplasia
were detected in angiotensinogen knockout mice independently produced by
three groups (Tanimoto et al. 1994; Kim et al. 1995; Niimura et al. 1995). De-
pending on the genetic background, targeted ablation of this protein even led to
a lethal phenotype, the cause of which has not yet been clarified. The lethal phe-
notype as well as the kidney abnormalities were rescued by re-expressing angio-
tensinogen either in the liver and brain (Kang et al. 2002) or in adipose tissue
with spillover into the circulation (Massiera et al. 2001) but not by angiotensin
restoration exclusively in kidney (Ding et al. 2001).

2.1.2
Renin

The most frequently used transgenic model for studying the RAS has been a rat
carrying one of the two murine renin genes, Ren-2 [TGR(mREN2)27] (Mullins
et al. 1990). These animals developed severe hypertension and cardiovascular
hypertrophy despite low levels of circulating angiotensin II. However, the gener-
ation of this peptide was massively enhanced in several tissues, like adrenal
gland and brain. These changes as well as the very high circulating levels of pro-
renin, the inactive precursor of renin, may contribute to the hypertensive phe-
notype of TGR(mREN2)27; however, its etiology is not yet completely clarified.
Veniant et al. (1996) have shown that prorenin when expressed in the liver of
transgenic rats by using the a1-antitrypsin promoter and upon reaching similar-
ly high circulating levels, can cause a comparable degree of cardiovascular hy-
pertrophy than is observed in TGR(mREN2)27, probably because it can be acti-

Fig. 2 Blood pressure in mice lacking components of the renin–angiotensin system. References for
each animal model are cited in the text. The value of control mice was set as 100%. Asterisk, signifi-
cantly different from control mice; ns, not significantly different from control mice
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vated in peripheral tissues. The same group has developed a transgenic rat mod-
el with inducible hypertension by expressing the Ren-2 gene under the control
of a cytochrome P450 promoter which can be induced in the liver by treatment
of the animals with a xenobiotic drug (Kantachuvesiri et al. 2001). After applica-
tion of the drug, the upregulated prorenin and renin levels lead to an increase in
blood pressure and vascular injury. Others have presented evidence that elevat-
ed angiotensin levels in the brain, kidney, and adrenal gland of TGR(mREN2)27
also play important roles in the development of hypertension (Peters et al. 1993;
Senanayake et al. 1994; Tokita et al. 1994; Campbell et al. 1995).

Overexpression of the human renin gene did not cause any cardiovascular al-
terations in rodents because of species specificity of the renin–angiotensinogen
reaction (see above) (Fukamizu et al. 1989; Ganten et al. 1992; Sigmund et al.
1992; Thompson et al. 1996; Sinn et al. 1999).

All murine renin genes have been separately inactivated by gene targeting.
Ren-2 knockout mice were healthy and normotensive (Fig. 2), only exhibiting
increased active renin and reduced prorenin levels in plasma (Sharp et al. 1996).
Animals lacking Ren-1d have been produced by three groups (Bertaux et al.
1997; Clark et al. 1997; Pentz et al. 2001). While the resulting animals were nor-
motensive in one experiment (Bertaux et al. 1997), the other reports showed
morphological alterations in the kidney exemplified by a lack of secretory gran-
ules in the juxtaglomerular cells and a hypertrophy of the macula densa as well
as enhanced circulating prorenin levels and slightly reduced blood pressure
(Clark et al. 1997; Pentz et al. 2001). The quite mild phenotype of both knockout
models contends in favor of a high redundancy of the two renin genes (i.e., the
presence of one gene can largely compensate for the lack of the other). In fact,
when embryonic stem (ES) cells from a mouse strain carrying only one renin
gene (Ren-1c) were used for renin gene targeting, mice resulted with the same
cardiovascular phenotype as angiotensinogen knockout animals (Fig. 2) (Yanai
et al. 2000). Mice deficient for both renin genes in a two renin-gene strain have
been generated by the Cre-lox technology (Rajewsky et al. 1996) but their car-
diovascular phenotype has not yet been reported (Matsusaka et al. 2000).

2.1.3
ACE

ACE is expressed in two different isoforms from one gene, the full-length endo-
thelial form and a testicular form derived from an intragenic promoter in in-
tron 12 of the ACE gene.

Mice with zero to four alleles of ACE have been generated (Krege et al. 1997).
Blood pressure is directly correlated with the amount of alleles, while the salt-
induced pressure response is inversely related to the number of ACE gene copies
(Krege et al. 1997; Carlson et al. 2002). Using three-copy animals, it was shown
that the development of diabetic nephropathy is dependent upon at least a mod-
est increase in blood pressure (Huang et al. 2001). Mice completely deficient for
ACE are hypotensive (Fig. 2) and exhibit kidney abnormalities and reduced via-
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bility comparable to angiotensinogen knockout animals (Krege et al. 1995; Car-
penter et al. 1996; Esther et al. 1996). The same phenotype was shown for mice
in which only the membrane anchor of the ACE protein was deleted by knock-
out technology (Esther et al. 1997). These animals still have normal circulating
ACE levels but lack the membrane-bound form, which according to this report
is the only isoform of the enzyme which is functionally important in the cardio-
vascular system. Accordingly, expression of the testicular membrane-bound iso-
form of ACE in non-testicular organs—in particular in the kidney—rescues the
phenotype of ACE knockout mice (Cole et al. 2002; Kessler et al. 2002). Exclu-
sive transgenic expression of testicular ACE in testis does not cure the cardio-
vascular phenotype of ACE knockout mice (Ramaraj et al. 1998). However, it
rescues male infertility, which is also observed in these mice (Krege et al. 1995).
In contrast, the endothelial form of the enzyme when expressed in the testis is
ineffective in this respect (Kessler et al. 2000). Thus, the testicular form of ACE
performs an essential but as-yet-undefined function in male fertility, probably
independent of angiotensin generation.

2.1.4
Angiotensin Receptors

Several groups have inactivated AT1 receptors by gene targeting in mice (Ito et
al. 1995; Sugaya et al. 1995; Matsusaka et al. 1996; Chen et al. 1997). These stud-
ies are hampered by the existence of two different genes coding for AT1 recep-
tors in rodents, AT1A and AT1B. The knockout experiments revealed that the
AT1A receptor is the more important isoform for cardiovascular regulation as
AT1A-deficient mice became significantly hypotensive (Ito et al. 1995; Sugaya et
al. 1995; Matsusaka et al. 1996), whereas mice lacking AT1B were without obvi-
ous phenotype (Fig. 2) (Chen et al. 1997). However, in contrast to angiotensino-
gen knockout mice, kidney morphology was normal in AT1A-deficient animals,
indicating that AT1B can partially complement the functions of AT1A (Oliverio
et al. 1998a). Not surprising was the fact that double knockout animals for both
receptors showed the same severe phenotype as mice lacking angiotensinogen,
renin, or ACE(Oliverio et al. 1998b; Tsuchida et al. 1998). In the brain, the two
AT1 subtypes seem to fulfill different tasks: AT1A is responsible for the blood
pressure elevating effects of central angiotensin II while AT1B mediates its
thirst-generating action (Davisson et al. 2000).

The AT2 receptor has also been independently inactivated by two groups
(Hein et al. 1995; Ichiki et al. 1995). Besides behavioral and neuromorphological
(Bohlen und Halbach et al. 2001) abnormalities, AT2 deficiency results in a
slightly increased blood pressure (Fig. 2), a more pronounced pressor and anti-
natriuretic response to angiotensin II infusions and an enhanced cardiac hyper-
trophic response to DOCA-salt hypertension, corroborating the antagonism be-
tween AT1 and AT2 (Ichiki et al. 1995; Siragy et al. 1999; Gross et al. 2000a,b).
These effects are partly due to an upregulation of AT1 receptors in cardiovascu-
lar organs of AT2-deficient mice (Tanaka et al. 1999; Gross et al. 2000a, 2001).
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On the other hand, Ichihara et al. (2001) have recently shown that angiotensin-
induced cardiac hypertrophy and fibrosis is dependent on the presence of AT2
receptors. The reason for this obvious contradiction is yet unresolved.

The mas protooncogene modulates angiotensin signaling by an up-to-now
unknown mechanism (Jackson et al. 1988; von Bohlen und Halbach et al. 2000).
Mice lacking this gene have normal blood pressure (Fig. 2) but the variability of
cardiovascular parameters is markedly altered (Walther et al. 1998, 2000).

2.2
Brain-Specific Overexpression or Depletion

Transgenic mice with overexpression of the human RAS in several tissues
(Merrill et al. 1996) or in the brain alone become hypertensive (Morimoto et al.
2001, 2002). In these models, the high blood pressure can be reduced by intrac-
erebroventricular injection of the angiotensin II receptor AT1 antagonist, losar-
tan, suggesting that the brain RAS is a major determinant of hypertension. Part
of the effect seems to be mediated by vasopressin, since intravenous injection of
a V1 receptor antagonist also attenuates the hypertensive phenotype. In con-
trast, ganglion blockade has no specific effect, indicating that the sympathetic
nervous system is not primarily involved in this central angiotensin action.

Mice overexpressing the AT1A receptor in neurons by using the neuron-spe-
cific enolase promoter remain normotensive but are very sensitive to intracere-
broventricular injections of losartan, indicating that blood pressure in this mod-
el is balanced by the baroreflex (Lazartigues et al. 2002).

Very recently, a transgenic mouse was presented with eight times more angio-
tensin II in the brain but normal levels in the circulation (Lochard et al. 2003).
The peptide is liberated during secretion from an artificial chimeric protein
(Methot et al. 1997) expressed under the control of the brain-specific glial fibril-
lary acidic protein (GFAP) promoter. Additionally, these animals are hyperten-
sive.

The hypertension developed by transgenic rats carrying the mouse Ren-2
gene, TGR(mREN2)27 (Mullins et al. 1990), is partially dependent on expression
of the transgene in the brain. These animals generate up to tenfold more angio-
tensin II in the central nervous system than control rats (Senanayake et al.
1994). When they are anesthetized by chloralose-urethane, blood pressuredrops
to normal arguing in favor of a neurogenic cause of their hypertension (Diz et
al. 1998). Furthermore, when the central angiotensin generation in
TGR(mREN2)27 is blunted by crossbreeding with transgenic rats exhibiting a
brain-specific deficiency in angiotensinogen [TGR(ASrAOGEN)], a significant
reduction in blood pressure is observed (Schinke et al. 1999).

The aforementioned transgenic rat model, TGR(ASrAOGEN), has provided
numerous insights in the functionality of the brain RAS. These rats carry a
transgene expressing an antisense RNA against angiotensinogen specifically in
the brain under the control of the GFAP promoter (Schinke et al. 1999). This
causes a reduction of local angiotensinogen levels by 90% without affecting the
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circulating RAS. The rats are slightly hypotensive and exhibit reduced vasopres-
sin levels in the circulation, again supporting a central involvement of angioten-
sin II in vasopressin secretion. Furthermore, they show an increased baroreflex
sensitivity due to an imbalance of the parasympathetic and sympathetic nervous
system (Baltatu et al. 2001). Together with the findings that TGR(mREN2)27
(Borgonio et al. 2001) and mice expressing the human RAS (Davisson et al.
1998) exhibit a decreased baroreflex sensitivity these data characterize central
angiotensin as a relevant moderator of the baroreflex.

Central angiotensin is also significantly involved in cardiovascular rhythm
control. Renin overexpression in TGR(mREN2)27 (Lemmer et al. 1993), as well
as low-dose peripheral infusions of angiotensin II in normal rats (Baltatu et al.
2001) cause an inversion of the circadian blood pressure rhythm. This effect of
increased peripheral angiotensin II is absent in TGR(ASrAOGEN) (Baltatu et al.
2001). Thus, peripheral angiotensin II requires central angiotensin II as a medi-
ator of the rhythm shift. In this respect, melatonin is a candidate down-
stream effector of central angiotensin because its synthesis is attenuated in
TGR(ASrAOGEN) (Baltatu et al. 2002). Since only the rhythm of blood pressure
but not of heart rate is altered by angiotensin II, the peptide does not appear to
affect the main oscillator in the suprachiasmatic nucleus, but seems to affect its
output pathways or its synchronization with peripheral oscillators in cardiovas-
cular organs.

In contrast to the cardiovascular actions of central angiotensin II, its role in
thirst and drinking remains controversial. TGR(ASrAOGEN), in which the ex-
pression of AT1 receptors is increased in the brain, the drinking response to in-
jected angiotensin II is also augmented (Monti et al. 2001). However, mice with
a permanent increase in brain angiotensin by local activation of the human RAS
or liberation from a chimeric protein (Lochard et al. 2003; Morimoto et al.
2001) show normal water intake. Thus, acute elevation of central angiotensin II
levels induce thirst, but chronic overproduction may be compensated by other
mechanisms regulating drinking behavior.

2.3
Kidney-Specific Overexpression or Depletion

In addition to the brain, the locally generated angiotensin in the kidney is also
relevant for blood pressure regulation. The Sigmund group (Davisson et al.
1999; Ding et al. 2001) recently showed that overexpression of human angioten-
sinogen in the kidney, in the presence of ubiquitously expressed human renin
without spillover of angiotensin II into the circulation, leads to hypertension.
The importance of local angiotensin generation in end-organs has been con-
firmed in a hybrid mouse model carrying a rat angiotensinogen transgene on a
knockout background (Kang et al. 2002). These animals became hypertensive
due to the exclusive expression of angiotensinogen in the liver and brain. How-
ever, due to the absence of local angiotensinogen synthesis in the kidney and
heart, end-organ damage was attenuated.
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2.4
Heart- and Vessel-Specific Overexpression or Depletion

Mice expressing angiotensinogen only in the heart remained normotensive but
nevertheless developed cardiac hypertrophy, indicating that the local formation
of angiotensin II induces cardiac damage independent of blood pressure eleva-
tion (Mazzolai et al. 1998, 2000). On the other hand, transgenic mice that gener-
ate angiotensin II from the aforementioned chimeric protein (Methot et al.
1997) exclusively in the heart do not develop hypertrophy unless spillover of the
peptide into the circulation raises blood pressure (van Kats et al. 2001). Cardiac
fibrosis is, however, detected in all angiotensinogen-transgenic mice, indepen-
dent of hypertension, suggesting a direct effect of cardiac angiotensin II on this
parameter.

Transgenic rats overexpressing ACE predominantly in the heart have been
produced (Tian et al. 1996). In spite of very high levels of ACE activity in the
heart, there are no morphological alterations of this organ unless it is pressure-
overloaded by aortic banding. This treatment results in a significantly higher
hypertrophic response in the ACE-transgenic rats than in control animals, sup-
porting the important role of angiotensin II in this process as postulated earlier
by pharmacological and transgenic studies.

Transgenic animal models overexpressing AT1 receptors in the heart have
been reported by the use of the a-myosin-heavy chain promoter (Hein et al.
1997; Paradis et al. 2000; Hoffmann et al. 2001). However, the phenotypes of the
transgenic animals generated were dramatically different. Mouse models exhibit
a drastic cardiac hypertrophy and die within several days (Hein et al. 1997) or
months (Paradis et al. 2000) of age. Rats appear absolutely normal unless the
heart is pressure-overloaded by aortic banding which, as for the ACE-transgenic
rats, leads to a more pronounced hypertrophy than in control animals (Hoff-
mann et al. 2001). The difference might be related to a differential sensitivity of
mouse and rat hearts for angiotensin II effects.

When the AT2 receptor is overexpressed in the heart, the resulting transgenic
mice show no obvious morphological alterations, but they are less sensitive to
angiotensin II-induced blood pressure elevation, indicating that the AT2 recep-
tor counteracts the AT1 receptor, at least in this respect (Masaki et al. 1998; Sug-
ino et al. 2001). The possible mechanism of AT2 action involves activation of
kinins as has been shown in another transgenic mouse model overexpressing
the AT2 receptor in vascular smooth muscle cells (Tsutsumi et al. 1999). These
animals did not increase blood pressure after angiotensin II infusion due to a
counterregulatory hypotensive action of the transgenic AT2 receptor via brady-
kinin and NO.

Vascular smooth muscle overexpression of rat vascular chymase, an enzyme
that like ACE metabolizes angiotensin I to II, caused hypertension and smooth
muscle cell proliferation in transgenic mice (Ju et al. 2001). The authors used a
tetracycline-regulated transgene (Kistner et al. 1996), allowing them to switch
on and off transgene expression by doxycycline application. These animals un-
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derscored the possible importance of chymases for pathophysiological angioten-
sin II generation.

3
Kallikrein-Kinin System

Kinins are peptides with multiple actions in the cardiovascular and immune
systems that are derived from precursors, kininogens, by the action of specific
proteases, kallikreins, and interact with two different receptors, B1 and B2
(Fig. 3) (Pesquero and Bader 1998). Transgenic animals overexpressing tissue
kallikrein (Wang et al. 1994; Silva et al. 2000) or the B2 receptor (Wang et al.
1997) became hypotensive, whereas mice deficient for the B2 receptor developed
salt-sensitive hypertension; however, the latter effect remains controversial in
the literature (Borkowski et al. 1995; Alfie et al. 1996; Madeddu et al. 1997; Cer-
venka et al. 1999; Milia et al. 2001). Mice lacking either tissue kallikrein (Mene-
ton et al. 2001) or the B2 receptor (Emanueli et al. 1999) produce a dilated car-
diomyopathy later in life, while tissue kallikrein transgenic rats are protected
from ischemic and hypertrophic cardiac damage (Pinto et al. 2000; Silva et al.
2000). Tissue kallikrein may be responsible for the flow-induced dilation of arte-
ries, which is particularly important for coronary perfusion (Bergaya et al.
2001). These results substantiate the notion based on pharmacological findings
that kinins counteract the actions of angiotensin II and have profound cardio-
protective effects. In addition, the marked beneficial actions of ACE inhibitors
in cardiovascular diseases may be attributed not only to their inhibitory effects
on angiotensin II generation but also to the blockade of bradykinin degradation
elicited by these drugs.

Mice deficient for the B1 receptor have recently been generated in our labora-
tory (Pesquero et al. 2000). While basic blood pressure is normal in this model,
the hypotensive response to bacterial lipopolysaccharide is attenuated, corrobo-

Fig. 3 The kallikrein-kinin system. For description see text
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rating an important role for the B1 receptor in inflammatory processes. Further-
more, these mice exhibit alterations in pain transmission and angiogenesis (Pes-
quero et al. 2000; Araujo et al. 2001; Ferreira et al. 2001; Emanueli et al. 2002).
Nevertheless the results show, that this receptor is not of prime importance for
normal blood pressure regulation.

4
Endothelin System

The endothelin (ET) family consists of three isopeptides (ET-1, -2, and -3) pre-
dominantly produced by endothelial and vascular smooth muscle cells (Fig. 4).
ET-1 is one of the most potent vasoconstrictors known to date. Synthesis of all
21 amino-acid peptide isoforms occurs via precursors, the preproendothelins.
Proteolytic processing by furin leads to the big-ETs consisting of 37 to 41 amino
acids with low biological activity. Finally, endothelin-converting enzymes
(ECEs) convert big-ETs to the active peptides ET-1, ET-2, and ET-3. The differ-
ent endothelins show distinct affinities to the receptors of the system: while the
ETA receptor binds ET-1, the ETB receptor has equal affinity to all three pep-
tides. Surprisingly, transgenic animals overexpressing the human ET-1 and ET-2
isoforms were normotensive, but presented glomerulosclerosis and other renal
modifications (Hocher et al. 1996, 1997).

In 1994, Kurihara and colleagues (Kurihara et al. 1994) published the first
successful knockout of a component of the ET system. This group reported a
slight elevation of blood pressure in heterozygous ET1 knockout mice versus
wildtype. Once again, this was in contrast to the expected hypotension. This
may be due to upregulated renal sympathetic nerve activity in these mice (Ling
et al. 1998). Complete deletion of any component of the endothelin system re-

Fig. 4 The endothelin system. For description see text
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sults in embryonic or early postnatal lethality. Mice lacking ET1 or ETA die at
birth from respiratory failure and morphological abnormalities of craniofacial
tissues and organs derived from the pharyngeal arch (Kurihara et al. 1994;
Clouthier et al. 1998). Knockout mice for ET3 and ETB succumb from megaco-
lon at 3–6 weeks of age (Baynash et al. 1994; Hosoda et al. 1994) and ECE1-defi-
cient animals show a combination of both phenotypes (Yanagisawa et al. 1998).
Therefore, blood pressure regulatory functions of the endothelin system have
not been studied in knockout models. However, rescue of the ETB-deficient
mice and rats by expression of the receptor in the mesenteric nervous system
yielded viable animals still lacking ETB in other organs (Gariepy et al. 1998;
Ohuchi et al. 1999). These animals exhibit salt-sensitive hypertension, support-
ing a primary role of this receptor subtype in renal physiology (Gariepy et al.
2000). Mice lacking ET-1 just in endothelial cells which were generated by Cre-
lox mediated tissue-specific gene targeting (Rajewsky et al. 1996) show reduced
blood pressure, indicating a tonic blood pressure-regulating activity of this pep-
tide in the vasculature (Kedzierski and Yanagisawa 2001).

5
Natriuretic Peptides

Three natriuretic peptides have been described, ANP, BNP, and CNP, probably
liberated by the recently discovered protease corin (Yan et al. 2000; Wu et al.
2002) from distinct precursors, and they interact with three receptors NPR-A,
NPR-B, and NPR-C (Fig. 5). ANP and BNP signal via NPR-A and CNP via NPR-
B (Lopez et al. 1997). All three peptides bind to NPR-C, which is thought to act
as a clearance receptor with little defined signaling function. Mice overexpress-
ing ANP (Steinhelper et al. 1990) or BNP (Ogawa et al. 1994) became hypoten-
sive and accordingly, NPR-A-deficient animals developed hypertension (Lopez
et al. 1995; Oliver et al. 1998). ANP knockout mice (John et al. 1995) were also
hypertensive, although only under a high-salt diet, indicating that BNP might
partially compensate for the lack of ANP, when the animals are on a normal diet.
Mice lacking NPR-C in accordance with a clearance function of this receptor

Fig. 5 The natriuretic peptide system. For description see text
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show decreased blood pressure (Matsukawa et al. 1999). In the kidney, natriuret-
ic peptides may counteract the RAS since mice overexpressing BNP are protect-
ed from renal injury induced by angiotensin II (Suganami et al. 2001). Recently,
a vascular smooth muscle-specific knockout of NPR-A was reported (Holtwick
et al. 2002). These animals were normotensive but showed a blunted hypoten-
sive response to ANP infusion. Furthermore, acute volume expansion leads to
hypertension in these mice since the counterregulatory effect of increased ANP
is lacking. These mice show that NPR-A in vessels is not important for baseline
blood pressure regulation, but becomes essential in pathophysiological situa-
tions of cardiac overload.

CNPknockout mice exhibit dwarfism and most of them die early from skele-
tal abnormalities (Chusho et al. 2001). Therefore, the cardiovascular function of
CNP has not been studied. Furthermore, no transgenic models have yet been
described for NPR-B and corin.

6
Neutral Endopeptidase

Neutral endopeptidase 24.11 (NEP) is an enzyme involved in the degradation of
numerous cardiovascular peptides, such as angiotensin, bradykinin, endothelin,
and natriuretic peptides. NEP-deficient mice develop hypertension with an up-
to-now unknown etiology not based on the actions of bradykinin, NO, and cir-
culating ANP (Lu et al. 1997).

7
CGRP and Adrenomedullin

Calcitonin gene-related peptide (CGRP) contains 37 amino acids and is encoded
by the transcript of the calcitonin/CGRP gene. It is expressed in cells of the cen-
tral and peripheral nervous system including neurons innervating the vascular
wall and has receptors present in the media and intima of vessels. The cardio-
vascular phenotype of CGRP-deficient mice is controversial since two groups
found an increase in blood pressure (Gangula et al. 2000; Oh-hashi et al. 2001)
and one did not observe any difference (Lu et al. 1999). Oh-hashi et al. (2001)
explain the hypertensive effect of the CGRP deletion by an increased activity of
the sympathetic nervous system without distinguishing between central and pe-
ripheral effects.

Adrenomedullin is a 52 amino-acid peptide with a ring structure and struc-
tural homology to CGRP. It is generated by endothelial cells and has potent va-
sodilatory activity. Overexpression of this peptide in the vessel wall of transgen-
ic mice by the use of the preproendothelin promoter led to a significant reduc-
tion in blood pressure (Shindo et al. 2000). Adrenomedullin-deficient mice are
not viable due to a developmental abnormality of the vasculature (Shindo et al.
2001). However, heterozygous mice, in which one adrenomedullin allele is mis-
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sing, are hypertensive, corroborating the importance of this peptide for blood
pressure regulation (Shindo et al. 2001).

8
Conclusions

The described genetically modified animal models have already gained relevant
evidence for the role of specific gene products in cardiovascular regulation and
disease pathogenesis. Novel transgenic technologies such as inducible transgene
expression (Kistner et al. 1996), conditional gene targeting (Rajewsky et al.
1996), and the development of gene-targeting technology for species other than
mice (Brenin et al. 1997; Chesne et al. 2002) will help to further this knowledge
and to design new therapeutic strategies.
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Abstract Transgenic animals have become an important tool that has helped to
shape our current understanding of the mechanisms of lipoprotein metabolism.
They have also proved invaluable for the evaluation of therapeutic strategies di-
rected against disorders of lipid homeostasis and related diseases such as ath-
erosclerosis, obesity, and Alzheimer�s disease. In this chapter, we will briefly
outline the biochemical and physiological basis of cellular and systemic lipopro-
tein metabolism and review selected examples how genetically modified animals
have aided us in dissecting the molecular function of the genes that regulate li-
poprotein transport in the context of the whole organism.
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1
Lipoprotein Metabolism and Human Disease

Transgenic animals have become an important tool that has helped to shape our
current understanding of the mechanisms of lipoprotein metabolism. They have
also proved invaluable for the evaluation of therapeutic strategies directed
against disorders of lipid homeostasis and related diseases such as atherosclero-
sis, obesity, and Alzheimer�s disease. In this chapter, we will briefly outline the
biochemical and physiological basis of cellular and systemic lipoprotein metab-
olism and review selected examples how genetically modified animals have aid-
ed us in dissecting the molecular function of the genes that regulate lipoprotein
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transport in the context of the whole organism. (For a summary of all the ani-
mal models currently available for the study of lipid metabolism, see Table 1.)

1.1
Overview: Lipoprotein Metabolism

Lipid transport in plasma and extracellular fluids (Fig. 1) is mediated by
lipoproteins, large spherical particles which contain unesterified and esterified
cholesterol, triglycerides, and phospholipids as major lipid components. A fam-
ily of proteins, the apolipoproteins, cover the surface of lipoprotein particles.
They mediate not only the solubilization and transport of hydrophobic lipids in
the aqueous environment but also play important roles in the cellular uptake
and metabolism of lipoproteins. According to their physicochemical properties,
lipoproteins have been classified into chylomicrons, very low-density lipopro-
teins (VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins
(LDL), and high-density lipoproteins (HDL).

Apolipoprotein B (for review, see Davidson and Shelness 2000) exists in two
major forms: ApoB-100 is exclusively secreted by the liver and constitutes the
major apolipoprotein of LDL, IDL, and VLDL, whereas apoB-48, synthesized by
the intestinal mucosa, is necessary for the assembly of chylomicrons. It lacks
the LDL receptor-binding domain present in apoB-100. Apolipoprotein A-I,
A-II, and A-IV are found primarily in HDL and are derived from different genes.
A fourth apoA-gene, apolipoprotein A-V, was discovered only recently by ge-
nomic cross-species comparison and implied in regulation of plasma triglyce-
ride levels using transgene and knockout approaches (Pennacchio et al. 2001).
This study represents a paradigm for the combined use of transgenic, genomic,
and classical biochemical techniques to reveal novel aspects of lipoprotein me-
tabolism. ApoC-I, apoC-II, and apoC-III are present in all lipoprotein classes
(though only traces are detected in LDL) and are mainly involved in triglyceride
metabolism. ApoE, which is found in all major lipoprotein classes except LDL,
is secreted primarily by the liver, but can be synthesized by other cell types, in-
cluding macrophages and glial cells in the brain (Mahley and Rall 2000). It binds
to all core family members of the LDL receptor gene family and is present in
three major isoforms (apoE2, apoE3, and apoE4) in humans, which in turn dif-
fer from each other only by one or two amino acids. The individual apoE alleles
are genetically associated with different risks for the development of atheroscle-
rosis as well as Alzheimer�s disease, suggesting a possible link between lipopro-
tein metabolism and neurodegenerative disease.

1.1.1
Transport and Metabolism of Dietary and Endogenous Lipids

Dietary lipids are incorporated into nascent chylomicrons, which are essentially
triglyceride droplets secreted by the intestinal mucosa, containing apoB-48 and
apolipoproteins A-I, A-II, and A-IV as well as free cholesterol and phospho-
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lipids. The triglyceride core of chylomicrons is hydrolyzed after the transfer of
apoC-II, an activator of lipoprotein lipase, from HDL particles, giving rise to the
so-called chylomicron remnants. Addition of apoE allows the binding and he-
patic uptake of the chylomicron remnants by LDL receptors and the LDL-related
receptor protein (LRP). The absorption of dietary lipids in the gut involves
members of the ATP-binding cassette (ABC) family of transporters, the ABCG
family members (reviewed by Schmitz et al. 2001) and ABCA1 (Repa et al.
2000).

Fig. 1 Pathways of systemic lipoprotein metabolism. Diet-derived lipids and apolipoproteins A and C
are added to nascent chylomicrons in enterocytes. They are secreted into the lymphatic system and
reach the systemic circulation via the thoracic duct. Activated by apolipoprotein CII, endothelial-bound
LPL hydrolyzes chylomicron triglycerides, thereby providing FFA as an energy substrate to peripheral
tissues. The apoE-containing cholesterol-enriched chylomicron remnants are finally taken up by hepa-
tocytes via LRP and LDLR. Endogenous lipids are assembled with apoB, apoCs, and apoE into VLDL by
hepatocytes. Following their secretion into the circulation, they are also subject to lipolysis by LPL. In
turn they develop to cholesterin-enriched VLDL remnants (IDL), which mature to LDL, the main choles-
terol delivering lipoprotein. LDL is taken up via the LDLR by peripheral tissues or by hepatocytes. Mod-
ified, e.g., oxidized, LDL particles are taken up by macrophages via scavenger receptors. This process
can lead to foam cell formation in the arterial vessel wall. Reverse cholesterol transport starts with the
PLTP-assisted assembly of liver- or intestine-derived apoAI with phospholipids to discoidal pre-b-HDL in
the circulation, which accepts cholesterol that is excreted from peripheral tissues via ABCA1. HDL cho-
lesterol is taken up via SRBI by hepatocytes. Note that apoCs and E can also be transferred from HDL2
to VLDL, which delivers apoC to HDL3. CETP also transfers cholesterol esters to IDL. *ApoB48 is synthe-
sized in mouse liver only. Human hepatocytes do no express the apoB mRNA editing complex and con-
sequently contain only the full-length mRNA coding for apoB100
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Endogenously synthesized triglycerides and cholesterol are secreted by the
liver as VLDL particles containing phospholipids and apoB-100, apolipoproteins
C-I, C-II, and C-III as well as apoE. Exchange of apoproteins between the differ-
ent classes of lipoprotein particles occurs to a substantial degree in plasma. Hy-
drolysis of the triglycerides by lipoprotein lipase and hepatic lipase converts
VLDL into IDL and eventually to LDL. The removal of LDL from the plasma via
receptor-mediated endocytosis occurs primarily in the liver and is dependent
on the LDL receptor, a transmembrane glycoprotein that is expressed in virtual-
ly all cell types (Goldstein et al. 2001).

1.1.2
Reverse Cholesterol Transport

The liver is the only organ that catabolizes and excretes cholesterol to a signifi-
cant extent. The net efflux of cholesterol from peripheral tissues to the liver (“re-
verse cholesterol transport”) thus plays a major role in regulating the organ-
ism�s cholesterol homeostasis.

In contrast to the apoB-containing lipoproteins, chylomicrons and VLDL,
which are secreted as mature particles (reviewed by Kang and Davis 2000),
HDL, the major lipoprotein involved in reverse cholesterol transport, is assem-
bled mostly extracellularly. In the plasma, apoA-I, which is secreted by the liver
or the small intestine, associates with phospholipids, which are generated dur-
ing the lipolysis of triglyceride-rich lipoproteins. This process is facilitated by
phospholipid transfer protein (PLTP). The resulting disk-shaped pre-b-HDL
particles are acceptors for cellular phospholipid and cholesterol complexes.
Their transfer to the HDL involves ABCA1, a member of the ABC superfamily of
plasma membrane ATPases (Attie et al. 2001). Free cholesterol is esterified
through the action of lecithin–cholesterol acyltransferase (LCAT), which pro-
motes the formation of a stable cholesteryl ester-enriched lipoprotein particle
called a-HDL. Scavenger receptors of the type B-I (SR-BI) mediate the “selective
uptake” of HDL-derived cholesteryl esters by hepatocytes and steroidogenic tis-
sues, but the precise molecular details of this process are still unclear (Krieger
1999; Silver and Tall 2001). However, in vitro SR-BI can also promote cholesterol
efflux from cholesterol-laden cells to HDL. Inside the hepatocyte, HDL-derived
cholesteryl esters are hydrolyzed by a neutral cholesteryl esterase, providing free
cholesterol which can either be directly secreted into bile or catabolized to bile
acids by the sequential action of members of the cytochrome P450 family of hy-
droxylases (Russell and Setchell 1992).

1.1.3
Intracellular Lipoprotein Metabolism

Prior to secretion as well as following cellular reuptake, a range of different en-
zymes act on lipoproteins. For instance, in contrast to the apoA-containing
HDL, apoB-containing lipoproteins are generated exclusively intracellularly. The
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enzymatic activities of microsomal triglyceride transfer protein (MTP) and
phospholipases are required for the assembly and secretion of VLDL particles
and chylomicrons (Shelness and Sellers 2001). Following cellular reuptake, cho-
lesteryl esters in the particles are hydrolyzed in the lysosome and free cholester-
ol is transported to cellular membranes by the NPC (Niemann-Pick Type C)
transporters. Acyl coenzyme A:cholesterol acyltransferases (ACATs) are in-
volved in intracellular cholesterol esterification and the loading of VLDL parti-
cles with cholesteryl esters. Transgenic animal models have contributed greatly
to the elucidation of the role of these intracellular enzymes in normal physiolo-
gy and under pathophysiological conditions.

1.2
Disorders of Lipoprotein Metabolism and Transport

Genetic abnormalities of lipoprotein metabolism can be divided into monogenic
and polygenic disorders. Clinical consequences that arise from these defects in-
clude hyperlipidemias, atherosclerosis, coronary artery disease, lipid storage
diseases, metabolic syndrome, gallstone disease, and even Alzheimer�s disease.
Immediate consequences, for instance, of hypertriglyceridemia (increased plas-
ma triglyceride levels) may include acute pancreatitis. Lipid depositions in fa-
milial disorders such as Tangier disease or familial hypercholesterolemia can
cause organ enlargement or cholesterol deposits in the skin and subcutaneous
tissues (xanthomas). Clinically most relevant is the established role of disorders
in lipoprotein metabolism and transport as an independent risk factor for the
development of atherosclerosis (Wilson et al. 1998), a leading cause of death
and disability in industrialized countries.

1.2.1
Hyperlipidemia

A common classification of primary hyperlipidemias (Fredrickson et al. 1967) is
based on the isolated or combined occurrence of hypercholesterolemia and hy-
pertriglyceridemia. Human genetic studies have identified gene defects underly-
ing a number of these lipoprotein disorders (Breslow 2000). A classical example
for a monogenic hyperlipoprotein disorder is familial hypercholesterolemia
(FH), an autosomal co-dominant disorder that is generally caused by functional
defects in the LDL receptor (Goldstein et al. 2001) and more rarely by mutations
that affect the ability of its ligand, apoB-100, to bind to the LDL receptor [type B
familial hypercholesterolemia (Innerarity et al. 1987)]. Other hyperlipidemias,
such as the more common polygenic hypercholesterolemia, on the other hand,
cannot be attributed to a single gene defect, and the availability of transgenic
animal models has proved helpful in evaluating underlying candidate genes. An-
other example is type III hyperlipoproteinemia (dysbetalipoproteinemia), a
combined hyperlipidemia, where a polymorphism at the apoE gene locus gives
rise to an apoE isoforms that binds poorly to receptors (Mahley and Rall 2000).
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1.2.2
Rare Lipoprotein Disorders

Autosomal-recessive disorders, which are usually rare and therefore epidemio-
logically of lesser importance, have nevertheless significantly contributed to our
current concepts of lipoprotein metabolism. For instance, the study of cultured
cells from patients suffering from Tangier disease, characterized by cholesteryl
ester accumulation in macrophages, HDL deficiency, and premature coronary
artery disease due to a defect in the ABCA1 transport protein (Oram and Lawn
2001), were pivotal in confirming the importance of apolipoproteins in choles-
terol and phospholipid efflux and developing the concept of “reverse cholesterol
transport.”

1.2.3
Atherosclerosis

One of the consequences of abnormally elevated plasma lipoprotein levels is the
development of vascular lesions in the form of atherosclerosis. This degenerative
process of the vessel wall begins with fatty streak formation through accumula-
tion and chemical modification of lipoproteins in the arterial wall, monocyte in-
filtration, and their transformation into foam cells by lipid uptake through LDL
and scavenger receptors. The next stage is characterized by the development of
a fibrous plaque with a central necrotic core which is covered by a cap of colla-
gen and smooth muscle cells (Glass and Witztum 2001). Reverse cholesterol
transport mediated by HDL mitigates and may even reverse this process of ath-
eroma formation and is thought to be mainly responsible for the established in-
verse relationship between plasma HDL levels and the risk for coronary events
(Barter and Rye 1996). However, atherosclerosis is a complex disease that is in-
fluenced by a multitude of internal (genetic) and external (environmental) fac-
tors. Animal models are indispensable for further insights into the mechanisms
of its pathogenesis, since they allow one to conduct genetically defined, prospec-
tive studies within a reasonable time frame, in contrast to epidemiological stud-
ies in humans.

1.2.4
Dyslipidemia and Metabolic Syndrome

Insulin resistance combined with hyperinsulinemia, essential hypertension and
obesity (commonly referred to as metabolic syndrome or syndrome X) is often
associated with atherogenic dyslipidemia characterized by hypertriglyceridemia,
low HDL, and small, dense LDL particles (Grundy 1998), probably primarily
due to enhanced secretion of hepatic VLDL–triglyceride particles (Adeli et al.
2001). The metabolism of cholesterol, fatty acids, and glucose and their regula-
tion by hormones and differential gene expression is tightly interwoven and still
incompletely understood. Yet again, the ability to manipulate the genes that are
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involved in these processes in laboratory animals has become the driving force
by which our understanding of these central biochemical pathways is now tak-
ing shape.

1.2.5
Gallstone Disease

A central step in the pathophysiology of cholesterol gallstone formation involves
abnormal cholesterol transport, specifically the biliary hypersecretion of choles-
terol compared to bile acids and phospholipids. The genetic basis for this com-
plex disorder remains largely unknown (reviewed in Lammert et al. 2001).
Transgenic animals, as well as inbred animals on gallstone susceptible and non-
susceptible strain backgrounds, not only aid in the study of the clinical aspects
of the disease itself, but more importantly, allow us to identify the genes that di-
rectly or indirectly contribute to it. An example of this is a recent report that
showed that genetic deficiency in the cholesterol-esterifying enzyme ACAT2
completely protected mice from diet-induced gallstone formation (Buhman et
al. 2000).

2
Animal Models for the Study of Lipoprotein Metabolism and Its Disorders

Many central aspects of lipoprotein transport and metabolism have been origi-
nally elucidated using in vitro or cell culture-based approaches. One of the most
notable examples is the discovery of the LDL receptor pathway of receptor-me-
diated endocytosis (Brown and Goldstein 1986). However, a thorough under-
standing of the complex interactions of lipoproteins, their receptors and modi-
fying enzymes which govern lipid homeostasis in vivo requires experimental
systems that allow one to study these elements in a physiological context. Ani-
mal models have therefore proved to be indispensable as tools for basic research
in lipoprotein metabolism and lipoprotein-related disorders, as well as to evalu-
ate potential therapeutic strategies. In particular, the ability to generate trans-
genic and knockout animals has vastly accelerated the rate at which insights are
currently gained into complex physiological processes, including the metabo-
lism of lipoproteins.

2.1
Methods for Manipulating Genes in the Animal

The three most commonly used approaches to manipulate the expression of a
gene of interest in a laboratory animal involve the overexpression of a transgene
in the germline, the generation of knockout or knock-in animals, and the trans-
fer of the exogenous gene to the intact animal, usually by means of recombinant,
replication-defective viruses. The vast majority of mammalian animal models
involve the mouse. The advantages of this species are (1) a rapid generation
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time of approximately three months, which allows for multi-generation,
prospective studies within a reasonable time-frame, (2) the ability to maintain
and interbreed relatively large populations of animals (up to several thousand
individuals), and (3) the availability of efficient methods to precisely manipulate
the genome of the animal in the germline. Genetic variability in different mutant
mouse models may influence the observed phenotype (Sigmund 2000). These
phenotypic differences between various inbred mouse strains have been used to
genetically map atherosclerosis susceptibility loci (Paigen et al. 1987) and can
be exploited to identify modifier genes for mutations on different genetic back-
grounds. All of these approaches, isolated or in combination with each other,
have been used to analyze the genetics, biochemistry, and physiology of lipopro-
tein metabolism. In the following we present a necessarily incomplete review of
this field by selecting representative examples that in our opinion are particular-
ly suited to illustrate different aspects of lipoprotein metabolism and also serve
to highlight the power of the various approaches.

2.2
Manipulation of Lipoproteins

The polypeptides that are embedded within or that are associated with the sur-
face of lipoprotein particles are called apoproteins. They vary greatly in size,
ranging from less than 70 to more than 4,500 amino acids. The metabolically
most important and consequently most extensively studied apoproteins are
apoAI, AII, B48, B100, CI-III, apoE, and Lp(a). ApoAI and apoAII primarily de-
termine the properties of HDL. ApoBs are the main structural components of
VLDL, LDL and chylomicrons, and chylomicron remnants and are required for
their assembly and secretion by the liver and the intestine. ApoB48 is a truncat-
ed version of apoB100 and a product of the same gene that is generated by RNA
editing. ApoCs mainly regulate the activity of lipases that metabolize VLDLs
and chylomicrons and modulate the ability of the particles to bind to remnant
receptors (i.e., the LRP on the hepatocyte surface). ApoE is a small and mobile
apoprotein that, like the C apoproteins, can readily exchange between different
particles in the circulation. ApoE avidly binds to the LDL receptor and other
members of the LDL receptor gene family, in particular the remnant receptor
LRP. ApoE is required for the clearance of chylomicron remnants, since the
apoB48 in the remnant lacks the necessary sequences for binding to the LDL re-
ceptor.

An extensive array of genetically altered mice has been created in which the
wildtype genes for each of these apoproteins have been manipulated by overex-
pression or by gene knockout. In addition, numerous strains of mice have been
created in which “humanized” versions of the genes have been inserted, or in
which naturally occurring or experimentally designed mutations of these genes
were expressed by conventional transgenic approaches, targeted insertion
(knock-in) (Willems Van Dijk et al. 2000), or viral gene transfer. Bone-marrow
transplantation with transgenic mice as donors or as recipients has been widely
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used to study the effect of macrophage gene expression, for example of apolipo-
protein E (Linton et al. 1995) on lipoprotein metabolism and atherosclerotic le-
sion formation.

Notable examples are the transgenic expression of apoAII, which diminished
the antiatherogenic properties of HDL (Warden et al. 1993), the generation of
mice deficient in apoE (Plump et al. 1992; Zhang et al. 1992), which have been
used to generate a multitude of animal models for the study of lipoprotein dis-
orders, atherosclerosis, and neurodegeneration, or the overexpression of domi-
nant negative forms of apoE that interfere with receptor binding of the lipopro-
tein particles (Groot et al. 1996). Farese and colleagues used homologous re-
combination to “knock in” a point mutation that altered the single nucleotide
that is the target of the apoB editing complex (apobec) (Farese et al. 1996).
Lp(a) is a lipoprotein that occurs only in humans, old-world primates, and the
hedgehog (Hobbs and White 1999; Utermann 1999). It is derived from LDL and
formed by the covalent linkage of one apo(a) moiety to the apoB100 in the LDL
particle. The generation of transgenic mice that express human apoB100 and
apo(a) has made the study of the biochemical and cell biological properties of
this unusual lipoprotein possible (Linton et al. 1993).

2.3
Manipulation of Lipoprotein Receptors

The cellular uptake of lipoproteins circulating in the plasma and extracellular
space is mediated by different classes of transmembrane receptors.

2.3.1
The LDL Receptor Gene Family

All members of the LDL receptor gene family are receptors for apoE (Herz and
Bock 2002). However, only the LDL receptor and the LDL receptor-related pro-
tein (LRP) appear to play a major physiological role in the clearance of lipopro-
teins from the circulation. Nevertheless, the other members of the family may
have roles in intercellular lipid transport, for instance in the brain, where apoE
is secreted by astrocytes, while the receptors are primarily expressed by neu-
rons.

In 1993, Ishibashi et al. generated a knockout mouse strain that lacks func-
tional LDL receptors and therefore mimics the human genetic disease of familial
hypercholesterolemia (Ishibashi et al. 1993). This mouse has found widespread
application as a model system on which hyperlipidemia and the development of
atherosclerosis, as well as the effect of atherosclerosis-susceptibility genes can
be studied. In the same report it was demonstrated that adenoviral gene delivery
could transiently reverse the hyperlipidemia that was caused by the inactivation
of the LDL receptor inactivation in these mice. This provided a first rational ba-
sis for a causal therapy of human familial hypercholesterolemia by somatic gene
therapy.
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The LRP is highly expressed by hepatocytes. It is also structurally closely re-
lated to the LDL receptor. It was therefore proposed that both receptors may
work together in the removal of chylomicron remnants from the circulation, a
process that is largely unaffected by genetic defects of the LDL receptor. Unfor-
tunately, conventional knockout mice for LRP that were initially generated pri-
marily to address this question die early during embryonic development, indi-
cating that LRP fulfills critical functions that go beyond simple roles in lipopro-
tein transport (Herz et al. 1992). Indeed, more than 30 distinct biological lig-
ands are currently known that bind to LRP and that function in diverse biologi-
cal processes (Herz and Strickland 2001), including the regulation of proteinase
activity at the cell surface and the modulation of cellular signaling (Boucher et
al. 2002). To address the function of LRP in chylomicron remnant metabolism it
was thus necessary to use a conditional gene targeting approach. Inducible, tis-
sue-specific, and quantitative disruption of the LRP gene in the liver using the
Cre/loxP recombination system finally confirmed a physiological role of LRP as
a hepatic chylomicron remnant receptor (Rohlmann et al. 1996; Rohlmann et al.
1998).

Megalin (gp330, LRP2), another member of the LDL receptor gene family, is
expressed on the apical surface of resorptive epithelia of different organs, where
it mediates the endocytic uptake of lipoproteins, vitamin-binding proteins, and
other macromolecules (Nykjaer et al. 1999). Most megalin knockout mice die
perinatally and display a complex phenotype including holoprosencephaly re-
sulting from impaired neuroepithelial proliferation (Willnow et al. 1996). Be-
cause mice that lack either apoB or the microsomal lipid transfer protein (MTP)
and are therefore unable to secrete large cholesterol-carrying lipoproteins also
die early in utero, involving atrophy of their nervous system, it is possible that a
defective maternal–fetal transport of lipoproteins and lipoprotein-bound nutri-
ents is at least in part responsible for the megalin-deficient phenotype (Farese
and Herz 1998).

The VLDL receptor (VLDLR) is another multifunctional member of the LDL
receptor gene family, which is, however, expressed in non-hepatic tissues. A role
in VLDL triglyceride metabolism was unmasked in VLDLR-deficient mice that
also lacked LDL receptors (Tacken et al. 2000). VLDLR-deficient mice also show
a reduction in adipose tissue mass (Frykman et al. 1995) and are resistant
against obesity induced by dietary or genetic factors (Goudriaan et al. 2001),
suggesting a role of the VLDL receptor in the delivery of triglycerides to periph-
eral tissues. Yet the VLDL receptor, in conjunction with its close relative, the
ApoER2 also controls neuronal migration during embryonic brain development,
a non-lipoprotein-dependent process that is regulated by the signaling ligand
Reelin (Trommsdorff et al. 1999).
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2.3.2
Scavenger Receptors

Scavenger receptors were originally narrowly defined as macrophage receptors
that mediate the cellular uptake of chemically modified LDL by a mechanism
different from the classical LDL receptor pathway, thereby promoting foam cell
formation in the arterial wall. This type of scavenger receptor is now referred to
as type A (SR-A). In the meantime, another type of scavenger receptor, type B
(SR-BI, SR-BII), has been defined, which plays important physiological roles in
the metabolism of high-density lipoproteins. Support for a proatherogenic role
of SR-A, which is expressed as one of three isoforms generated by alternative
splicing, came from mice with a targeted deletion of this gene, which displayed
decreased degradation of modified LDL by peritoneal macrophages in vitro and
a reduction in the size of atherosclerotic lesions on an apoE-knockout back-
ground (Suzuki et al. 1997).

SR-BI was identified as a receptor that mediates the selective uptake of HDL-
derived cholesteryl ester, but not its protein components, mainly by hepatic and
steroidogenic cells as part of a process named “reverse cholesterol transport”
(Krieger 1999). Hepatic overexpression of SR-BI by adenovirus-mediated gene
transfer (Kozarsky et al. 1997) decreased plasma HDL levels and increased bili-
ary cholesterol, consistent with a model in which reverse cholesterol transport
from peripheral tissues to the liver via HDL is followed by increased biliary cho-
lesterol secretion. SR-BI-deficient mice have dysfunctional HDL particles that
are larger than normal. Remarkably, mice lacking SR-BI as well as apoE, which
makes these animals highly susceptible to the development of atherosclerotic le-
sions, develop severe occlusive coronary disease with myocardial infarction and
premature death (Braun et al. 2002).

CD36, a related multifunctional class B scavenger receptor, was identified as
a cellular long-chain fatty acid transporter. The elucidation of its physiological
role in decreasing plasma triglyceride levels in spontaneously hypertensive rats
(Pravenec et al. 1999; Pravenec et al. 2001) provides an excellent example for the
use of transgenic rats as model organisms in lipid metabolism.

Whereas LDL receptor gene expression is regulated by a feedback mechanism
involving transcriptional regulation by the sterol regulatory element binding
proteins (SREBPs), CD36 expression in macrophages is regulated by a feedfor-
ward mechanism involving the ligand-dependent nuclear hormone receptors
peroxisome proliferator-activated receptor (PPAR)g and liver X receptor
(LXR)a. Conditional disruption of the PPARg gene in mice provided in vivo ev-
idence for a critical role of this gene in controlling the expression of a network
of genes involved in cholesterol and lipoprotein homeostasis (Akiyama et al.
2002).
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2.4
Manipulation of Metabolizing Enzymes, Transport Proteins, and Chaperones

2.4.1
Enzymes and Transport Proteins

Cholesteryl ester transfer protein (CETP, also called lipid transfer protein I), fa-
cilitates the transfer of neutral lipids from HDL to apolipoprotein B-containing
lipoproteins. Transgenic mice have been used to elucidate the physiological
functions of this protein, which is normally not functional in rodents. Another
enzyme that modulates cholesterol and phospholipids on high-density lipopro-
teins is lecithin–cholesterol acyltransferase (LCAT). Overexpression of CETP in
an atherosclerosis-susceptible genetic background increased plasma cholesterol
and was proatherogenic (Plump et al. 1999), whereas transgenic CETP reversed
the development of atherosclerosis in LCAT-overexpressing mice (Foger et al.
1999). LCAT overexpression leads to increased HDL cholesterol and protects
transgenic rabbits, which express functional CETP, from atherosclerosis (Hoeg
et al. 1996).

Lipoprotein lipase (LPL) and hepatic lipase (HL) are members of the triacyl-
glycerol lipase family. They act at the endothelial surfaces of extrahepatic and
hepatic tissues and are not only the major lipolytic enzymes responsible for the
hydrolysis of triglycerides and phospholipids, but can also actively participate
in the cellular uptake of lipoproteins (Beisiegel et al. 1991). Capillaries of LPL-
deficient mice are clogged with chylomicrons, contributing to their perinatal
death. This phenotype can be rescued completely by muscle-specific overex-
pression of LPL (Weinstock et al. 1995). Santamarina-Fojo, Brewer, and col-
leagues reported adenoviral gene transfer of human hepatic lipase to the endo-
thelium of HL-deficient mice, which corrected the lipoprotein abnormalities
and demonstrated the feasibility of therapeutic replacement of endothelial-
bound lipolytic enzymes through recombinant adenoviral vectors (Applebaum-
Bowden et al. 1996). Jaye et al. (1999) cloned a novel endothelial-derived lipase
(LIPG), which upon overexpression in mice, reduced plasma apoA-I and HDL
levels.

ACAT is an enzyme involved in intracellular cholesterol esterification and
storage (Rudel et al. 2001). Residual enzymatic activity in ACAT1-deficient mice
(Accad et al. 2000) led to the identification of a second mammalian ACAT gene,
which has a distinct expression pattern. ACAT2-knockout mice were resistant to
diet-induced hypercholesterolemia and cholesterol gallstone formation, due to
its role in intestinal cholesterol absorption (Buhman et al. 2000).

Deficiency in the heterodimeric MTP causes human abetalipoproteinemia. As
conventional gene-targeting yielded a lethal phenotype, Raabe and colleagues
(1999) used Cre-mediated recombination to obtain a liver-specific knockout
and found that MTP is essential for VLDL assembly and apoB secretion by the
liver and the yolk sac.
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Inactivation of the Tangier disease gene ABCA1 gene in mice by homologous
recombination resulted in complete absence of plasma HDL and its structural
apolipoprotein apoA-I, mimicking a key feature of the human disease and un-
derlining its function as a central player in “reverse cholesterol transport.” In
their knockout study, McNeish et al. (2000) used gene expression profiling to
identify genes that are differentially regulated in these mice.

2.4.2
Chaperones and Intracellular Trafficking Proteins

The biosynthesis of some LDL receptor family members, in particular the LRP,
requires the function of a specialized chaperone by the name of RAP (for recep-
tor-associated protein) in the endoplasmic reticulum (ER). RAP normally pre-
vents the premature association of coexpressed ligands with nascent receptors
by generically blocking all binding sites on the receptors. Mice carrying a target-
ed disruption of the RAP gene are unable to produce normal amounts of the re-
ceptor, which instead accumulates in the form of misfolded, insoluble aggre-
gates in the ER. RAP-deficient mice that also lacked functional LDL receptors
accumulated large amounts of chylomicron remnants in their circulation (Will-
now et al. 1995). In a converse experiment, Willnow et al. (1994) used adenoviral
gene transfer to overexpress RAP in the liver of LDL receptor-deficient mice.
Due to the high level of expression, RAP was secreted from the hepatocytes
where it blocked the interaction of chylomicron remnants with the receptor. In
this rare example, overexpression and gene knockout of the same protein had a
similar loss of function effect, albeit by different mechanisms.

Garcia et al. (2001) recently reported on the identification of an autosomal
gene that when defective results in a recessive form of hypercholesterolemia
(ARH). The gene encodes a cytoplasmic protein that would be predicted to
serve as an adaptor protein that regulates the endocytosis of the LDL receptor.
An animal for ARH deficiency will be required to study the role of this protein
in receptor trafficking and in the intracellular routing of endosomal vesicles.

3
Conclusions

The generation and evaluation of transgenic animals will continue to contribute
invaluably to our understanding of lipoprotein metabolism and lipoprotein-re-
lated disorders. Novel genes involved in lipid homeostasis still await their char-
acterization by gene targeting and overexpression in mice, such as the genes re-
sponsible for autosomal recessive hypercholesterolemia (ARH; Garcia et al.
2001) and sitosterolemia (ABCG5 and 8, (Hubacek et al. 2001)). Unanticipated
roles for other well-known genes in lipoprotein metabolism will be revealed
with the widespread use of more sophisticated gene manipulation techniques,
and novel genes will likely continue to be identified for some time to come in
large-scale genome mutation screens. Gene expression profiling is another
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promising application for genetically altered animals, which will help to unveil
the complex transcriptional network that regulates the genes that are involved
in lipoprotein metabolism and transport. Likewise, the continuing requirement
for human disease models, which mimic clinical aspects of lipoprotein-related
disorders in pharmacological research, will fuel the development of new animal
models.
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Abstract Prostanoids, consisting of the prostaglandins (PGs) and the throm-
boxanes (TXs), are oxygenated products of C20 unsaturated fatty acids, and in-
clude PGD2, PGE2, PGF2a, PGI2, and TXA2. Precursor fatty acids such as arachi-
donic acid are liberated from the membrane phospholipids by the action of
phospholipase A2 (PLA2) in response to various stimuli. Arachidonic acid thus
liberated, for example, is metabolized to prostaglandin H2 (PGH2) by the actions
of cyclooxygenase (COX), which is then converted to respective PGs by the re-
spective PG synthases. There are two isoforms of cyclooxygenase known as
COX-1 and COX-2. Because aspirin-like nonsteroidal anti-inflammatory drugs
exert their actions by inhibiting COX and suppressing prostanoid production,
prostanoids are believed to work in physiological and pathophysiological pro-
cesses inhibited by these drugs such as inflammation, fever, and pain. Prosta-
noids are released outside of the cells immediately after synthesis, and exert
their actions by binding to a G protein-coupled rhodopsin-type receptor on the
surface of target cells. There are eight types and subtypes of the prostanoid re-
ceptors conserved in mammals from mouse to human. They are the PGD recep-
tor, four subtypes of the PGE receptor, EP1, EP2, EP3, and EP4, the PGF recep-
tor, PGI receptor, and TxA receptor. Genes for several enzymes in prostanoid
synthesis such as PLA2 and COX isoforms and genes for the eight types and
subtypes of the prostanoid receptors were individually disrupted, and various
phenotypes of these knockout mice have been reported. In addition, transgenic
mice over-expressing a relevant gene and transfer of such a gene in experimen-
tal animals were also reported. In this article, we discuss the phenotypes of
these animals in context of prostanoid actions under various physiological and
pathophysiological conditions.

Keywords Prostanoid · Prostaglandin · Thromboxane · Phospholipase A2

(PLA2) · Cyclooxygenase (COX) · PGD2 · PGE2 · PGF2a · PGI2 · TXA2 · DP · EP1 ·
EP2 · EP3 · EP4 · FP · IP · TP

Abbreviations

PLA2 Phospholipase A2

COX Cyclooxygenase
NSAID Nonsteroidal anti-inflammatory drug
PG Prostaglandin
TX Thromboxane
Apc Adenomatous polyposis coli
ACTH Adrenocorticotropic hormone
LPS Lipopolysaccharide
IL Interleukin
TNF Tumor necrosis factor
OVA Ovalbumin
NMDA N-Methyl-d-aspartate
MCT Monocrotaline
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IBD Inflammatory bowel disease
DSS Dextran sodium sulfate
PTH Parathyroid hormone

1
Introduction: Enzymes and Receptors in Prostanoid Synthesis and Actions

Prostanoids, consisting of the prostaglandins (PGs) and the thromboxanes
(TXs), are cyclooxygenase products derived from C20 unsaturated fatty acids
(Fig. 1). Precursor fatty acids include g-homolinolenic acid, arachidonic acid,
and 5,8,11,14,17-eicosapentaenoic acid, which are precursors for the series 1, 2,
and 3 prostanoids containing the 13-trans double bond, the 5-cis and 13-trans
double bonds, and the 5-cis, 13-trans, and 17-cis double bonds, respectively.
Since arachidonic acid is the most abundant among these precursor fatty acids
in most mammals, including humans, the series 2 prostanoids are predominant-
ly formed in their bodies. These fatty acids are esterified to the sn-2 position of
glycerophospholipids in cell membranes, and are liberated from the membrane
phospholipids by the action of phospholipase A2 in response to various physio-
logical and pathological stimuli (Dennis 1997). There are several forms of phos-
pholipase A2, such as the Ca2+-dependent cytosolic phospholipase A2 (cPLA2),
the Ca2+-independent phospholipase A2 (iPLA2), and several types of secretory
phospholipase A2 (sPLA2). Among them, cPLA2 is thought to be a dominant

Fig. 1 Biosynthetic pathway of prostanoids
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phospholipase A2 involved in stimulus-induced liberation of arachidonic acid
utilized for prostanoid synthesis, whereas iPLA2 is thought to work primarily in
cell membrane remodeling under the basal conditions (reviewed in Fitzpatrick
and Soberman 2001). On the other hand, the sPLA2 isozyme is induced and se-
creted under sustained and intense stimuli, and might serve in liberation of ara-
chidonic acid in a paracrine amplification loop. Arachidonic acid thus liberated
is metabolized to PGH2 by the actions of cyclooxygenase, which is then convert-
ed to respective PGs by the respective PG synthases. There are two distinct iso-
forms of cyclooxygenase encoded by separate genes, COX-1 and COX-2 (Smith
et al. 2000). The two COX isoforms are about 60% identical and 75% homolo-
gous in the amino acid sequence, and catalyze the reaction in a mechanistically
similar fashion with about the same Km values for arachidonic acid. However,
they quite differ in their expression and regulation. Whereas COX-1 is constitu-
tively expressed in most tissues, COX-2 is undetectable under the basal condi-
tions and induced dramatically in response to various physiological and patho-
logical stimuli. Notably, the expression of COX-2, but not COX-1, is suppressed
by glucocorticoids such as dexamethasone. As is well known, aspirin-like nons-
teroidal anti-inflammatory drugs (NSAIDs) exert their pharmacological actions
by inhibiting COX and suppressing prostanoid production, and COX-2-selective
inhibitors have been developed recently to inhibit inflammatory prostanoid ac-
tions, while sparing constitutive prostanoid actions. The conversion of PGH2 to
PGD2 is catalyzed by PGD synthase (Urade and Hayaishi 2000). There are two
distinct types of PGD synthase. One is the lipocalin-type PGD synthase, which
is localized in brain, ocular tissues, and male genital organs of various mam-
mals. The other is hematopoietic PGD synthase, which is identical with the sig-
ma class of glutathione S-transferase and is localized in antigen-presenting cells,
mast cells, and megakaryocytes distributed in various peripheral tissues. Simi-
larly, conversion of PGH2 to PGE2 is catalyzed by two distinct isoforms of PGE
synthases. One is cPGE synthase (cPGES), that is constitutively expressed and
present in the cytosolic fraction, and the other is the inducible, perinuclear
membrane-bound form of PGE synthase (mPGES) (Jacobsson et al. 1999;
Murakami et al. 2000; Tanioka et al. 2000). Like COX-2, the expression of
mPGES is strongly induced by proinflammatory stimuli and is downregulated
by anti-inflammatory glucocorticoids. Formation of the F-type PGs is per-
formed by the action of PGF synthase, a cytosolic enzyme belonging to the
aldo-keto reductase family (Suzuki et al. 1999). Conversion of PGH2 to TXA2

and PGI2 is catalyzed by TX synthase and PGI synthase, respectively, both of
which are hemoproteins belonging to the cytochrome P450 family and are re-
portedly localized in the endoplasmic reticulum and perinuclear membranes
(Tanabe and Ullrich 1995).

Prostanoids thus formed are released outside of the cells immediately after
synthesis. PGH2, PGI2, and TXA2 are chemically unstable and are degraded into
inactive products under physiological conditions, with half-lives of 30 s to a few
minutes, respectively. Other PGs, although chemically stable, are metabolized
quickly. For example, they are inactivated during a single passage through the
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lung. It is believed therefore that prostanoids work locally, acting only in the
vicinity of the site of their production. Prostanoids exert a variety of actions in
various tissues and cells. The most typical actions are the relaxation and con-
traction of various types of smooth muscles. They also modulate neuronal activ-
ity by either inhibiting or stimulating neurotransmitter release, sensitizing sen-
sory fibers to noxious stimuli, or inducing central actions such as fever genera-
tion and sleep induction. PGs also regulate secretion and motility in the gastro-
intestinal tract as well as transport of ions and water in the kidney. They are in-
volved in apoptosis, cell differentiation, and oncogenesis. Prostanoids also regu-
late the activity of blood platelets both positively and negatively, and are in-

Fig. 2. a Prostanoid receptor family. b Membrane topology model for human TP
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volved in vascular homeostasis and hemostasis. Prostanoids exert these actions
via membrane receptors on the surface of target cells (Narumiya et al. 1999).
There is a family of eight types and subtypes of the prostanoid receptors con-
served in mammals from mouse to human (Fig. 2). They are the PGD receptor
(DP), four subtypes of the PGE receptor EP1, EP2, EP3, and EP4, the PGF recep-
tor (FP), PGI receptor (IP) and TXA receptor (TP). They all are G protein-cou-
pled rhodopsin-type receptors with seven transmembrane domains, and are en-
coded by different genes. Among them, the IP, DP, EP2, and EP4 receptors medi-
ate a cyclic adenosine monophosphate (cAMP) rise and have been termed “re-
laxant” receptors. Likewise, the TP, FP, and EP1 receptors induce calcium mobi-
lization and constitute a “contractile” receptor group. The remaining EP3 recep-
tor mediates decreases in cAMP and has been termed the “inhibitory” receptor.
However, the coupling of prostanoids with G protein-coupled signaling path-
ways may differ as a function of ligand concentration or structure. Then, why
are there four subtypes of receptors for PGE2 and only one type each for other
prostanoids? The phylogenetic tree derived from amino acid sequence homolo-
gies indicates that the prostanoid receptors originated from the primitive PGE
receptor from which the subtypes of the PGE receptor then evolved, and that re-
ceptors for other PGs and TX subsequently evolved from functionally related
PGE receptor subtypes by gene duplication. In addition to this family of prosta-
noid receptors, there is a distinct type of PGD receptor termed “CRTH2” (Hirai
et al. 2001). This receptor was originally cloned as an orphan receptor expressed
in T helper (Th)2 lymphocytes, and has recently been shown to bind PGD2 with
an affinity as high as that of DP, though the binding profile to other PGD ana-
logs differs from that of DP. The CRTH2 receptor belongs to the family of che-
mokine receptors, and mediates chemotaxis to PGD2 of Th2 lymphocytes as
well as eosinophils or basophils.

Of the enzymes involved in prostanoid synthesis, the genes for cPLA2, COX-
1, COX-2, and the lipocalin-type PGD synthase were individually disrupted. In
addition, double-knockout mice deficient in both COX-1 and COX-2 were gen-
erated. No knockout mouse studies for other PG synthases such as PGE synthas-
es, PGF synthase, PGI synthase, or TX synthase have yet been reported. On the
other hand, transgenic mice over-expressing either the lipocalin-type PGD syn-
thase or PGI synthase have been generated. The gene transfer experiments of
PGI synthase in rats were also reported. The phenotypes of these knockout mice
and transgenic animals are summarized in Table 1. As for the prostanoid recep-
tor family, individual disruption of the genes for the eight types and subtypes of
the receptors has been reported. One study also reported transgenic expression
of TP in mice. No report is yet found on gene disruption of CRTH2. The pheno-
types of knockout mice deficient in each of the eight types or subtypes of pros-
tanoid receptors and TP-transgenic mice are summarized in Table 2. In this ar-
ticle, the phenotypes of these mice are discussed in context of prostanoid ac-
tions under various physiological and pathophysiological conditions.

430 S. Narumiya



Ta
bl
e
1

Tr
an

sg
en

ic
an

im
al

s
of

en
zy

m
es

in
pr

os
ta

no
id

sy
nt

he
sis

Af
fe

ct
ed

ge
ne

Ph
en

ot
yp

e
(re

fe
re

nc
es

)

Kn
oc

ko
ut

m
ou

se
w

ith
di

sr
up

tio
n

of
a

ge
ne

or
ge

ne
s

fo
r:

Cy
to

so
lic

ph
os

ph
ol

ip
as

e
A2

Pa
rt

ur
iti

on
fa

ilu
re

(U
oz

um
ie

t
al

.1
99

7;
Bo

nv
en

tr
e

et
al

.1
99

7)
De

cr
ea

se
d

pr
od

uc
tio

n
of

ei
co

sa
no

id
s

an
d

pl
at

el
et

ac
tiv

at
in

g
fa

ct
or

by
pe

rit
on

ea
lm

ac
ro

ph
ag

es
st

im
ul

at
ed

ei
th

er
by

LP
S

or
A-

23
18

7
fa

ilu
re

(U
oz

um
ie

t
al

.1
99

7;
Bo

nv
en

tr
e

et
al

.1
99

7)
Re

du
ce

d
ei

co
sa

no
id

sy
nt

he
sis

fro
m

bo
ne

-m
ar

ro
w

-d
er

iv
ed

m
as

t
ce

lls
(N

ak
at

an
ie

t
al

.2
00

0;
Fu

jis
hi

m
a

et
al

.1
99

9)
Re

du
ce

d
br

on
ch

oc
on

st
ric

tio
n

an
d

ai
rw

ay
hy

pe
rs

en
sit

iv
ity

in
O

VA
-in

du
ce

d
sy

st
em

ic
an

ap
hy

la
xi

s
(U

oz
um

ie
t

al
.1

99
7)

Re
du

ce
d

po
st

isc
he

m
ic

br
ai

n
in

ju
ry

(B
on

ve
nt

re
et

al
.1

99
7)

Re
du

ce
d

ac
ut

e
lu

ng
in

ju
ry

in
du

ce
d

by
sy

st
em

ic
LP

S
or

ac
id

as
pi

ra
tio

n
(N

ag
as

e
et

al
.2

00
0)

Su
pp

re
ss

io
n

of
in

te
st

in
al

po
ly

po
sis

in
Ap

cD
71
6

m
ic

e
(T

ak
ak

u
et

al
.2

00
0)

Re
na

lc
on

ce
nt

ra
tin

g
de

fe
ct

(D
ow

ne
y

et
al

.2
00

1)

Cy
cl

oo
xy

ge
na

se
-1

Re
du

ce
d

in
fla

m
m

at
or

y
sw

el
lin

g
af

te
r

ar
ac

hi
do

ni
c

ac
id

ap
pl

ic
at

io
n

(L
an

ge
nb

ac
h

et
al

.1
99

5)
De

cr
ea

se
d

ar
ac

hi
do

ni
c

ac
id

-in
du

ce
d

pl
at

el
et

ag
gr

eg
at

io
n

(L
an

ge
nb

ac
h

et
al

.1
99

5)
Re

du
ce

d
su

sc
ep

tib
ili

ty
to

in
do

m
et

ha
ci

n-
in

du
ce

d
st

om
ac

h
ul

ce
ra

tio
n

(L
an

ge
nb

ac
h

et
al

.1
99

5)
Au

gm
en

te
d

ai
rw

ay
in

fla
m

m
at

io
n

an
d

se
ns

iti
vi

ty
in

O
VA

-in
du

ce
d

al
le

rg
ic

as
th

m
a

m
od

el
(G

av
et

t
et

al
.1

99
9)

In
cr

ea
se

d
su

sc
ep

tib
ili

ty
to

de
xt

ra
n

so
di

um
su

lfa
te

-in
du

ce
d

co
lit

is
(M

or
te

au
et

al
.2

00
0)

In
cr

ea
se

d
su

sc
ep

tib
ili

ty
to

isc
he

m
ic

br
ai

n
in

ju
ry

(Ia
de

co
la

et
al

.2
00

1)
In

cr
ea

se
d

ca
rd

ia
c

isc
he

m
ia

·re
pe

rf
us

io
n

in
ju

ry
(C

am
itt

a
et

al
.2

00
1)

De
cr

ea
se

d
cr

yp
t

ce
ll

su
rv

iv
al

in
ra

di
at

io
n

in
ju

ry
(H

ou
ch

en
et

al
.2

00
0)

Le
ss

ac
et

ic
ac

id
-in

du
ce

d
w

rit
hi

ng
re

sp
on

se
(B

al
lo

u
et

al
.2

00
0)

Re
du

ce
d

po
ly

p
fo

rm
at

io
n

in
M

in
m

ic
e

(C
hu

la
da

et
al

.2
00

0)
Im

pa
ire

d
tr

an
sit

io
n

of
CD

4�
CD

8�
do

ub
le

-n
eg

at
iv

e
to

CD
4+

CD
8+

do
ub

le
-p

os
iti

ve
th

ym
oc

yt
e

m
at

ur
at

io
n

(R
oc

ca
et

al
.1

99
9)

De
la

ye
d

on
se

t
of

la
bo

r
in

pa
rt

ur
iti

on
(G

ro
ss

et
al

.1
99

8)

Transgenic Animals of Enzymes and Receptors in Prostanoid Synthesis and Actions 431



Af
fe

ct
ed

ge
ne

Ph
en

ot
yp

e
(re

fe
re

nc
es

)

Cy
cl

oo
xy

ge
na

se
-2

Re
na

ld
ys

pl
as

ia
(D

in
cu

k
et

al
.1

99
5;

M
or

ha
m

et
al

.1
99

5)
M

yo
ca

rd
ia

lf
ib

ro
sis

(D
in

cu
k

et
al

.1
99

5)
Re

du
ce

d
LP

S-
in

du
ce

d
he

pa
to

to
xi

ci
ty

(D
in

ch
uk

et
al

.1
99

5)
M

ul
tip

le
fe

m
al

e
re

pr
od

uc
tiv

e
fa

ilu
re

s
in

cl
ud

in
g

ov
ul

at
io

n,
fe

rt
ili

za
tio

n,
im

pl
an

ta
tio

n,
an

d
de

ci
du

al
iz

at
io

n
(L

im
et

al
.1

99
7)

Re
du

ce
d

in
te

st
in

al
po

ly
p

fo
rm

at
io

n
in

Ap
cD

71
6

m
ic

e
(O

hs
hi

m
a

et
al

.1
99

6)
Re

du
ce

d
po

ly
p

fo
rm

at
io

n
in

M
in

m
ic

e
(C

hu
la

da
et

al
.2

00
0)

En
ha

nc
ed

al
le

rg
ic

in
fla

m
m

at
io

n
in

O
VA

-in
du

ce
d

al
le

rg
ic

as
th

m
a

m
od

el
(w

ea
ke

r
ph

en
ot

yp
e

th
an

CO
X-

1-
de

ic
ie

nt
m

ic
e)

(G
av

et
t

et
al

.1
99

9)
In

cr
ea

se
d

su
sc

ep
tib

ili
ty

to
de

xt
ra

n
so

di
um

su
lfa

te
-in

du
ce

d
co

lit
is

(M
or

te
au

et
al

.2
00

0)
Lo

ss
of

fe
br

ile
re

sp
on

se
to

LP
S

an
d

in
te

rle
uk

in
1b

(L
ie

t
al

.1
99

9,
20

01
)

Re
du

ce
d

os
te

oc
la

st
fo

rm
at

io
n

in
cu

ltu
re

(O
ka

da
et

al
.2

00
0)

Re
du

ce
d

su
sc

ep
tib

ili
ty

to
co

lla
ge

n-
in

du
ce

d
ar

th
rit

is
(M

ye
rs

et
al

.2
00

0)
Pa

te
nt

du
ct

us
ar

te
rio

su
s

(3
5%

)(
Lo

ft
in

et
al

.2
00

1)
Re

du
ce

d
LP

S-
in

du
ce

d
an

or
ex

ia
(J

oh
ns

on
et

al
.2

00
2)

In
cr

ea
se

d
to

xi
ci

ty
an

d
le

th
al

ity
in

ac
et

am
in

op
he

n-
in

du
ce

d
liv

er
in

ju
ry

(R
ei

lly
et

al
.2

00
1)

In
cr

ea
se

d
ca

rd
ia

c
isc

he
m

ia
an

d
re

pe
rf

us
io

n
in

ju
ry

(C
am

itt
a

et
al

.2
00

1)
Re

du
ce

d
br

ai
n

isc
he

m
ic

in
ju

ry
(Ia

de
co

la
et

al
.2

00
1)

Im
pa

ire
d

re
ni

n
pr

od
uc

tio
n

in
re

sp
on

se
to

AC
E

in
hi

bi
tio

n
(C

he
ng

et
al

.2
00

1)
Im

pa
ire

d
tr

an
sit

io
n

of
CD

4+
CD

8+
do

ub
le

-p
os

iti
ve

th
ym

oc
yt

es
to

CD
4

sin
gl

e-
po

sit
iv

e
T

ce
lls

(R
oc

ca
et

al
.1

99
9)

Co
m

bi
ne

d
Co

x-
1

an
d

Co
x-

2
Pa

te
nt

du
ct

us
ar

te
rio

su
s

(1
00

%
pe

ne
tr

an
ce

)(
Lo

ft
in

et
al

.2
00

1)

Li
po

ca
lin

-t
yp

e
PG

D
sy

nt
ha

se
Re

du
ce

d
m

ec
ha

ni
ca

la
llo

dy
ni

a
in

du
ce

d
by

in
tr

at
he

ca
li

nj
ec

tio
n

of
PG

E 2
(E

gu
ch

ie
t

al
.1

99
9)

Tr
an

sg
en

ic
m

ou
se

w
ith

ov
er

ex
pr

es
sio

n
of

a
ge

ne
fo

r:

Li
po

ca
lin

-t
yp

e
PG

D
sy

nt
ha

se
En

ha
nc

ed
ai

rw
ay

in
fla

m
m

at
io

n
in

O
VA

-in
du

ce
d

al
le

rg
ic

as
th

m
a

m
od

el
(F

uj
ita

ni
et

al
.2

00
2)

In
du

ct
io

n
of

no
n-

RE
M

sle
ep

by
ta

il
cl

ip
pi

ng
(P

in
za

re
t

al
.2

00
0)

PG
Is

yn
th

as
e

Su
pp

re
ss

io
n

of
de

ve
lo

pm
en

t
of

hy
po

xi
c

pu
lm

on
ar

y
hy

pe
rt

en
sio

n
(G

ar
ac

ie
t

al
.1

99
9)

De
cr

ea
se

d
lu

ng
tu

m
or

ig
en

es
is

(K
ei

th
et

al
.2

00
2)

Hu
m

an
PG

Is
yn

th
as

e
Su

pp
re

ss
io

n
of

ne
oi

nt
im

al
fo

rm
at

io
n

in
ca

ro
tid

ba
llo

on
in

ju
ry

in
ra

t
(T

od
ak

a
et

al
.1

99
9)

Am
el

io
ra

tio
n

of
m

on
oc

ro
ta

lin
e-

in
du

ce
d

pu
lm

on
ar

y
hy

pe
rt

en
sio

n
in

ra
t

(N
ag

ay
a

et
al

.2
00

0)

Ta
bl
e
1

(c
on

tin
ue

d)
432 S. Narumiya



Table 2 Transgenic mice of prostanoid receptors

Affected Gene Phenotypes (references)

Knockout mouse with disruption of a gene for:

DP Decreased allergic responses in ovalbumin-induced bronchial asthma (Matsuoka et al. 2000)
Impaired PGD2-induced sleep (Mizoguchi et al. 2001)

E-
P1

Decreased aberrant foci formation to azoxymethane (Watanabe et al. 1997)
Deceased PGE2-induced mechanical allodynia (Minami et al. 2001)

E-
P2

Impaired ovulation and fertilization (Hizaki et al. 1999; Kennedy et al. 1999; Tilley et al. 1999)
Salt-sensitive hypertension (Kennedy et al. 1999; Tilley et al. 1999)
Vasopressor or impaired vasodepressor response to PGE2 (Audoly et al. 1999; Zhang et al. 2000)
Loss of bronchodilation to PGE2 (Sheller et al. 2000)
Impaired osteoclastogenesis in vitro (Li et al. 2000)
Impaired amplification of COX and angiogenesis of intestinal polyps in ApcD716 mice
(Sonoshita et al. 2001; Seno et al. 2002)

E-
P3

Impaired febrile response to pyrogens (Ushikubi et al. 1998)
Impaired duodenal bicarbonate secretion and mucosal integrity (Takeuchi et al. 1999)
Enhanced vasodepressor response to PGE2 (Audoly et al. 1999)
Disappearance of indomethacin-sensitive urine diluting function (Fleming et al. 1998)
Decreased acetic acid-induced writhing in endotoxin-pretreated mice (Ueno et al. 2001)
Impaired PGE2-induced potentiation of platelet activation (Ma et al. 2001; Fabre et al. 2001).

E-
P4

Patent ductus arteriosus (Nguyen et al. 1997; Segi et al. 1998)
Impaired vasodepressor response to PGE2 (Audoly et al. 1999)
Decreased inflammatory bone resorption (Miyaura et al. 2000; Sakuma et al. 2000)
Lack of PGE2-induced in vivo bone formation (Yoshida et al. 2002)
Exaggerated dextran sodium sulfate-induced colitis (Kabashima et al. 2002)
Decreased aberrant foci formation to azoxymethane (Mutoh et al. 2002)

FP Loss of parturition (Sugimoto et al. 1997)

IP Thrombotic tendency (Murata et al. 1997)
Decreased inflammatory swelling (Murata et al. 1997; Ueno et al. 2000)
Decreased acetic acid writhing (Murata et al. 1997)
Enhanced cardiac ischemia-reperfusion injury (Xiao et al. 2001)
Impaired adaptive gastric cytoprotection (Boku et al. 2001)
Impaired capsaicin-induced gastric cytoprotection (Takeuchi et al. 2001)
Enhanced pulmonary hypertension and vascular remodeling under chronic hypoxic conditions
(Hoshikawa et al. 2001)

TP Bleeding tendency and resistance to thromboembolism (Thomas et al. 1998)

Transgenic mouse with overexpression of a gene for:

TP in vasculature Intrauterine growth retardation of embryos (Rocca et al. 2000)
Amplified proliferation in the balloon-induced vascular injury (Cheng et al.
2002)
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2
Sickness Behaviors and Other Central Nervous System Actions

A systemic disease causes in patients general and characteristic central symp-
toms including fever generation, adrenocorticotropic hormone (ACTH) release,
reduced locomotion, loss of social contact, anorexia, and increased sleep (Kent
et al. 1992). These effects, collectively referred to as “sickness behaviors,” can be
reproduced experimentally in animals by treatment with sickness substances
such as lipopolysaccharide (LPS) and inflammatory cytokines. Because admin-
istration of NSAIDs alleviates most of these behaviors, involvement of prosta-
noids in generation of these symptoms has been strongly suggested. However,
little is known about molecular and neuronal mechanism underlying these be-
haviors.

2.1
Fever Generation

Fever is a representative component of the sickness behaviors. Both cellular
components of infectious organisms, such as LPS, as well as by noninfectious
inflammatory insults stimulate the production of cytokines such as interleukin
(IL)-1, IL-6, and tumor necrosis factor (TNF)-a, that then work as endogenous
pyrogens and stimulates the neural pathways that raise body temperature (Klu-
ger 1991). Fever can be suppressed by NSAIDs, which indicates that PGs are im-
portant in fever generation. Li et al. (1999) examined the involvement of COX
isoforms in fever generation by subjecting COX-1
/
 and COX2
/
 mice to LPS
treatment. They found that COX-2
/
 homozygous mice did not develop febrile
response to LPS, while COX-1
/
 mice exhibited about 1	C rise of core tempera-
ture within 1 h after LPS administration, as did wildtype mice. This group also
reported loss of fever generation in COX-2
/
 but not in COX-1
/
 mice in re-
sponse to IL-1b (Li et al. 2001). This is consistent with inhibition of fever gener-
ation by selective COX-2 inhibitors (Li et a. 1999). It is also known that pyro-
gens induce COX-2 expression in endothelial cells in the organum vasculosum
laminae terminalis, a presumed site of pyrogen action (Cao et al. 1995). As to a
prostanoid-mediating fever, PGE2 has been strongly suspected, because PGE2 in-
jected into the brain induces fever in many species. Ushikubi et al. (1998) used
mice lacking each subtype of the PGE receptor, EP1, EP2, EP3, and EP4, and ex-
amined their febrile responses to PGE2, IL-1b, and LPS. They found that the
EP3 receptor-deficient mice failed to show febrile responses to all of these stim-
uli. This study has thus clearly demonstrated that PGE2 mediates fever genera-
tion in response to both exogenous and endogenous pyrogens by acting on the
EP3 receptor. Recently, Ek et al. (2001) reported that the IL-1-induced induction
of COX-2 in rat brain vascular cells is associated with upregulation of mem-
brane-type PGE synthase (mPGES) mRNA. Yamagata et al. (2001) also reported
LPS-induced induction of mPGES, and its colocalization with COX-2 in brain
endothelial cells. These results suggest that mPGES may play an essential role in
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PGE2 production in fever generation. However, no knockout mice study on this
enzyme has yet been reported.

2.2
Sleep Induction

PGD2 is one of the major PGs in the brain and a potent endogenous sleep-pro-
moting substance in rats and other mammals including humans (Urade and
Hayaishi 2000). In the brain, the lipocalin-type PGD synthase is present in a
high amount in the leptomeninges, and is thought responsible for production of
PGD2 in this organ. Indeed, transgenic mice over-expressing this type of PGD
synthase were reported to show a marked increase in slow-wave sleep with con-
comitant increase in brain PGD2 content, when stimulated by tail clipping (Pin-
zar et al. 2000). The PGD2-induced sleep is apparently mediated by the DP re-
ceptor present also in leptomeninges. Mizoguchi et al. (2001) used DP-deficient
mice and compared the effects of PGD2 infusion into the lateral ventricle on
sleep of wildtype and DP
/
 mice. They found that, while the PGD2 infusion sig-
nificantly increased slow-wave sleep in wildtype mice, it did not change the
amounts of slow-wave as well as paradoxical sleep in DP-deficient mice. These
results clearly demonstrate that DP is crucially involved in the PGD2-induced
slow-wave sleep. PGD2-induced sleep has been shown to be mediated by adeno-
sine through the adenosine A2A receptor system (Satoh et al. 1998). Consistently,
Mizoguchi et al. demonstrated that the extracellular adenosine content is in-
creased in the subarachnoid space after PGD2 infusion in a DP-dependent man-
ner. Interestingly, the baseline sleep–wake patterns were essentially identical be-
tween wildtype and DP-deficient mice, suggesting that the PGD2-DP system may
not be crucial for basal sleep–wake regulation. This system may be more likely
involved in generation of pathological sleep. It was already reported that injec-
tion of IL-1b and TNF-a into the PGD2-sensitive zone of the brain induces sleep
in a COX-2-dependent manner (Terao et al. 1998). Overproduction of PGD2 has
been observed in some sleep disorders such as systemic mastocytosis and Afri-
can sleeping sickness (Urade and Hayaishi 2000). Recently, a malaria parasite,
Plasmodium falciparum, was reported to produce PGs, including PGD2 in hu-
mans (Kilunga Kubata et al. 1998). Studies in mice deficient in the lipocalin-type
PGD synthase (Eguchi et al. 1999) are expected to help clarify this issue further.

2.3
Other Sickness Behaviors

Anorexia is another behavior of sickness. Swiergiel and Dumm (2001) and John-
son et al. (2002) examined involvement of COX isozymes in elicitation of this
behavior by using knockout mice deficient in either isoform. Both groups found
that genetic disruption or pharmacological inhibition of COX-2 significantly at-
tenuated anorexia induced in mice by LPS or IL-1, and partially prevented
weight loss. However, the effect of COX-2 inhibition on anorexia remained par-

Transgenic Animals of Enzymes and Receptors in Prostanoid Synthesis and Actions 435



tial, suggesting that the existence of both COX-dependent and COX-independent
mechanisms in hypophagic response to sickness stimuli.

3
Inflammation and Pain

3.1
Inflammation

Local reddening, heat generation, swelling, and pain are classic signs of acute
inflammation. Each of these symptoms, except pain, is caused by increased
blood flow and vascular permeability with resultant edema. Previous studies
suggested that PGs are primarily involved in vasodilation in the inflammatory
process and synergize with other mediators such as histamine and bradykinin
to cause an increase in vascular permeability and edema. Since the identification
of COX-2 as an inducible COX isoform by various inflammatory stimuli, a sig-
nificant number of studies have associated this isoform with the inflammatory
processes. It was therefore surprising that the initial analyses of COX-2
/
 mice
showed unaltered inflammation in these mice in tests such as ear swelling by ar-
achidonic acid or 12-O-tetradecanoylphorbol 13-acetate (TPA) and carragee-
nan-induced paw edema (Dinchuk et al. 1995; Morham et al. 1995). On the other
hand, COX-1
/
 mice showed reduced ear swelling to arachidonic acid but not
to TPA (Langenbach et al. 1995). These results may be due to relatively short
observation time after the stimuli, 1–2 h, 4–7 h, and 3 h after application of ara-
chidonic acid, TPA, and carrageenan, respectively. Nonetheless, these studies
suggest that COX-1 can contribute to inflammatory response, particularly in the
acute phase, and that relative contribution of COX-1 and COX-2 may depend on
the inflammatory stimuli, the time after insult, and the relative abundance of
each isoform in involved tissues. For example, Langenbach et al. (1999) applied
the air pouch model of inflammation to wildtype, COX-1
/
, and COX-2
/
 mice,
and evaluated contribution of each COX isoform to the inflammatory process
and the PG level at the inflammatory site. They reported that the PG level in the
pouch was elevated 6 h after carrageenan injection, to which COX-1 and COX-2
contributed 25% and 75%, respectively. They further found that the cell infiltra-
tion at day 3 was reduced by 50% in COX-2
/
 mice but only slightly in
COX-1
/
 mice, and the resolution of inflammation was delayed in COX-2
/


mice compared to wildtype or COX-1
/
 animals. Similarly, Wallace et al. (1998)
found in the paw edema model that the footpad swelling in wildtype mice had
mostly subsided by 1 week after carrageenan treatment, while the swelling per-
sisted in COX-2
/
 mice with lymphocyte infiltration. These results indicate that
both COX-1 and COX-2 contribute to PG production but their roles change dur-
ing extension of inflammation. They further suggest that COX-2 has an addi-
tional role in the resolution or healing phase.

It has been previously shown that PGE2 and PGI2 are the potent prostanoids
in causing vasodilation and that both of these PGs are present at high concen-
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trations at sites of inflammation (Davies et al. 1984). Murata et al. (1997) used
IP-deficient mice to test the role of PGI2 in inflammatory swelling. They em-
ployed carrageenan-induced paw swelling as a model. In this model, swelling in-
creased in a time-dependent manner up to 6 h after injection and was decreased
by about 50% upon treatment with indomethacin. IP-deficient mice developed
swelling only to a level comparable to that observed in indomethacin-treated
wildtype mice, and indomethacin treatment of IP-deficient animals did not in-
duce a further decrease in swelling. On the other hand, PGE2 injected intrader-
mally could synergize with bradykinin to induce increased vascular permeabili-
ty in both wildtype and IP-deficient mice. These results indicate that PGI2 and
IP receptor work as the principal PG system mediating vascular changes in this
model of inflammation. Whether PGI2 and the IP receptor play a dominant role
in any type of inflammation remains to be seen. An alternative and more likely
possibility is that this system and the PGE2 and EP receptor system are utilized
in a context-dependent manner, i.e., one dependent on the stimulus, site, and
time of inflammation, as seen for the case of COX isoforms. This point will like-
ly be clarified by comparing responses in IP-deficient mice with those in mice
deficient in each subtype of the EP receptors in various inflammation models.

3.2
Pain

The role of prostaglandins in inflammatory pain is also well accepted. This is
due to the antinociceptive effects of aspirin-like drugs. Ballou et al. (2000) ex-
amined the contribution of COX-1 and COX-2 to pain sensation by subjecting
mice deficient in either isoform to acetic acid writhing. They found that
COX-1
/+ heterozygous mutants showed decreased nociception and that an even
greater decrease in COX-1-null mice. On the other hand, no decrease was found
in COX-2-null mice, suggesting that only COX-1 plays a role in this type of noci-
ception. However, this result may be taken with caution because an irritant, ace-
tic acid, was injected into the abdomen of naive mice in this test (see below). It
was documented in various model systems that PGs added exogenously are able
to induce hyperalgesia, an increased sensitivity to a painful stimulus, or allody-
nia, a pain response to a usually nonpainful stimulus. These studies using exog-
enous PGs showed that PGE2, PGE1, and PGI2 exert stronger effects than the oth-
er types of PG, indicating the involvement of EP or IP receptors in inducing in-
flammatory pain (Bley et al. 1998). The main site of hyperalgesic action of pros-
tanoids lies in the periphery where prostaglandins are believed to sensitize the
free ends of sensory neurons. The primary sensory afferents have their cell bod-
ies in the dorsal root ganglion, and several types of prostanoid receptor mRNAs,
including those of IP, EP1, EP3, and EP4, were found in neurons in the ganglion
(Sugimoto et al. 1994; Oida et al. 1995). Murata et al. (1997) used IP receptor-
deficient mice to address this issue. The IP
/
 mice did not show any alteration
in their nociceptive reflexes examined by hot plate and tail flick tests, indicating
that PGI2 is not involved in nociceptive neurotransmission at the spinal and su-
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praspinal levels. On the other hand, when these mice were subjected to the ace-
tic acid-induced writhing test, they showed markedly decreased responses com-
pared with control wildtype mice, and their responses were as low as those ob-
served in control mice treated with indomethacin. Additionally, both PGE2 and
PGI2 injected intraperitoneally induced modest writhing responses in wildtype
mice, whereas IP-deficient mice showed responses only to PGE2. These results
indicate that the hyperalgesic response in this model is evoked by endogenous
PGI2 acting on the IP receptor in the peripheral end of nociceptive afferents.
This study, together with other reports that PGI2 or its agonists are more effec-
tive in eliciting nociception in several model systems, has led to the proposal
that IP has a key role in facilitating the sensation of pain (Bley et al. 1998). Re-
cently, however, we found that the receptors other than IP can also amplify pain
sensations in a context-dependent manner. Ueno et al. (2001) pretreated EP1
/
,
EP2
/
, EP3
/
, EP4
/
, IP
/
, and wildtype mice with LPS and then examined
their hyperalgesic responses to acetic acid administered i.p. Whereas EP1
/
,
EP2
/
, and EP4
/
 mice showed a similar enhanced writhing response as the
wildtype mice, IP
/
 and EP3
/
 mice showed significant reductions. Thus, the
nociception of the writhing response in non-treated mice is mediated mainly by
the IP receptor, whereas in LPS-pretreated mice it is mediated by both IP and
EP3 receptors. Probably consistent with this finding, two groups reported that a
neutralizing monoclonal antibody against PGE2 inhibits phenylbenzoquinone-
induced writhing in mice and carrageenan induced paw hyperalgesia in rats to
the same extent as indomethacin (Mnich et al. 1995; Portanova et al. 1996). It
was also reported that the selective COX-2 inhibitor, celecoxib, but not selective
COX-1 inhibitor, SC560, reduced carrageenan-induced paw hyperalgesia (Smith
et al. 1998). These results indicate also the COX isoform involved in hyperalgesia
can vary in a context-dependent manner.

In addition to these hyperalgesic actions in the periphery, PGs are also in-
volved in augmenting processing of pain information in the spinal cord. For ex-
ample, Minami et al. (1994) found that intrathecal injection of PGE2 into mice
induced allodynia; the mice showed squeaking, biting, and scratching in re-
sponse to low-threshold stimuli. To characterize EP subtype(s) involved in
PGE2-induced allodynia, Minami et al. (2001) examined the response in the
EP1
/
 or EP3
/
 mice. Intrathecal (i.t.) administration of PGE2 (500 ng/kg) in-
duced allodynia over the 50-min experimental period in the wildtype and the
EP3-deficient mice, but not in the EP1-deficient mice, suggesting that the EP1
receptor is involved in the PGE2-induced allodynia. Eguchi et al. (1999) exam-
ined further PGE2-induced allodynia in mice deficient in lipocalin-type PGD
synthase. They found that PGE2-induecd allodynia was absent in these mice,
and was recovered by the i.t. addition of PGD2. Interestingly, the recovering ef-
fect of PGD2 showed a bell-shaped dose–effect relationship, suggesting that
PGD2 exerts dual actions in elicitation of allodynia by PGE2. The PGD synthase-
deficient mice also exhibited loss of allodynia induced by i.t. injection of a g-
aminobutyric acid (GABA) antagonist, bicuculline, indicating that PGD2 also
mediated this type of allodynia.
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4
Allergy and Immunity

4.1
Allergy

The type I allergic reaction (anaphylaxis) underlies the pathogenesis of bronchi-
al asthma, atopic dermatitis, and anaphylactic shock. Affected individuals pro-
duce immunoglobulin (Ig)E antibodies to allergens such as those derived from
house dust mites and plant pollens. Exposure to those allergens induces mast
cell activation by antigen-antibody-mediated cross-linking of IgE receptors on
their surface, which develops allergic reactions. The Th2 subset of T lympho-
cytes and their cytokines are critically involved in mediating IgE production as
well as development of the diseases. In addition, various prostanoids, leuko-
trienes, and platelet-activating factor are produced in significant amounts by
initial mast cell activation and during subsequent disease development. PGD2 is
the major prostanoid produced by mast cells in response to antigen challenge.
The role and contribution of prostanoids in the type I allergic responses have
been examined by subjecting transgenic mice for related enzymes and recep-
tors. Uozumi et al. (1997) sensitized cPLA2


/
 mice with ovalbumin (OVA) and
evoked systemic anaphylaxis in these mice by intravenous injection of OVA
18 days later. They found that both bronchoconstriction and airway hypersensi-
tivity induced by OVA challenge were much reduced in cPLA2


/
 mice. This
finding indicates that cPLA2 is the major PLA2 for production of various lipid
mediators in allergy and plays a critical role in elicitation of allergic reactions.
The same group (Nakatani et al. 2000) then used bone marrow-derived mast
cells obtained from cPLA2


/
 mice and specifically examined involvement of
cPLA2 in lipid mediator release from mast cells. They found that antigen cross-
linking of FceRI on cells from cPLA2


/
 mice caused the release of only negligi-
ble amounts of arachidonic acid and its metabolites, PGD2 and cysteinyl leuko-
trienes, indicating that cPLA2 is indeed essential for production of these lipid
mediators in activated mast cells. The same conclusion was obtained by another
group in a different strain of cPLA2


/
 mice (Fujishima et al. 1999). The role of
COX in type I allergy was also examined by OVA-sensitized knockout mice.
There is a subset of patients with asthma in whom aspirin precipitates asthmatic
attacks. Interestingly, these patients develop not only severe asthmatic attacks,
but also other signs of immediate hypersensitivity such as rhinorrhea, conjunc-
tival irritation, and flushing of head and neck. The existence of such a distinct
clinical syndrome, called aspirin-induced asthma (Szczeklik et al. 1999), sug-
gests that there should be a PG(s) negatively modulating type I allergic reac-
tions. Gavett et al. (1999) examined this issue by subjecting COX-1
/
 mice or
COX-2
/
 mice to OVA-induced allergic asthma. They sensitized these mice with
intraperitoneal injection of OVA and then challenged them with inhalation of
OVA aerosol. They found that both COX-1-deficient and COX-2-deficient mice
exhibited enhanced allergic lung responses. These phenotypes are consistent
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with the findings in patients with aspirin-induced asthma. While some of the
increased responses may be due to increased biosynthesis of leukotrienes in
COX-deficient mice, increased allergic responses seen with both types of knock-
out mice could not be explained by this hypothesis alone, and strongly suggest
that both COX-1 and COX-2 products limit allergic lung inflammation. This
study thus highlights the beneficial aspects of prostanoids in allergy. As de-
scribed above, PGD2 is a major PG produced by activated mast cells and is re-
leased in large amounts during asthmatic attacks in some population of patients.
However, the role of PGD2 in allergic asthma has remained unclear. If this PG
were a part of protective PG system against allergy as discussed, disruption in
the PGD2 signaling would worsen the allergic reaction as seen in COX-deficient
mice. Matsuoka et al. (2000) tested this issue by applying OVA-induced asthma
model to DP-deficient mice. Sensitization and aerosol challenge of DP
/
 mice
with OVA induced increases in the serum concentration of IgE, similar to that
found in wildtype mice. However, DP
/
 mice did not develop asthmatic re-
sponses in this model; OVA-challenged DP
/
 mice showed decreased concentra-
tions of Th2-cytokines and a reduced extent of lymphocyte accumulation and
eosinophil infiltration in the lung compared to the wildtype animals subjected
to this model. Thus, it is apparent that PGD2 functions as a mast cell-derived
mediator to trigger asthmatic responses and not as a negative modulator. This
conclusion was supported by the findings in mice overexpressing the lipocalin-
type PGD synthase. These mice subjected to essentially the same protocol ex-
hibited enhanced asthmatic response to OVA challenge. Thus, there is a discrep-
ancy between the observation in COX-deficient mice and those obtained in
DP
/
 and PGD synthase transgenic mice. The most likely explanation for this
discrepancy is that a PG other than PGD2 works for negative modulation of al-
lergy. The most likely candidate is PGE2, because it has been known for some
time that PGE2 exerts anti-allergic effects in some contexts (see, for example,
Raud et al. 1988). The identity of the EP receptor mediating this action remains
to be clarified.

4.2
Immunity

While COX isoforms and prostanoid receptors such as EP, IP, and TP are widely
expressed in cells of immunity and in vitro immunomodulatory actions of PGE2

are well known, only a few reports are available that have dissected in vivo roles
of prostanoids in immunity using transgenic animals. Rocca et al. (1999) used
fetal thymic organ culture and examined effects on thymocyte differentiation of
selective COX-1 or COX-2 inhibitors as well as disruption of a gene for either
isoform. They found that COX-1 inhibitors, added to the culture, significantly
suppressed transition of CD4
CD8
 double-negative thymocytes to CD4+CD8+

double-positive cells, while COX-2-selective inhibitors impaired the differentia-
tion of CD4+CD8+ cells to CD4+ single-positive T cells. The effect of the COX-2
inhibitors was reproduced in the thymus culture from COX-2
/
 mice, and the

440 S. Narumiya



suppression of the double-negative to double-positive cells was also noted, al-
beit weakly, in the thymi of COX-1
/
 mice. They also reported that PGE analogs
with the EP2 agonist activity could rescue the inhibition on CD4+CD8+ double-
positive cell maturation by COX-1 inhibitors, and those with the EP1 agonist ac-
tivity reversed the effects of COX-2 inhibitors. These results suggest that both
COX isozymes and the PGE2 signaling are required for the efficient maturation
of the T cell lineage in fetal thymus.

Rheumatoid arthritis is a disease of immunological inflammation in which
NSAIDs are widely used. One animal model for rheumatoid arthritis is the col-
lagen-induced arthritis, in which immunization with type II collagen induces a
polyarthritis in 2–4 weeks after immunization in susceptible animals through
both T cell activation and the production of anti-collagen antibody. This model
is quite sensitive to NSAID treatment. Myers et al. (2000) applied this model to
COX-1
/
 or COX-2
/
 mice and examined the roles of COX isoforms in the de-
velopment of arthritis. The development of arthritis was greatly suppressed both
clinically and histologically in COX-2
/
 mice. COX-2
/
 mice not only showed
marked suppression in production of anti-collagen antibodies, but also did not
develop arthritis even when anti-collagen antibodies were passively transferred.
On the other hand, essentially no difference was noted in development of arthri-
tis between wildtype and COX-1
/
 mice. These results indicate that COX-2
works critically in this model in elicitation of both immune and inflammation
responses. Interestingly, these authors found upregulation of production of cy-
tokines such as lymphotoxin (LT)b, TNF-a, and transforming growth factor
(TGF)-b in splenocytes from immunized COX-1
/
 and COX-2
/
 mice, suggest-
ing modulatory action of PGs in production of these cytokines. This is consis-
tent with a recent report by Shinomiya et al. (2001).

They found that indomethacin upregulates and PGE2 or an IP agonist down-
regulates the production of TNF-a in peritoneal macrophages stimulated with
zymosan. They then used various type-selective compounds and mice deficient
in EP subtype or IP, and found that this modulation of TNF-a production is
elicited redundantly by EP2, EP4, and IP receptors through an increase in cAMP.
Intriguingly, the apparently identical mechanisms work to suppress IL-10 pro-
duction. Thus, indomethacin decreases, and signaling through EP2, EP4, and IP
increases production of this anti-inflammatory cytokine. Interestingly, IL-10
suppresses induction of COX-2 in LPS-treated spleen cells, and thereby decreas-
es the production of PGs (Berg et al. 2001).

5
Cardiovascular Homeostasis

5.1
Thrombosis, Hemostasis, and Blood Pressure

Most PGs elicit contractile and/or relaxant activities on vascular smooth mus-
cles in vitro and in vivo. In particular, PGI2 and TXA2, produced abundantly by
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vascular endothelial cells and platelets, respectively, are a potent vasodilator and
vasoconstrictor, respectively. PGE2 also exerts either contraction or relaxation
of blood vessels dependent on the EP receptor subtypes (see below). However,
mice deficient in cPLA2, one of the COX isoforms, or any of the eight types of
prostanoid receptors do not show abnormality in blood pressure or develop
spontaneous vascular accidents such as thrombosis under the basal conditions.
For example, Murata et al. (1997) found that while IP
/
 mice lacked the hypo-
tensive response to the synthetic IP agonist cicaprost, their basal blood pressure
and heart rate were not different from those of control animals. This is probably
because the prostanoid system does not work constitutively in cardiovascular
regulation but more likely works on demand in response to local stimuli. This
kind of role is quite important to maintain vascular homeostasis locally. Because
PGI2 and TXA2 act oppositely on platelets and blood vessels, it has been sug-
gested that a balance between the PGI2 and TXA2 systems is important to pre-
vent thrombosis and vasospasm while performing efficient hemostasis. A study
on IP
/
 mice (Murata et al. 1997) indeed showed that, while they develop and
age normally, they show an enhanced thrombotic tendency when endothelial
damage is evoked. These findings confirmed the long-standing role of PGI2 as
an endogenous anti-thrombotic agent and suggest that this anti-thrombotic sys-
tem is activated in response to vascular injury to attenuate its effects. Consis-
tently, the increased production of PGI2 by gene transfer of PGI synthase at the
site of balloon injury was reported to prevent restenosis of rat carotid artery
(Todaka et al. 1999). In contrast to PGI2, TXA2 has been implicated in thrombo-
sis and hemostasis on the basis of its pro-aggregatory and vasocontractile activ-
ities. Indeed, TP-deficient mice showed increased bleeding tendencies and were
resistant to cardiovascular shock induced by intravenous infusion of a TP ago-
nist, U-46619, and arachidonic acid (Thomas et al. 1998). Cheng et al. (2002) re-
cently examined the interplay between IP and TP signaling in cardiovascular ho-
meostasis. They subjected IP
/
 mice and TP
/
 mice to balloon catheter-in-
duced vascular injury model, and found that the IP deficiency increased and
TP-deficiency decreased injury-induced vascular proliferation and platelet acti-
vation. They further showed that the augmented response in IP
/
 mice was
abolished in mice deficient in both IP and TP. The authors concluded that PGI2,
through its action on IP, modulates platelet–vascular interactions in vivo and
specifically limits the response to TXA2. In addition to PGI2 and TXA2, PGE2 is
also known to act on blood platelets and potentiate aggregation response. How-
ever, the identity of receptor mediating this PGE2 action and its pathophysiolog-
ical significance remains unknown. Using mice deficient in each EP subtype,
Fabre et al. (2001) and Ma et al. (2001) identified that EP3 mediates this potenti-
ation by PGE2. They further showed that EP3
/
 mice exhibited decreased re-
sponse in the arachidonic acid-induced thrombosis models. In addition, Ma et
al., but not Fabre et al., found that the bleeding time was significantly prolonged
in EP3
/
 mice. These findings suggest that this PGE2 action may play a role in
vascular homeostasis in vivo.
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PGE2 also elicits contractile and/or relaxant responses when tested on vascu-
lar smooth muscles in vitro. These PGE2 actions that are not obviously seen in
vivo in wildtype animals become evident in mice deficient in each EP subtype.
For example, Kennedy et al. (1999) administered PGE2 and PGE analogs intra-
venously into EP2
/
 mice and found that PGE2 or a mixed EP1/3 agonist, sul-
prostone, evoked considerable hypertension, while an EP2 agonist, butaprost,
failed to induce a transient hypotension seen in wildtype mice. The authors sug-
gested that the absence of the EP2 receptor abolishes the ability of the mouse
vasculature to vasodilate in response to PGE2 and unmasks the contractile re-
sponse mediated via the vasoconstrictor EP receptor(s). Interestingly, when fed
a high-salt diet, the EP2-deficient mice develop significant hypertension with a
concomitant increase in urinary excretion of PGE2. These results indicate that
PGE2 is produced in the body in response to a high-salt diet and works to de-
crease blood pressure via the relaxant EP2 receptor, and that dysfunction of this
pathway may be involved in the development of salt-sensitive hypertension. Re-
cently, Audoly et al. (1999) compared the roles of individual EP receptors in
males and females. They found that the relative contribution of each EP receptor
subtype was strikingly different between males and females. In females, the EP2
and EP4 receptors mediate the major portion of the vasodepressor response to
PGE2. In males, the EP2 receptor has a modest role, and most of the vasodepres-
sor effect is mediated by the phospholipase C-coupled EP1 receptor. In addition,
in male mice the EP3 receptor actively opposes the vasodepressor actions of
PGE2. Thus, the hemodynamic actions of PGE2 are mediated through complex
interactions involving several EP subtypes, and the role of individual EP recep-
tors in males differs dramatically from that in females.

5.2
Ischemic and Reperfusion Injury

Lack of prostanoid signaling appears to affect injuries by ischemia and post-
ischemic reperfusion in various ways. Iadecola et al. (2001a,b) examined effects
of the lack of COX-1 or COX-2 on ischemic brain injury by permanent occlusion
of the left middle cerebral artery in COX-1
/
 or COX-2
/
 mice. Interestingly,
deficiency of COX-1 significantly increased, and that of COX-2 significantly de-
creased the infarct volume as compared to that found in wildtype control mice.
Monitoring of cerebral blood flow of these mice revealed that the blood flow at
the periphery of ischemic area was significantly reduced in COX-1
/
 mice. On
the other hand, no alteration of blood flow was observed in COX-2
/
 mice.
They next microinjected N-methyl-d-aspartate (NMDA) directly into the cortex
and examined the involvement of the NMDA-mediated cytotoxicity in elicitation
of the phenotypes of COX-1 or COX-2 deficiency, because glutamate receptors
play a critical role in the initiation of ischemic brain injury. NMDA caused the
brain injury at the site of injection, and also induced local production of PGE2.
The size of the lesion was significantly suppressed in COX-2
/
 mice or in wild-
type mice treated with a COX-2 inhibitor, NS398. NS398 also suppressed the
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NMDA-induced increase in PGE2 production. On the other hand, the NMDA in-
jection caused as much brain lesion in COX-1
/
 mice as in wildtype control
mice. These results indicate that in brain ischemia, COX-1-derived prostanoids
work to limit an ischemia area by maintaining circulation around its periphery,
while COX-2-derived prostanoids work to amplify NMDA receptor-mediated cy-
totoxicity. Brain ischemic injury was also caused by the middle cerebral artery
occlusion in cPLA2


/
 mice (Bonventre et al. 1997). As observed in COX-2
/


mice, no difference in the cerebral blood flow was noted, either, between
cPLA2


/
 mice and wildtype control mice, but protection of the similar extent as
observed in COX-2
/
 mice was obtained in cPLA2


/
 mice.
The roles of COX isoforms and receptors such as IP and TP were also exam-

ined in cardiac ischemia and reperfusion injury. Camitta et al. (2001) used per-
fusion of isolated heart in the Langendorff mode, and examined effects of isch-
emia on left ventricle function in COX-deficient mice. They found that disrup-
tion of either gene inhibited recovery of the ventricle function about 50% of that
seen in wildtype heart, indicating that prostanoids derived from either COX iso-
form work to protect cardiac ischemic injury. Curiously, their results indicate
that this protective effect was not exerted by prostanoids generated during isch-
emia and reperfusion but through long-term effects of prostanoids prior to the
experiment. On the other hand, Xiao et al. (2001) examined cardiac ischemia–
reperfusion injury both in vivo and ex vivo in mice deficient in IP or TP. In vivo
they reperfused heart after transient occlusion of the left anterior descending
coronary artery for 1 h and examined the size of myocardial infarct. They found
a significant increase of the infarct in IP
/
 mice compared to that found in
wildtype mice, while there was no difference between wildtype and TP
/
 mice.
Similarly, the ex vivo heart perfusion experiment showed that the coronary flow
and the developed cardiac tension were significantly suppressed in the heart
from IP
/
 mice. From these findings, the authors conclude that PGI2 is appar-
ently produced during cardiac ischemia and reperfusion and exerts a protective
effect on cardiomyocytes independent of its effect on platelets and neutrophils.

5.3
Pulmonary Hypertension

Pulmonary hypertension is a disease in which the pulmonary vasculature under-
goes extensive remodeling, leading to elevations in pulmonary artery pressure
and pulmonary vascular resistance. While decreased prostacyclin formation has
been found in the patients with pulmonary hypertension and in several animal
models for this disease, the causative relation of this phenomenon remains un-
known. Geraci et al. (1999) addressed this question by creating and subjecting
transgenic mice with pulmonary overexpression of PGI synthase to the hypobar-
ic hypoxic condition. They found that, while exposure to this condition for
5 weeks induced pulmonary hypertension in wildtype mice, the PGI synthase
transgenic mice were apparently unaffected as evidenced by no elevation of pul-
monary artery pressure and no hypertrophy of the pulmonary vessel wall. In-
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volvement of impaired PGI2 signaling in pathogenesis of pulmonary hyperten-
sion was further suggested by experiments with mice deficient in IP. Hoshikawa
et al. (2001) exposed IP
/
 mice to a hypobaric and hypoxic condition for
3 weeks and compared the development of pulmonary hypertension in these
mice with that found in wildtype mice. They found that chronic hypoxic expo-
sure induced more severe pulmonary hypertension in IP
/
 mice as evidenced
by increased right ventricular systolic pressure, resulting in more extensive right
ventricle hypertrophy and vessel wall thickening. Protective effect of PGI2 sig-
naling in pulmonary hypertension was also noted in another model, that is,
monocrotaline (MCT)-induced pulmonary hypertension. MCT, a toxic plant al-
kaloid, causes in rats delayed and progressive lung injury characterized by pul-
monary vascular remodeling, pulmonary hypertension, and compensatory right
heart hypertrophy (Schultze and Roth 1998). Endothelial cell dysfunction and
thrombosis of the pulmonary microvasculature likely underlies the pathogenesis
of MCT-induced pneumotoxicity. Nagaya et al. (2000) subjected rats transfected
with a gene for human PGI synthase in the lung to MCT treatment, and exam-
ined the effect of overexpression of PGI synthase on development of pulmonary
hypertension. They observed expression of PGI synthase, and, consequently, in-
creased production of PGI2 in the lung, significantly ameliorated development
of pulmonary hypertension by MCT treatment, and improved survival of treated
rats.

5.4
Closure of Ductus Arteriosus

At birth, with the commencement of respiration, mammals including humans
undergo a dramatic change in their circulation, i.e., from the fetal circulation
that shunts blood flow from the main pulmonary artery directly to the aorta via
the ductus arteriosus, to the pulmonary circulation system of the neonate. This
adaptive change is caused by the closure of the ductus. Maternal administration
of NSAIDs induces contraction of the ductus in late-term fetuses, and adminis-
tration of a vasodilator PG such as PGE1 maintains the patency of the ductus in
neonates. Thus, the patency of the ductus during the fetal period is believed to
be maintained principally by the dilator effects of a prostaglandin, and its clo-
sure is induced by withdrawal of the dilator prostaglandins as well as active con-
traction exerted by an increased oxygen tension. Dilator prostanoid receptors
such as IP and EP4 are present in the ductus, indicating that they work to main-
tain the ductus patency. Disruption of the mouse IP gene did not appear to
cause any abnormality of the ductus (Murata et al. 1997). On the other hand,
most EP4-deficient mice die within 3 days after birth, due to marked pulmonary
congestion and heart failure (Nguyen et al 1997; Segi et al. 1998). Administra-
tion of indomethacin into maternal mice during late pregnancy did not induce
the closure of the ductus in the EP4-deficient fetuses, indicating that the dilatory
effect of PGE2 on this vessel is mediated by the EP4 receptor. These results sug-
gest a critical role for the EP4 receptor in the ductus and can be interpreted to
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mean that, in the absence of the EP4 receptor, a compensatory mechanism
maintains ductus patency not only in the fetal period but also after birth. The
role of COX isoforms on the patency of the ductus was also examined recently
in mice deficient in either COX isozyme (Loftin et al. 2001). Typically, 35% of
COX-2
/
 mice die from patent ductus arteriosus within 48 h after birth, where-
as no abnormality was found in COX-1
/
 mice. The mortality of COX-2
/
 mice
increased to 79% when one copy of the COX-1 gene was disrupted, and 100% of
the mice deficient in both isoforms die with patent ductus arteriosus within 12 h
of birth. Thus, the phenotype observed in COX-deficient mice is quite similar to
that found in EP4-deficient mice, and indicates the combined contribution of
COX-1 and COX-2 to the normal function of the ductus by the PGE2–EP4 sig-
naling. A small but significant difference in survival time and rate between EP4-
deficeint mice and mice with combined disruption of COX-1 and COX-2 may
suggest that additional prostanoid signaling plays a role in closure of the ductus.
Interestingly no ductus phenotype has been reported in cPLA2-deficient mice.

6
Kidney

Prostanoids regulates various functions of the kidney including renal blood
flow, glomerular filtration rate, transports of solutes and water through the reg-
ulation of thick ascending limb function and antagonism against vasopressin ac-
tion, and renin secretion in macula densa. Downey et al. (2001) examined the
kidney function of cPLA2


/
 mice. They found that cPLA2

/
 mice did not show

alteration in plasma sodium, potassium, creatinine concentrations, creatinine
clearance, and fractional excretion of sodium and potassium under the basal
conditions. However, these mice showed significantly lower urine osmolality un-
der the basal condition as well as with water deprivation, indicating that they
had a defect in urine concentration. This defect worsened with age of the ani-
mals, and injection of vasopressin into cPLA2


/
 mice during water deprivation
did not rescue this phenotype. The authors found marked reduction in aqua-
porin-1 association with the membrane of proximal tubules of cPLA2


/
 mice,
and suggested that the mislocalization of this water channel may be a cause of
renal concentrating defect in cPLA2


/
 mice. Because PGE2 inhibits sodium
transport in ascending limb and antagonizes the action of vasopressin, its ab-
sence would result in excessive concentration of urine. Therefore, the phenotype
of cPLA2 appears opposite to that expected from inhibition of prostanoid action
in the kidney tubules. Thus, the renal concentrating defect in cPLA2


/
 mice
may be a consequence of inhibition of eicosanoids other than prostanoids or
the secondary change caused by chronic prostanoid inhibition. In contrast to
this relatively mild renal impairment in cPLA2


/
 mice, disruption of COX-2
gene caused marked renal dysplasia (Dinchuk et al. 1995; Morham et al. 1995).
This dysplasia that begins around postnatal day 10 of COX-2
/
 mice increases
progressively with age, and results in profound diffuse cyst formation, outer
glomerular hypoplasia, periglomerular fibrosis, inner cortical nephron hyper-
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trophy, and diffuse interstitial fibrosis in adult mice (Norwood et al. 2000). As a
result, the glomerular filtration rate was reduced by more than 50% and the se-
rum urea and creatinine concentration was elevated in COX-2
/
 mice compared
to wildtype mice. This degenerative change of the kidney in COX-2
/
 mice has
made it difficult to evaluate the role of COX-2 in physiological regulation of var-
ious kidney functions. However, Cheng et al. (2001) circumvented this problem
by using heterozygous COX-2+/
 mice together with homozygous mutants, and
examined the role of COX-2 in regulation of renin release. COX-2 is known to
be expressed in macula densa during various high renin states. They found that
COX-2 deficiency prevented the production of renin in response to inhibition of
angiotensin-converting enzyme in a gene dose-dependent fashion, suggesting
that COX-2 indeed is involved in stimulus-evoked renin release.

There are also reports analyzing kidney functions of mice deficient in prosta-
noid receptors. As described in the “Cardiovascular System” section above, EP2-
deficient mice develop significant hypertension when fed a high-salt diet
(Kenedy et al. 1999; Tilley et al. 1999). These animals as well as wildtype mice
concomitantly excreted increased amounts of PGE2 in urine (Kenndy et al.
1999). Because unmetabolized PGE2 in the urine mostly reflects the PGE2 pro-
duction in the kidney medulla, these results indicate that PGE2 produced in re-
sponse to a high-salt diet may work locally in the kidney to adjust salt handling.
Fleming et al. (1998) examined the role of EP3 in sodium and water handling in
the kidney tubules in subjecting EP3
/
 mice to vasopressin administration or
water loading and deprivation. They found that, while EP3
/
 mice showed im-
paired increase of urine osmolality that was found in wildtype mice after indo-
methacin treatment, they showed no alteration in concentration and dilution of
urine in response to the above stimuli. While these results indicate that the EP3-
mediated process is not critically involved in regulation of urine osmolality un-
der these conditions, whether they indicate relatively little physiological role of
prostanoids or involvement of prostanoid receptors other than EP3 in this type
of regulation is not known.

7
Reproduction

Various reproductive effects of NSAIDs have long indicated that prostanoids
critically work at multiple steps of pregnancy and parturition. Recent studies on
various knockout mice deficient in enzymes and receptors for prostanoids have
confirmed this long-standing speculation and provided deeper insights into
their actions. First, there appeared multiple defects in reproduction in cPLA2


/


mice (Bonventre et al. 1997; Uozumi et al. 1997). Female cPLA2

/
 mice become

pregnant less frequently, and produce smaller litters. Their pregnancy often fails
near the time of implantation, and when the pregnancy continues, the onset of
labor is commonly delayed, resulting in production of dead pups. These find-
ings indicate that a cPLA2


/
 mother has defects in ovulation, fertilization, im-
plantation, and parturition. Pups near term in cPLA2


/
 mother can be rescued
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by Caesarian section and by administration of a progesterone antagonist
RU486. This phenotype of delayed onset of labor in cPLA2


/
 female is similar
to that observed in COX-1
/
 mice and FP-deficient mice (see below), suggesting
that cPLA2 couples to COX-1 to produce PGF2a to induce parturition at term.
Similar to cPLA2


/
 mice, the presence of multiple defects in reproduction was
also noted in mice deficient in COX isoforms. Interestingly, COX-1 and COX-2
have distinct roles in reproduction. While COX-1
/
 females become pregnant
normally and have a normal litter size, they show delayed parturition resulting
in neonatal death (Gross et al. 1998). Bolus injection of PGF2a at day 19.5 gesta-
tion can induce labor in the COX-1
/
 mother and result in successful parturi-
tion of live pups. These results suggest that COX-1 is not involved in the early
events of pregnancy but regulates the onset of labor by producing PGF2a. On the
other hand, COX-2-deficient female mice showed multiple reproductive failures
in early pregnancy (Dinchuk et al. 1995; Lim et al. 1997). Ovaries of null mice
were small to a virtual absence of corpora lutea, though follicular development
appeared normal. They ovulated fewer eggs on normal ovulation as well as on
superovulation, and their fertilization rate was much reduced compared to that
in wildtype mice. Furthermore, when wildtype blastocysts were transferred into
uteri of day 4 pseudo-pregnant mice, they failed to implant in uteri of COX-2
/


mice. Thus, COX-2
/
 females have defects in ovulation, fertilization, and im-
plantation. Due to these defects, COX-2
/
 females are largely infertile, but
births, if present, occur normally.

The above findings thus suggest that PGs play essential roles in various steps
of pregnancy, which have been addressed by analysis of mice deficient in pros-
tanoid receptors. First, three groups reported failure in early pregnancy in EP2-
deficient female mice (Hizaki et al. 1999; Kennedy et al. 1999; Tilley et al. 1999).
They found that EP2-deficient female mice consistently deliver fewer pups than
their wildtype counterparts irrespective of the genotypes of mating males. They
detected slightly impaired ovulation and a dramatic reduction in fertilization in
EP2-deficient mice. Hizaki et al. (1999) further found that this phenotype is due
to impaired expansion of the cumulus of oophorus. Because the EP2 receptor
and COX-2 are induced in the cumulus in response to gonadotropins, and PGE2

can induce cumulus expansion by elevating cAMP, these authors proposed that
the PGE2 and EP2 receptor system works as a positive-feedback loop to induce
the oophorus maturation required for fertilization during and after ovulation.
Indeed, unovulated eggs were observed in the ovary at a higher rate in EP2-defi-
cient mice. The next question is the identity and mechanism of prostanoid in
the implantation process. Lim et al. (1997) found that the implantation/decidu-
alization defect in COX-2
/
 mice was partially rescued by the addition of either
PGE2 or a PGI analog or by treatment with cholera toxin, and suggested a role
for PG receptors elevating cAMP level in the cell, such as EP2, EP4, or IP. In-
deed, EP2 is highly induced in luminal epithelial cells during the peri-implanta-
tion period via a steroid-dependent pathway (Katsuyama et al. 1997; Lim et al.
1997). However, the uteri of EP2-deficient females appear normal in their ability
to support implantation of wildtype embryos. One possibility is that EP4 ex-
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pression in the luminal epithelium can compensate for the EP2 receptor in im-
plantation. Recently, Lim et al. (1999) reported impaired implantation in COX-
2-deficient mice, which was reversed by both PGI2 analogs and an agonist for
PPARd, and proposed that COX-2-derived PGI2 may participate in implantation
through PPARd. This interesting finding should be carefully interpreted and ver-
ified using PPARd-deficient mice or PPARd antagonists, particularly because the
doses of PGI analogs used in this study were higher than those of PGI2 under
physiological conditions.

PGF2a is accepted as an inducer of luteolysis in domestic animals such as
sheep and cow, and has been implicated in parturition via its action as a strong
uterotonic substance. However, the FP-deficient mice did not show any abnor-
malities in early pregnancy, and there were no changes in the estrous cycle. This
may be because luteolysis is not required for entrance into a new estrous cycle
in mice, and their ovaries contain corpora lutea from a few previous estrous cy-
cles. Sugimoto et al. (1997) found that, despite no alteration in estrous cycle,
FP-deficient mothers do not undergo parturition, apparently due to the lack of
labor. They further found that FP-deficient mice do not undergo parturition
even when given exogenous oxytocin and that they show no prepartum decline
in progesterone. A reduction in progesterone levels by ovariectomy 24 h before
term resulted in an upregulation of uterine receptors for oxytocin and normal
parturition in FP-deficient mice. These experiments indicate that the luteolytic
action of PGF2a is required in mice to diminish progesterone levels and thus
permit the initiation of labor. In addition to these studies using knockout mice,
Rocca et al. (2000) over-expressed TP selectively in vascular tissues under the
control of pre-proendothelin-1 promotor, and found that TP over-expression
led to the intrauterine growth retardation of embryos in pregnant mothers. This
growth retardation could be rescued by suppression of TXA2 formation with in-
domethacin, suggesting that the augmented TXA2 signaling indeed caused this
condition. Their findings are quite implicative, because intrauterine growth re-
tardation is commonly associated with maternal diabetes or cigarette smoking,
both conditions known associated with increased TXA2 biosynthesis.

8
Digestive System

8.1
Gastrointestinal Functions

The PGs are widely distributed in the digestive system and regulate a number of
physiological processes including secretion of acid and mucus, motility, blood
flow, water and electrolyte absorption, and epithelium proliferation. In addition,
treatment with aspirin-like drugs is known to induce gastric erosion and ulcer,
exacerbate intestinal inflammation, and reduce the risk of colorectal neoplasia,
suggesting various roles of PGs in pathogenesis of these conditions. It has been
hypothesized that the suppression of gastric COX-1 is critical for gastric erosion
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formation. From this hypothesis, it appears puzzling that mice deficient in
COX-1 exhibit greatly reduced gastric PG synthesis but do not develop sponta-
neous gastric injury (Langenbach et a. 1995). Interestingly, these mice do devel-
op gastric ulceration when exposed to indomethacin but with less sensitivity.
These findings together with a recent pharmacological study comparing effects
of COX-1-selective or COX-2-selective inhibition or inhibition of both COX iso-
forms (Wallace et al. 2000) suggest that inhibition of both COX-1 and COX-2 is
required for NSAID-induced gastric damage. Another pharmacological study
(Brzozwski et al. 1999) also indicated that both COX-1 and COX-2 are required
for healing of gastric lesions induced by ischemia reperfusion. NSAID-induced
damage in the stomach and duodenum can be prevented or ameliorated by ad-
ministration of exogenous PGE2. Takeuchi and collaborators (Kunikata et al.
2001) examined the identity of EP subtype(s) mediating this effect by using EP
subtype-selective agonists and mice deficient in each EP subtype. They found
that protection by PGE2 against gastric damage was mimicked by agonists with
EP1 selectivity, while that for the duodenum was mimicked by agonists with
EP3 or EP4 selectivity. Consistently, the protective effect of PGE2 for gastric le-
sion was not observed in EP1
/
 mice, whereas that for duodenal ulcer was ab-
sent in EP3
/
 mice. These results indicate different EP subtypes mediate protec-
tive effects of PGE2 against NSAID-induced gastrointestinal ulceration, probably
through different mechanisms. As a mechanism of the EP3 action in the duode-
num, Takeuchi et al. (1999) found that EP3 but not EP1 is involved in acid-in-
duced duodenal bicarbonate secretion, which is important in mucosal defense
against acid injury. Another proposed effect of prostanoid for gastric damage is
adaptive cytoprotection, a phenomenon in which exposure to mild irritants at-
tenuates gastric damage by subsequent exposure to strong stimuli such as HCl/
ethanol. Boku et al. (2001) performed perfusion of stomach with mildly hyper-
tonic saline (1 M NaCl) and then exposed it to ethanol. The preperfusion in-
creases generation of gastric PGE2 and PGI2 and reduces the extent of the subse-
quent ethanol-induced mucosal damage in wildtype mice. They found, however,
that the preperfusion with 1 M NaCl to IP
/
 mice did not elicit the protective
effects seen in the wildtype mice. Their subsequent study revealed that endoge-
nous PGI2, but not PGE2, had a role in adaptive cytoprotection of gastric muco-
sa through release of calcitonin gene-related peptide from sensory nerves. Ta-
keuchi et al. (2001) also examined this issue in IP
/
 mice, and reported that
PGI2 is involved critically in capsaicin-induced gastric cytoprotection. This may
be consistent with the findings by Boku and colleagues. On the other hand, they
found that adaptive cytoprotection by 20 mM taurocholate can be induced nor-
mally in IP
/
 mice. These results may suggest the presence of different mecha-
nisms for adaptive cytoprotection in response to different stimuli.
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8.2
Intestinal Inflammation

Human inflammatory bowel disease (IBD), including Crohn�s disease and ulcer-
ative colitis, is a chronic, relapsing, and remitting condition of unknown origin
that exhibits various features of immunological inflammation and affects at least
one in 1,000 people in Western countries (Fiocchi 1998). IBD is characterized by
inflammation in the large and/or small intestine associated with diarrhea, occult
blood, abdominal pain, weight loss, anemia, and leukocytosis. Studies in hu-
mans have implicated impaired mucosal barrier function, pronounced innate
immunity, production of proinflammatory and immunoregulatory cytokines,
and the activation of CD4+ T cells in the pathogenesis of IBD. One of the major
risk factors triggering and worsening the disease is the administration of
NSAIDs (Bjarnason et al. 1993), indicating that the COX inhibition has adverse
effects on IBD. Morteau et al. (2000) addressed this issue by examining the sus-
ceptibility of mice deficient in either COX-1 or COX-2 to the dextran sodium
sulfate (DSS)-induced intestinal inflammation, an animal model for IBD. They
have challenged the two strains of mice together with wildtype control mice
with either high (10%) or low (2.5%) dose of DSS. While mice with either muta-
tion did not develop spontaneous intestinal inflammation without DSS, both de-
veloped severe colitis to a low-dose DSS that induced only marginal colitis in
wildtype mice, and 50% of both types homozygous mutant mice died after
5 days of the high-dose DSS treatment. COX-2
/
 mice appeared more suscepti-
ble than COX-1
/
 mice, and showed more severe clinical symptoms and histo-
logical injury. These findings have clarified that both COX isoforms play a role
in the defense of the intestinal mucosa, the inducible COX-2 being more active
during inflammation. While this work verified the involvement of COX in the
defense against intestinal inflammation and strongly indicates that COX-derived
prostanoids work in this process, little is known about the identity of prostanoid
and receptor involved in this process and their mode of actions. Kabashima et
al. (2002) used mice deficient in each of the eight types and subtypes of prosta-
noid receptors, and addressed this issue again by examining their susceptibility
to DSS treatment. They found that only EP4-deficient mice developed severe co-
litis with 3% DSS treatment. They confirmed this finding by reproducing this
phenotype in wildtype mice by administration of an EP4-selective antagonist.
They further found that the EP4 deficiency impaired mucosal barrier function,
and induced epithelial loss, crypt damage, and accumulation of neutrophils and
CD4+ T cells in the colon. By DNA microarray, elevated expression of genes as-
sociated with immune response and reduced expression of genes with mucosal
repair and remodeling were found in the colon of EP4-deficient mice. Based on
these findings, they concluded that EP4 maintains intestinal homeostasis by pre-
serving mucosal integrity and downregulating immune response.

The role of PGs in renewal and repair of gastrointestinal epithelium was also
examined in a different setting. Houchen, Stenson, and Cohn (2000) applied g-
irradiation to COX-1
/
 and COX-2
/
 mice and examined apoptosis, stem cell
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survival in the crypt, and PG synthesis in the intestine. They found that the
number of apoptotic cells in the crypt increased and the number of crypt with
proliferating cells decreased significantly in COX-1
/
 mice. On the other hand,
the response of COX-2
/
 mice to radiation injury was indistinguishable from
that observed in wildtype mice. They also found that production of PGE2 after
irradiation was much reduced in the intestine of COX-1
/
 mice but not in COX-
2
/
 mice, and administration of dimethyl-PGE2 significantly suppressed apop-
tosis of crypt cells, while that of neutralizing anti-PGE2 antibody significantly
attenuated the number of surviving crypts. These results indicate that PGs, most
likely PGE2, work for protection of gastrointestinal mucosa against radiation in-
jury, and suggest that the relative importance of COX-1 or COX-2 in epithelial
wound repair may depend on the nature of the injury and the extent of inflam-
mation accompanying the injury.

8.3
Intestinal Polyposis and Colon Cancer

The involvement of COX isoforms and their products in the development of co-
lon cancer was first suggested by epidemiological studies in humans, and then
by pharmacological experiments with rodents. In transgenic mice experiments,
two mouse models for human familial adenomatous polyposis are employed.
One is Min mice and the other is ApcD716 mice. Both have a truncation mutation
in the Apc gene and develop polyposis by loss of heterozygosity in heterozygous
mutants. The Taketo group (Oshima et al. 1996) constructed compound mice
with ApcD716 and disruption of COX-2, and showed that disruption of the
COX-2 gene reduces the number and size of the intestinal polyps dramatically.
Inhibition of polyp formation in the ApcD716 mice was also observed upon treat-
ment with a COX-2-selective inhibitor. These results suggested that COX-2 con-
tributes to an early event of the tumorigenesis. This group also examined the
role of cPLA2 by constructing compound ApcD716 mice deficient in cPLA2 (Taka-
ku et al. 2000). They found that loss of cPLA2 reduced the size of polyps in the
small intestine of ApcD716 mice significantly, although it did not affect the num-
ber of the polyps. Disruption of the cPLA2 gene did not influence the number
and size of polyps in the colon either. These differences between ApcD716/
cPLA2


/
 and ApcD716/COX-2
/
 mice led the authors to suggest that cPLA2 plays
a role in expansion of small intestine polyps, while other PLA2s may be required
for polyp generation and expansion in the colon. Indeed, they found overex-
pression of group X sPLA2 in the colon of ApcD716 mice. The Taketo group fur-
ther examined which type of prostanoid or prostanoid receptor mediates this
action by making compound mice with ApcD716 mutation and a deletion of ei-
ther EP1, EP2, or EP3 gene. Using this approach, Sonoshita et al. (2001) report-
ed that homozygous disruption of the EP2 receptor in ApcD716 mice caused sig-
nificant decreases in the number and size of the intestinal polyps, effects similar
to those induced by the COX-2 gene disruption. As for the mechanism, they
found that the increased PGE2-EP2 receptor signaling amplifies COX-2 expres-
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sion through a rise in the cellular cAMP level and stimulates the expression of
vascular endothelial growth factor (VEGF) in the polyp stroma. Consistently,
this group determined angiogenesis by the microvessel density and found that
angiogenesis was seen in polyps of ApcD716 mice but not in mice with combined
mutation in Apc and either of the COX-2 or EP2 gene (Seno et al. 2002). While
these studies implicate COX-2, rather than COX-1, in colon carcinogenesis, a
role of COX-1 in this process has also been suggested. Chulada et al. (2000) bred
COX-1
/
 mice or COX-2
/
 to the Min mice, and examined the contribution of
either COX isoform in colon carcinogenesis. Unexpectedly, they found disrup-
tion of either COX-1 or COX-2 reduced polyp formation by ~80% in Min mice.
These results suggest that, although ApcD716 mice and Min mice have a similar
truncation mutation in the Apc gene, the polyp formation in these mice may de-
velop differently, and that COX-1 and COX-2 may contribute to colon carcino-
genesis through different mechanisms. Such a situation may be reflected in the
findings obtained in the third model of colon carcinogenesis, i.e., the azoxy-
methane-induced aberrant cryptic foci formation, which is also known to be
sensitive to NSAIDs. Wakabayashi and collaborators (Watanabe et al. 1999;
Mutoh et al. 2002) subjected mice deficient in each prostanoid receptor to this
model, and examined the contribution of each prostanoid receptor in colon car-
cinogenesis. They found reduction in foci formation in both EP1
/
 mice and
EP4
/
 mice but not in mice deficient in other receptors. In both cases, the num-
ber of foci was decreased to 50%–60% of the level of wildtype mice. They fur-
thermore found that administration of an EP1-specific antagonist, ONO-8711,
or an EP4 antagonist ONO-AE2-227, in the diet reduced the number and size of
polyps in Min mice. An apparent discrepancy between their results and the find-
ings by Taketo�s group may indicate that the EP1 and EP4 pathway is linked
preferentially to the COX-1 pathway, and are involved in the early phase of car-
cinogenesis, while the COX-2–EP2 pathway is required for promotion of carci-
nogenesis.

8.4
Drug-Induced Liver Injury

PGs added exogenously have been shown to be cytoprotective against hepato-
toxic agents including LPS, d-galactosamine, carbon tetrachloride, and acet-
aminophen. Two studies have evaluated the role of endogenous prostanoids in
elicitation of and cytoprotection against drug-induced hepatotoxicity by study-
ing responses of COX-2
/
 mice. Dinchuk et al. (1995) evoked liver injury in
wildtype and COX-2
/
 mice by treatment with LPS and d-galactosamine. They
found that, while the serum TNF-a level was similarly elevated by this treatment
in the two groups, elevation of serum levels of aminotransferase and aspartate
aminotransferase were significantly suppressed in COX-2
/
 mice compared to
wildtype mice. These results suggest that COX-2-derived prostanoids contribute
to exacerbate the hepatotoxicity under these conditions. On the other hand,
Reilly et al. (2001) administered acetaminophen to wildtype, COX-1
/
 and
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COX-2
/
 mice and compared the extent of hepatotoxicity induced by this drug.
They found significantly more extensive liver necrosis, increased mortality, and
higher serum aminotransferase level in COX-2
/
 mice than wildtype or
COX-1
/
 mice. This phenotype was induced in wildtype mice by treatment with
a COX-2-selective inhibitor, Celecoxib. Thus, COX-2 metabolites work opposite-
ly in hepatotoxicity in the above two models, for exacerbation in the former and
for protection in the latter. This difference most likely reflects mechanistic dif-
ference between the two models. Dissection of each mechanism may help us to
develop a more efficient therapeutic strategy against hepatotoxicity induced by
various agents.

9
Bone Metabolism

Bones undergo continuous destruction and renewal, a process termed bone re-
modeling. Bone resorption is carried out by osteoclasts, and bone formation by
osteoblasts. These events are controlled by systemic humoral factors such as
parathyroid hormone (PTH), estradiol, and vitamin D as well as by local cy-
tokines such as IL-1b, IL-6, and insulin-like growth factor. Osteoclasts develop
from precursor cells of macrophage lineage in the microenvironment of the
bone. Factors such as PTH, vitamin D, IL-1, and IL-6 act first on osteoblasts to
induce formation of the osteoclast differentiation factor named receptor activa-
tor of NFkB ligand (RANKL), which then stimulates the formation of mature os-
teoclasts from hematopoietic precursors by cell–cell interaction. Interestingly,
these substances induce COX-2 in osteoblasts, and osteoclast induction by these
substances is at least in part inhibited by aspirin-like drugs, and this impair-
ment was rescued by the addition of PGE2, indicating the role of COX and PGE2

in this process (Tai et al. 1997). The role of COX-2 in this process was confirmed
by Okada et al. (2000), who observed blunted (~30%–40%) osteoclast formation
in response to vitamin D or PTH in hematopoietic precursors incubated with
osteoblasts from COX-2
/
 but not COX-1
/
 mice. Sakuma et al. (2000) and
Miyaura et al. (2000) reported impaired osteoclast formation in cells cultured
from EP4-deficient mice. Sakuma et al. found that PGE2-induced osteoclast for-
mation was impaired in cultures of osteoblasts from EP4-deicient mice and os-
teoclast precursors from the spleen of wildtype mice. IL-1a, TNF-a, and basic
fibroblast growth factor fail to induce osteoclast formation in these cultures.
Miyaura et al. (2000) added PGE2 to cultures of parietal bone from mice defi-
cient in each of the PGE receptor subtype as well as wildtype mice and exam-
ined the bone resorptive activity of this PG by measuring Ca2+ released into the
medium. They found that bone resorption by PGE2 was much decreased in
bones from EP4-deficient mice, which, on the other hand, showed an equal ex-
tent of response to dibutyryl cAMP added to the culture as the bones from con-
trol mice. These studies unequivocally establish the role of EP4 in mature os-
teoblasts, in induction of osteoclast differentiation factor, and in PGE2-mediated
bone resorption. On the other hand, Li et al. (2000) reported that the osteoclas-
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togenic response to PGE2, parathyroid hormone, and 1,25-dihydoxyvitamin D
in vitro is reduced significantly in cultures of cells from EP2-deficient mice. This
apparent discrepancy is likely to reflect redundant roles of the two relaxant PGE
receptor subtypes. Sakuma et al. and Miyaura et al. found a small but significant
PGE2-dependent response in EP4-deficient mice, and Li et al. reported a further
decrease in osteoclastogenesis when an EP4-selective antagonist was added to
EP2-deficient cells. Such redundant actions of EP2 and EP4 were confirmed by
Suzawa et al. (2000), who showed an additive effect of an EP2-selective agonist
and an EP4-selective agonist in resorption of wildtype bone and the bone re-
sorbing activity of an EP2 agonist in EP4
/
 bone.

It has also been long known that in addition to bone resorption, PGE2 added
exogenously induces bone formation in vivo. However, its mechanism of action
and its relation to the bone resorbing activity remain obscure. Recently, Yoshida
et al. (2002) infused PGE2 into the periosteal region of the femur of wildtype
mice or mice deficient in each EP subtype using a mini-osmotic pump. After
6 weeks, the femur was isolated and bone formation was examined. Radiograph-
ic analysis revealed that PGE2 induced extensive callus formation on the femur
at the site of infusion in wildtype, EP1-, EP2-, and EP3-deficient mice. In con-
trast, no bone formation was detected radiographically in EP4-deficient mice.
Consistently, bone formation was induced in wildtype mice by infusion of an
EP4-selective agonist, but not by agonists specific for other EP subtypes.
Yoshida et al. next used rats subjected to ovariectomy or immobilization, and
examined the effects of the EP4-selective agonist on the bone loss induced by
either condition. The addition of the EP4-selective agonist potently prevented
the bone loss in both cases and restored the bone mass. Consistently, the histo-
morphometric analysis revealed that the density of osteoblasts lining the bone
surface increased with the increase in the bone mass. Intriguingly, this analysis
revealed that the total number of osteoclasts increased with the increase in new
bone surface. These results suggest that EP4 is responsible for both bone resorp-
tion and bone formation induced by PGE2 and that activation of EP4 in situ in-
tegrates these two actions for bone remodeling.

10
Conclusion

The phenotypes of the transgenic animals in prostanoid synthesis and action
discussed above is summarized in Table 3. As seen in this table and as discussed
above, the transgenic animal studies have revealed and are revealing what this
family of pleiotropic substances actually do in the animal physiology and patho-
physiology. These studies are providing significant information for development
of new therapeutics that selectively stimulate or inhibit each prostanoid action.
Indeed, some of the knockout mouse phenotypes have been confirmed and re-
produced by the use of newly developed compounds selective to each enzyme
or each type of receptor. The transgenic animal studies may also give us some
indication as to the susceptibility of humans to certain diseases. The pheno-
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types in these mice certainly will facilitate a search for single nucleotide poly-
morphisms in the genes of the respective human enzymes and receptors as
causative factors in related diseases. Elucidation and analysis of the complete
human and mouse genome sequences may clarify these issues.
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Abstract The hemostatic mechanism is based on the extraordinarily complex
interactions of numerous cellular, biochemical, and physiological pathways. The
ability to precisely alter the function of individual genes in the mouse genome
has opened a new opportunity to dissect the specific role of individual factors
in coagulation and fibrinolysis, and to design animal models of rare diseases re-
sulting from defects in these pathways. This chapter attempts a synopsis of such
animal models and their relevance for our understanding of the pathogenic
mechanisms underlying vascular disease. Importantly, the analysis of genetically
engineered animals has also yielded exciting insights into the function of coagu-
lation and fibrinolysis in embryonic development. By default, this overview can
just provide a snapshot of a rapidly developing field, but may provide valuable
guidelines for designing further experiments.

Keywords Coagulation · Fibrinolysis · Hemostasis · Transgenic · Mice ·
Animal model · Gene targeting · Vascular disease · Embryonic development

1
Introduction: A summary of Blood Coagulation and Fibrinolysis

Blood coagulation is initiated when tissue factor (TF) binds plasma-derived fac-
tor VII (fVII) and activated fVII (fVIIa) (for an overview, see Fig. 1). The com-
plex of TF and fVII/VIIa initiates the TF-dependent prothrombin activation
through limited proteolysis of the coagulation factors IX and X. The TF-depen-
dent initiation pathway of coagulation is regulated by the tissue factor pathway
inhibitor (TFPI), which forms a ternary complex with fVIIa, fXa, and TF. Thus,
the exposure of TF to plasma-derived coagulation components results in an ini-
tial, but timely limited activation of prothrombin.

Further generation of thrombin occurs in a TF-independent manner through
a thrombin-dependent positive feedback activation of the coagulation fXI and
the coagulation cofactors V and VIII. The latter two enhance the activation of
fIX and fX about 1,000-fold. Akin to the function of TFPI in controlling TF-de-
pendent thrombin generation, specific inhibitors regulate this thrombin depen-
dent amplification pathway of coagulation. Antithrombin is a plasma serine pro-
tease inhibitor (serpin) that inactivates thrombin and coagulation factors Xa,
IXa, XIa, and XIIa. The anticoagulant efficiency of antithrombin is enhanced in
the presence of endothelial heparan sulfate or exogenous heparin. The serpin
heparin cofactor II is a specific thrombin inhibitor, whose inhibitory activity is
about 1,000-fold increased in the presence of heparin, heparan sulfate, or der-
matan sulfate. The protein Z-dependent protease inhibitor (PZI) is a specific in-
hibitor for fXa, which requires the vitamin K-dependent cofactor protein Z (PZ)
for full anticoagulant efficiency.

The endothelial transmembrane molecule thrombomodulin (TM) differs
from the before-mentioned natural anticoagulants, as it not only directly in-
hibits a procoagulant (thrombin), but actually redirects the substrate specificity
of thrombin towards the activation of the natural anticoagulant protein C (PC).
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Activation of PC by the TM-thrombin complex is almost 100-fold enhanced in
the presence of the endothelial membrane receptor for PC, endothelial cell pro-
tein C receptor (EPCR) (Taylor et al. 2001). In concert with protein S (PS), acti-
vated PC proteolytically cleaves coagulation cofactors Va and VIIIa, providing a
feedback inhibition for thrombin generation. Impairment of the TM–PC path-
way in humans is among the most frequent risk factors for venous thrombosis
(Seligsohn and Lubetsky 2001). The single most frequent recognized genetic risk
factor, the fV Leiden mutation (R506Q), renders activated fV resistant to limited
proteolysis by activated PC (Bara et al. 1999), and impairs the fV-dependent an-
ticoagulant cofactor activity (towards activated PC-dependent fVIIIa inactiva-
tion) (Thorelli et al. 1999).

Once generated, thrombin activates platelets and cleaves fibrinogen to fibrin,
thus contributing to both primary and secondary hemostasis. Thrombin inter-
acts with protease-activated receptors (PARs) and integrin receptors (e.g., glyco-
protein Iba) expressed on platelets, resulting in secretion of a granules and
dense body contents and ultimately aggregation of platelets. The thrombin-sen-
sitive PARs on human platelets are PAR1 and PAR4, while on mouse platelets
PAR3 and PAR4 are responsive to thrombin.

Fig. 1 Schematic presentation of the coagulation and fibrinolytic system. Solid arrows depict activation;
stippled arrows depict inhibition; protein cofactors are shown in brackets. For details see text
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Thrombin cleaves the Aa- and Bb-chains of fibrinogen, thus exposing poly-
merization sites and inducing the aggregation of polymeric fibrin strands. Cova-
lent crosslinks between fibrin molecules, mediated by the transglutaminase fXI-
IIa, enhances the tensile strength of the clot and its resistance to plasmin degra-
dation. Fibrin interacts with the glycoprotein aIIbb3 of activated platelets
through its C-terminus of the g-chain, thus promoting platelet aggregation and
the formation of a hemostatic platelet–fibrin clot.

Vascular integrity requires both clot formation, to prevent excessive blood
loss, and clot lysis, to maintain vascular patency and thus tissue perfusion. Fi-
brin can be proteolytically degraded by the plasminogen-derived protease plas-
min. Two physiological plasminogen activators have been identified: tissue-type
plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA).
The activity of tPA increases markedly by the interaction with fibrin, while sin-
gle-chain uPA acquires proteolytic activity when cleaved by plasmin or kalli-
krein into the two-chain form. tPA has a specific affinity for fibrin, resulting in
clot-restricted plasminogen activation, while uPA is targeted to cell surfaces
through interaction with a specific, high-affinity, GPI-anchored plasma mem-
brane receptor (uPAR). Thus, tPA has been considered the predominant initia-
tor of fibrinolysis, while pericellular proteolysis was attributed primarily to
uPA-dependent mechanisms. The activation of plasminogen to plasmin by ei-
ther tPA:fibrin or two-chain uPA is enhanced by binding of plasminogen to car-
boxyterminal lysine residues of fibrin. The carboxypeptidase thrombin activat-
able fibrinolysis inhibitor (TAFI), which is activated by the TM-thrombin com-
plex, removes carboxyterminal lysine residues from fibrin, thus inhibiting the
degradation of fibrin by plasmin. Plasmin has other substrates besides fibrin,
including common extracellular matrix (ECM) glycoproteins, can activate ma-
trix metalloproteases, and liberate latent growth factors (e.g., TGF-b, bFGF). In
addition, angiostatin, a noncatalytic fragment of plasmin, has anti-angiogenic
properties.

Plasminogen activation is mainly controlled by the serpin plasminogen acti-
vator inhibitor-1 (Pai-1), which forms an inactive 1:1 protease–inhibitor com-
plex. The physiological role of the plasminogen activator inhibitor-2, which is
mostly retained intracellularly, is still uncertain. Plasmin itself is rapidly inhibit-
ed by a2-antiplasmin, which circulates in plasma at a high concentration
(1 mmol/l). a2-Antiplasmin is synthesized in the liver and released into the cir-
culation, while Pai-1 is produced by several cell types, including endothelial
cells and platelets.

Almost all regulators of the hemostatic and fibrinolytic pathways have been
inactivated via gene-targeting in mice (Table 1). In some cases, mice with target-
ed mutations or transgenic mice expressing regulators of hemostasis or fibrin-
olysis—or functional domains thereof—have been generated. New insights into
the hemostatic and fibrinolytic system have been obtained through these stud-
ies, and the availability of these mice provides useful tools for future in vivo
studies.
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2
Intrauterine and Perinatal Defects in Mice with Disrupted Hemostasis

2.1
Yolk Sac Defects

2.1.1
Procoagulant Defects

Mice lacking TF, fVII, fV, or prothrombin fail to establish a functional yolk sac
vasculature, resulting in embryonic lethality during midgestation [around
day 10.5 post coitum (p.c.)] (Bugge et al. 1996a; Carmeliet et al. 1996; Cui et al.
1996; Toomey et al. 1996; Rosen et al. 1997; Sun et al. 1998; Xue et al. 1998) (see
Fig. 2 for an overview). The penetrance of this midgestational phenotype de-
pends on the genetic background. For example, on a mixed 129/SvJ-C57BL/6
background development of some TF-null embryos proceeds normally until
birth, when these embryos nevertheless succumb to the perinatal hemostatic
challenge (Toomey et al. 1997). The TF-dependent midgestational lethality per-
sists independent of the cytoplasmic domain of TF, but requires binding of fVII/
VIIa to TF and/or proteolytic activity of the TF/fVIIa complex, indicating that
the developmental function of TF is related to its known interaction with fVII
(Parry and Mackman 2000; Melis et al. 2001). The lethal yolk sac defect in fVII-
deficient embryos is only apparent when these embryos are carried by females
with minimal fVII levels, but not if the mother expresses wildtype fVII (Rosen
et al. 1997; Chan et al. 2001a), suggesting that embryonic coagulation factor de-
ficiency can be at least partially mitigated by trans-placental transfer of mater-
nal coagulation factors. Thus, fVII levels in fVII-deficient embryos (carried by
fVII expressing females) are below the detection limit (<0.05%), demonstrating
that very low levels of coagulation factor can be sufficient for normal develop-
ment. The latter observation is consistent with normal embryogenesis in mice
with less than 1% of wildtype tissue factor activity (Parry et al. 1998), severely
impaired TM-dependent PC activation (Weiler-Guettler et al. 1998), or minimal
EPCR expression (Rosen et al. 2001). Low levels of maternally derived fX might
prevent defects in the yolk sac vasculature of fX-deficient mice (Dewerchin et al.
2000). Of note, expression of an fV transgene, resulting in low fV levels in adult
mice (<3%), does not prevent the lethal yolk sac hemorrhage affecting approxi-
mately half of fV knockout embryos (Yang et al. 2000). However, the liver-specif-
ic albumin promoter used for the fV transgene expression might have failed to
mediate fV expression in non-hepatic tissue sites (e.g., yolk sac) or at sufficient
levels during early midgestation. The observation that minimal coagulation reg-
ulator activity can maintain the hemostatic balance is consistent with the clini-
cal experience that therapeutic substitution of coagulation factors at low levels
(~1%) in coagulation factor-deficient individuals is adequate to prevent compli-
cations (High 2001).
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Fig. 2 Embryonic phenotypes in mice with genetically altered hemostasis. Three "risk windows" are
apparent: (1) E9–E11, when the chorioallantoic placenta and the embryonic circulation are established;
(2) E13–E16; (3) perinatal. Solid bars indicate normal development and survival; striped bars indicate
partial survival and/or pathological phenotype. VII*, fVII�/� embryos carried by mice with low fVII ex-
pression; TM# and EPCR#, embryos with tissue-restricted expression of TM and EPCR, respectively, in the
placenta

478 B. Isermann · H. Weiler



2.1.2
Anticoagulants Defects

A subset of embryos lacking TFPI succumbs to lethal midgestational yolk sac
hemorrhage closely resembling the phenotype observed in mice lacking TF
(Huang et al. 1997). This lethal intrauterine yolk sac defect does not occur in
mice with a compound TFPI and fVII deficiency (Chan et al. 1999), demonstrat-
ing that fVII and TFPI interact during development, most likely in a fashion re-
lated to their known hemostatic functions. This notion is supported by the re-
cently reported survival of TFPI-null mice beyond 1 year of age in the absence
of fibrinogen (Degen 2001). These preliminary reports did not clarify, however,
whether fibrinogen deficiency corrected the early yolk sac defect, the consump-
tive coagulopathy at later stages (see below), or both defects. Future analyses of
other double-knockout mice will yield further information about the exact na-
ture of the TF, fVII, and TFPI interaction, the relevant substrates, and the mech-
anisms involved in yolk sac vascular development.

2.2
Placental Defects

2.2.1
Procoagulant Defects

A placental defect has been identified in mice expressing a human TF-minigene,
resulting in low TF activity (less than 1% of wildtype TF-activity) (Erlich et al.
1999). Unlike completely TF-deficient mice (Bugge et al. 1996a; Carmeliet et al.
1996; Toomey et al. 1996), which die secondary to a yolk sac defect (see above),
these mice survive into adulthood. Detailed analysis revealed placental hemor-
rhage within the labyrinthine layer of the placenta associated with a reduction
of cellular contacts between trophoblast cells (“layer I” trophoblast cells) and re-
duced staining for cytokeratin. This defect predisposes pregnant mice to
midgestational lethal hemorrhage only if both the embryo and the mother have
low TF activity, indicating that maternal and embryonic coagulation regulators
interact in the placenta.

In the absence of maternal, but not embryonic fibrinogen, hemorrhage at the
placental implantation site occurs as early as embryonic day (E)6.0, and increas-
es in severity until approximately E9.5, resulting in a separation of the placenta
from the decidua at the giant trophoblast cell layer (Iwaki et al. 2002). Levels of
laminin, fibronectin, and fXIII appear to be unaffected by the absence of mater-
nal fibrinogen, indicating a critical role of fibrinogen itself for the development
of the hemochorial placenta. The developmental delay of embryos derived from
fibrinogen-null females presumably reflects the impaired placental function
(Iwaki et al. 2002).
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2.2.2
Anticoagulant Defects

The earliest developmental defects occur in TM- and EPCR-deficient mice
(Healy et al. 1995; Gu et al. 2001). The absence of TM or EPCR results in embry-
onic lethality during early midgestation, before the establishment of a functional
cardiovascular system in the embryo proper. Consistently, the primary defect in
TM-null embryos occurs within placental tissue, and TM-expression restricted
to the placenta (giant trophoblast and parietal endoderm cells) rescues TM-null
embryos from early lethality (Isermann et al. 2001a). The developmental func-
tion of TM must be mediated through the EGF-like domains or the threonine–
serine-rich domain, as targeted deletion of the cytoplasmic or lectin-like do-
main does not impair embryonic development (Conway et al. 1999, 2001). The
developmental function of TM is at least in part related to its known anticoagu-
lant role, as inhibition of the maternal coagulation system (via heparin or war-
farin) or maternal fibrinogen deficiency prevents the rapid resorption of TM-
null embryos. Interestingly, inhibition of the rapid resorption reveals a complete
growth arrest of TM-null embryos at E8.5 (B. Isermann, H. Weiler, manuscript
submitted). These findings establish that embryonic coagulation regulators in-
teract with and control maternal hemostasis. However, the growth arrest of TM-
null embryos is mediated by embryonic, but not maternal TF activity, and is in-
dependent of fibrin(ogen), implying a dual role of TM during development. The
exact mechanism underlying the TM-null growth arrest, and whether TM and
EPCR coordinately regulate embryonic development, is currently being investi-
gated.

2.3
Defects of the Embryo Proper

2.3.1
Procoagulant Defects

Defects other than hemorrhage or thrombosis within the embryo proper have
not been identified in mice lacking coagulation regulators. As mentioned, a pro-
portion of embryos lacking TF (Bugge et al. 1996; Carmeliet et al. 1996; Toomey
et al. 1996), fV (Cui et al. 1996), or prothrombin (Sun et al. 1998; Xue et al.
1998) survive until birth, when they succumb to hemorrhagic complications.
Likewise, about one third of embryos lacking fX die during midgestation, but
the remaining embryos survive until term and die during the postnatal period
(Dewerchin et al. 2000). Lethal postnatal hemorrhage affects also 100% of fVII-
deficient embryos that survive until term (Rosen et al. 1997). The partial rescue
of some embryos with disrupted procoagulant pathways might reflect genetic
heterogeneity, as demonstrated in TF-deficient mice (Toomey et al. 1997), or
transfer of maternal coagulation factors, as demonstrated in fVII-deficient mice
(Chan et al. 2001a). The latter provides a rationale for the lethal postnatal hem-

480 B. Isermann · H. Weiler



orrhage, when the birth-related trauma coincides with a sudden loss of mater-
nally derived coagulation factors.

Deficiency of the fibrinogen Aa- or g-chain, resulting in total fibrinogen defi-
ciency, is compatible with murine embryonic development (Suh et al. 1995; Plo-
plis et al. 2000). However, depending on the genetic background, 10% (C57/6 J)
to 30% (129/CF-1) of fibrinogen-deficient mice succumb to spontaneous post-
natal hemorrhage (Suh et al. 1995). Thus, the consequences of fibrinogen defi-
ciency are less severe than those seen in embryos lacking procoagulant coagula-
tion regulators. The less severe phenotype in mice lacking fibrinogen has been
attributed to compensatory platelet-dependent hemostasis in these mice. Like fi-
brinogen-deficient mice, embryos with a isolated platelet defect, secondary to
impaired megakaryocyte maturation in the absence of the transcription factor
NF-E2, develop normal until term, when the majority of embryos (90%) suc-
cumbs to a severe perinatal hemorrhage (Shivdasani et al. 1995). Perinatal hem-
orrhage in platelet-deficient embryos can be prevented by caesarian section, es-
tablishing birth-related trauma as the cause for the perinatal hemorrhage. Inter-
esting, mice that lack fibrinogen and have functional impaired platelets [Gqa
knockout mice (Offermanns et al. 1997)] develop normal until birth, when they
again succumb to the severe perinatal hemostatic challenge (Degen 2001). These
observations suggest that the two principal endpoints of the coagulation system,
fibrinogen and platelets, are not required for normal embryonic development,
and indicate that the endpoint of coagulation factor activation during midgesta-
tion might be unrelated to the formation of a platelet–fibrin clot.

A role for thrombin, independent of the formation of a platelet-fibrin clot,
during development is supported by the vascular defects in embryos lacking the
thrombin receptor PAR1 (Griffin et al. 2001). PAR1 is expressed in endothelial
cells during development, and absence of PAR1 results in hemorrhage and car-
diovascular failure during midgestation in a subset of embryos (Darrow et al.
1996; Griffin et al. 2001). Endothelial specific, tie-2-dependent expression of
PAR1 prevents the hemorrhagic complications of PAR1 deficiency, identifying a
role for endothelial PAR1 during development.

2.3.2
Anticoagulants Defects

TFPI-deficient embryos escaping the midgestational lethality succumb to a con-
sumptive coagulopathy after day 11.5 p.c., which is associated with fibrin depo-
sition in the liver and—rarely—intravascular thrombosis (Huang et al. 1997). A
strikingly similar phenotype is apparent in embryos lacking the anticoagulant
proteins antithrombin (Ishiguro et al. 2000) or PC (Jalbert et al. 1998), or in em-
bryos with spatial-limited TM expression in the placenta (Isermann et al.
2001a). Conversely, mice lacking heparin cofactor II, a specific thrombin inhibi-
tor, or PZ, a cofactor for fXa inhibition, do not develop spontaneous thrombosis
pre- or postnatally (Yin et al. 2000; He et al. 2002). Antithrombin deficiency re-
sults in extensive fibrin(ogen) deposition in the myocardium and liver, but not
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the brain or lung. In the absence of PC or embryonic TM, fibrin deposition oc-
curs as early as day 12.5 p.c., particularly in the brain and liver, ultimately re-
sulting in a lethal consumptive hemorrhage. Consistent with the early intrauter-
ine onset of the consumptive coagulopathy in PC-deficient embryos, caesarian
section does not increase the survival of PC knockout mice, establishing that
death occurs independent of the birth-related trauma (Jalbert et al. 1998). Inac-
tivation of the fVII gene does not attenuate the phenotype of PC-deficient em-
bryos, but rather aggravates the hemorrhagic complications (Chan et al. 2000).
Conversely, mice with a compound fXI and PC deficiency are partially rescued
from the consumptive perinatal lethality observed in mice with isolated PC defi-
ciency (Chan et al. 2001a). These observations confirm that PC-dependent coag-
ulation inhibition predominantly affects the amplification pathway of coagula-
tion, and demonstrate the importance of fXI-dependent coagulation amplifica-
tion during development.

3
Defects in Adult Mice with Disrupted Hemostasis or Fibrinolytic

3.1
Hemorrhagic Phenotypes

3.1.1
Procoagulant Defects

Mice lacking the coagulation factors VIII, IX, or XI are born at a slightly re-
duced frequency, indicating only minor fetal or perinatal wastage (Bi et al. 1995;
Gailani et al. 1997; Lin et al. 1997; Kundu et al. 1998). Thus, contrary to the initi-
ation pathway of coagulation, the amplification pathway appears to have little or
no specific developmental function. Mice lacking fVIII or fIX have increased tail
bleeding times. While spontaneous hemorrhage resulting in potentially lethal
complications occurs in fIX-null mice (Bi et al. 1995, 1996; Lin et al. 1997),
fVIII-Null mice lack signs of spontaneous hemorrhage and females carry preg-
nancy to birth without apparent problems. Therefore, the phenotype in fIX-de-
ficient mice replicates the disease in humans (hemophilia B) more faithfully
than the murine fVIII-null phenotype (hemophilia A).

FXI-null mice survive at expected frequency, and females carry pregnancies
without apparent problems (Gailani et al. 1997). These mice have a markedly
prolonged activated partial thromboplastin time (aPTT) but normal PT, as ex-
pected, and normal tail bleeding time, thus closely replicating the milder pheno-
type of humans with fXI deficiency when compared to patients with hemophilia
A or B.

Absence of von Willebrand�s factor (vWF) reduces fVIII levels (about 20% of
wildtype levels), reflecting the increased proteolytic inactivation of fVIII in the
absence of vWF. Mice lacking vWF have a hemorrhagic diathesis resulting in
spontaneous hemorrhage in about 10% of newborn mice and a prolonged tail
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bleeding time (Denis et al. 1998). Compound vWF and fibrinogen deficiency, re-
sulting in a loss of two important platelet ligands, increases the postnatal lethal-
ity of mice (to about 23%), but the remaining mice survive into adulthood (Ni
et al. 2000).

Gene targeting has been employed to determine in vivo the role of the 5 car-
boxyterminal amino acids of the fibrinogen g-chain for the interaction with in-
tegrin aIIbb3, which can bind fibrinogen when “activated,” resulting in enhanced
platelet aggregation and clot retraction. Mice homozygous for a mutated fibrin-
ogen g-chain, lacking 5 carboxyterminal AS, have normal thrombin time, fibrin
crosslinking, and clot retraction, but prolonged tail bleeding time and occasion-
ally fatal neonatal hemorrhage (Holmback et al. 1996). In vitro analyses revealed
a failure of platelets to aggregate and reduced binding of mutant fibrinogen to
immobilized aIIbb3 (Holmback et al. 1996). These in vivo structure–function
analyses revealed that the carboxyterminal end of the fibrinogen g-chain is crit-
ical for hemostasis, but not necessary for clot retraction.

3.1.2
Fibrinolytic Defects

Impairment of antifibrinolytic mechanisms by disrupting the genes for either
plasminogen activator inhibitor-1 (Pai-1) or a2-antiplasmin results in a hyper-
fibrinolytic state, as determined by enhanced in vivo lysis of 125I-lableld clots
and reduced thrombus formation following lipopolysaccharide (LPS) challenge
(Carmeliet et al. 1993a; Lijnen et al. 1999). However, unlike human Pai-1- or a2-
antiplasmin deficiencies, which result in hemorrhagic complications (Miles et
al. 1982; Fay et al. 1997), these mice lack an apparent impairment of the hemo-
static response, even after amputation of the tail tip. Transgenic liver-specific
expression of uPA results in lethal abdominal and gastrointestinal hemorrhage
in about 50% of newborns (Heckel et al. 1990). The hemorrhagic diathesis is as-
sociated with markedly reduced fibrinogen plasma levels despite normal mRNA
levels. Normal platelet counts in these newborns argue against a consumptive
coagulopathy as the underlying cause. The exact mechanism of the hypofibrino-
genemia and the importance of increased fibrinolysis in these mice remain to be
established. Targeting of the plasminogen activator inhibitor-2 (Pai-2) gene and
subsequent generation of Pai-1 and Pai-2 double-knockout mice failed to uncov-
er an overlap in function between these two related proteins (Dougherty et al.
1999). Pai-2-deficient mice exhibit normal development, survival, and fertility,
normal response to bacterial challenge or endotoxin infusion, normal recruit-
ment of monocytes into the peritoneum, and normal epidermal wound healing.
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3.2
Thrombotic Phenotypes

3.2.1
Anticoagulant Defects

Mice carrying a targeted point mutation (R504Q) corresponding to the human
fV Leiden mutation are viable, display a decreased APC resistance ratio associ-
ated with increased organ-specific fibrin deposition (in lung, heart, spleen, kid-
ney, and brain, but not in the liver), and develop occasionally spontaneous phe-
notypic thrombosis, thus replicating closely the phenotype of humans carrying
the fV Leiden mutation (Cui et al. 2000). The thrombin-generating potential is
higher on a mixed 129Sv-C57BL/6 J than on a pure C57BL/6 J background, re-
sulting in perinatal lethal disseminated intravascular coagulation activation in
about one quarter of embryos. The prothrombotic diathesis of fV Leiden mice
(129Sv-C57BL/6 J background) is further aggravated when mice lack in addition
protein Z (PZ), resulting in increased intrauterine fibrin deposition (including
the liver) associated with obvious signs of hemorrhage in about 90% of em-
bryos, indicating a consumptive coagulopathy already in utero (Yin et al. 2000).
Mice with a compound defect of fV and PZ exemplify the well-documented clin-
ical experience, that the combination of prothrombotic traits significantly in-
creases the risk for thrombosis. In addition, these in vivo experiments provided
the first in vivo evidence for anticoagulant properties of PZ, demonstrating the
value of studies combining mutant mice strains with mild or absent pheno-
types.

Disruption of the murine TM gene constitutes an alternative approach to
generate mice with a disrupted TM—PC pathway and has led to the identifica-
tion of a vital developmental role of placental TM (see above). To circumvent
the lethality associated with complete embryonic TM deficiency, several mice
with partially impaired TM function have been generated. TM-null chimeric
mice, displaying up to 40% chimerism based on the presence of embryonic stem
(ES) cell-derived glycerol phosphate isoenzyme (Healy et al. 1998), and mice
with a targeted point mutation in the TM gene (E404P), abolishing the cofactor
activity of TM towards the thrombin-dependent PC activation (Weiler-Guettler
et al. 1998), survive without an apparent phenotype into adulthood. Spontane-
ous fibrin deposition, however, is increased in both mouse models, and is fur-
ther increased when mice are challenged (e.g., LPS or hypoxia). Interestingly,
deposition of crosslinked fibrin co-localizes with TM-null regions in larger ves-
sels of TM-null chimeric mice, emphasizing the role of local blood coagulation
activation and subsequent fibrin deposition (Healy et al. 1998). The latter find-
ing implies that spatially impairment of endothelial anticoagulant function, e.g.,
following invasive manipulations or at the site of arteriosclerotic lesions, is a
strong risk factor for local thrombosis.

Endothelial TM deficiency has been achieved by tissue-specific inactivation
of the TM gene (LoxP sequences flanking the endogenous TM gene, and tie-2
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dependent Cre expression) (Isermann et al. 2001b). Mice with endothelial TM
deficiency (TMLox mice) are born at a reduced frequency (about 60% of the ex-
pected numbers), but live-born TMLox mice appear undistinguishable compared
to littermates during the neonatal period. Subsequently, TMLox mice develop
spontaneous intravascular thrombosis, resulting in necrosis of extremities, skin,
and internal organs. Anticoagulation with warfarin (coumadin) completely pre-
vents the onset of spontaneous thrombosis in TMLox mice, implying that the
consequences of endothelial TM deficiency are indeed caused by increased co-
agulation activation. Conversely, the importance of impaired TAFI activation in
TMLox mice is likely of minor significance, considering the normal phenotype of
TAFI-null mice even when challenged (arterial and venous thrombosis model,
thrombin, LPS, writhing response) (Nagashima et al. 2002).

If left untreated TMLox mice develop a consumptive coagulopathy, thus repli-
cating—although at a later age—the consequences of PC deficiency (Isermann
et al. 2001b). The postnatal consumptive coagulopathy seen in PC-deficient mice
is in part corrected on a fXI-deficient background (Chan et al. 2001a). The par-
tial survival of PC-deficient mice lacking fXI demonstrates in vivo the impor-
tance of fXI-dependent, thrombin-mediated feedback amplification within the
coagulation system. Conversely, inactivation of fVII has no beneficial effect on
the perinatal consumptive coagulopathy of PC-deficient mice (Chan et al. 2000).
These observations are consistent with the persistence of thrombosis in TM-de-
ficient mice with minimal TF expression (B. Isermann, H. Weiler, manuscript
submitted). Taken together, these results underline the importance of the TM–
PC pathway in controlling the thrombin-dependent feedback amplification of
coagulation, and demonstrate the thrombin generation potential despite genetic
impairment of TF/VIIa-dependent coagulation initiation. Furthermore, these re-
sults confirm the pivotal role of fXI-dependent feedback amplification during
coagulation activation.

A mild prothrombotic phenotype is observed in heterozygous antithrombin-
deficient mice, resulting in spontaneous fibrin deposition in the kidney (glomer-
uli, peritubular capillaries), liver sinusoids, and small vessels of the myocardium
in comparison to wildtype mice (Yanada et al. 2002). Fibrin depositions in het-
erozygous antithrombin mice are further increased in animals challenged with
LPS or physical stress.

3.2.2
Fibrinolytic Defects

Isolated deficiency of either tPA or uPA does not impair embryogenesis, fertility,
or normal lifespan, thus arguing against a crucial role of either plasminogen ac-
tivator alone in development, reproduction, thrombosis, thrombolysis, or mac-
rophage function (Carmeliet et al. 1994). Despite a reduced ex vivo thrombolytic
potential and increased myocardial fibrin deposition (Christie et al. 1999) tPA
mice appear healthy throughout life. Conversely, uPA-deficient mice, despite
normal ex vivo thrombolytic potential, develop occasionally spontaneous fibrin
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deposition, non-infections rectal prolapse, and non-healing ulceration of the
eyelids. If challenged (footpad injection of endotoxin), the frequency of intra-
vascular thrombi is increased in both knockout mice when compared to wild-
type mice. Postnatal growth and fertility are impaired in mice with a combined
deficiency of tPA and uPA, but embryogenesis proceeds normally despite the ab-
sence of both plasminogen activators (Carmeliet et al. 1994). Fibrin deposition
is markedly increased in tPA:uPA double-knockout mice (affected organs: liver,
intestines, gonad, and lung) in comparison to singly deficient tPA or uPA mice.
Furthermore, mice with tPA:uPA deficiency develop frequently rectal prolapse
and occasionally non-healing skin ulcerations, and 17% become runted, cachec-
tic, and dyspneic, resulting in premature death. These double-knockout studies
demonstrated that the function of tPA and uPA are at least in part redundant
and that uPA conveys an endogenous fibrinolytic potential.

Interestingly, tPA:uPA-deficient mice do not display spontaneous thrombosis
and subsequent necrosis of extremities, which occurs in mice expressing a (hu-
man) Pai-1 transgene (Erickson et al. 1990). Conversely, Pai-1 transgenic mice
survive the initial thrombotic challenge and—unlike tPA:uPA knockout mice—
have a normal life expectancy. These discrepancies might reflect difference in
the function of tPA/uPA and/or species- and age-dependent differences in the
function and expression of the Pai-1 transgene.

Mice lacking uPAR have a surprisingly mild phenotype and display normal
thrombolytic activity (despite impaired plasminogen activation in vitro) and
ECM degradation in vivo (Dewerchin et al. 1996). In contrast to the severe and
widespread fibrin deposition in tPA:uPA double-knockout mice, fibrin deposi-
tion is restricted to the liver sinusoids in mice lacking tPA and uPAR. This find-
ing demonstrates that the function of uPA is at least in part independent of
uPAR and that uPAR is not strictly needed for the fibrinolytic effect of uPA.

Plasminogen deficiency predisposes mice to spontaneous thrombosis, result-
ing in reduced bodyweight and reduced survival and rectal prolapse (Bugge et
al. 1995; Ploplis et al. 1995), the latter reminiscence of those seen in mice with
isolated uPA and compound tPA:uPA deficiency. Fibrin depositions in adult
plasminogen-null mice are detected histologically in liver, and occasionally in
lung and intestine, the latter associated with gastric ulcer. The similar pheno-
types of tPA:uPA and plasminogen-deficient mice imply that tPA and uPA are
the only physiologically relevant plasminogen activators. The chronic pseudo-
membranous conductivities observed in plasminogen-deficient mice, character-
ized by acellular, fibrin-rich material and aberrant disrupted epithelium (Drew
et al. 1998), is reminiscent of ligneous conjunctivitis seen in humans with plas-
minogen deficiency (Schuster et al. 2001).

The widespread occurrence of spontaneous thrombosis and the absence of
other spontaneous phenotypes in mice with a compound plasminogen activator
deficiency or plasminogen deficiency, and the absence of fibrin deposition and
associated complications (such as thrombosis, wasting, reduced life expectancy,
and impaired wound healing) in mice lacking both plasminogen and fibrinogen
support the notion that the primary role of the plasminogen system is fibrinoly-
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sis (Bugge et al. 1996b). However, as discussed below, detailed analyses of these
mice revealed some milder phenotypes, and the applications of various disease
models identified functions of the plasminogen system independent of fibrinol-
ysis.

3.3
Arterial Thrombosis, Arteriosclerosis, and Vascular Remodeling

3.3.1
Anticoagulant Defects

Considering the impact of arteriosclerotic disease for individual health and the
associated socioeconomic burden, it is not surprising that much effort has been
dedicated to improve our understanding of how the coagulation and fibrinolytic
systems modulate arteriosclerotic disease. Disruption of natural anticoagulant
mechanisms are primarily considered a risk factor for venous thrombosis (Lane
and Grant 2000), and their role for arterial disease is less well defined. However,
clinical studies suggest that natural anticoagulant mechanisms modify arterial
disease (Salomaa et al. 1999)—a notion now backed by in vivo experiments em-
ploying genetically modified mice. Mice with impaired PC activation (TMPro

mice), heparin cofactor II knockout mice, or heterozygous TFPI (TFPI+/
) mice
with compounding apoE deficiency lack spontaneous thrombosis or arterioscle-
rosis, but these mice display a significantly shortened occlusion time of the
common carotid artery following experimental endothelial cell damage (Weiler
et al. 2001; Westrick et al. 2001; He et al. 2002), demonstrating a role for these
natural anticoagulants in platelet-rich thrombosis. Reduction of TFPI (TFPI het-
erozygous mice) promotes the spontaneous development of arteriosclerotic le-
sions, determined in the carotid and iliac arteries, in apoE-deficient mice (Wes-
trick et al. 2001). Atherosclerosis in heterozygous TFPI, apoE-null mice coin-
cides with increased plaque-associated TF activity. Taken together, these results
indicate that endogenous anticoagulant mechanisms modulate acute arterial
thrombosis, and development of atherosclerotic lesions.

Increased thrombin activation in prothrombotic mice might promote arterio-
sclerosis through the formation of platelet–fibrin clots, or—alternatively—
through PAR1-dependent cellular effects. Indeed, vascular remodeling is im-
paired in PAR1-deficient mice, as the total diameter of injured blood vessels re-
mains constant despite increased media thickness, resulting in a reduced vessel
lumen (Cheung et al. 1999). These changes have to be independent of thrombin-
mediated (and PAR-dependent) platelet activation as mouse platelets lack PAR1.

Platelets contribute largely, however, to acute arterial thrombosis. The inter-
action between (activated) platelets and the injured vessel wall are mostly medi-
ated by binding of platelets to either fibrin (via aIIbb3) or vWF (via glycoprotein
Ib). Consistently, the absence of either platelet ligand impairs the formation of
platelet-rich thrombi in injured arterioles, but vascular occlusion ultimately oc-
curs (Ni et al. 2000). Surprisingly, vascular occlusion also occurs, albeit delayed,
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in the absence of both platelet ligands (fibrinogen and wWF double-knockout
mice), indicating that in the absence of these ligands platelets interact with oth-
er substrates. It remains to be established to which extent these—currently
unidentified—substrates contribute to arterioscleroses in humans.

3.3.2
Fibrinolytic Defects

The role of the fibrinolytic system for arterial thrombosis has been addressed in
a number of in vivo studies, providing new insights, but also raising questions
as some results appear contradictory. In principle, two different model systems
have been applied to evaluate the role of the fibrinolytic system for acute arteri-
al occlusion and arteriosclerosis: (1) acute arterial damage and (2) genetic mod-
els for spontaneous arteriosclerotic lesions.

Acute Arterial Injury. Following endothelial cell damage the formation of a pre-
dominately platelet-rich thrombi, defined as time to occlusion, appears to be
unaffected by uPA or tPA levels, but prolonged in mice lacking Pai-1 or a2-anti-
plasmin (Matsuno et al. 1999; Kawasaki et al. 2000). During acute arterial occlu-
sion, Pai-1 is mostly derived from the injured endothelium, and not from plate-
lets (Kawasaki et al. 2000). In addition, Pai-1 appears to modulate the persis-
tence of thrombi at the site of endothelial cell damage, as the frequency and size
of arterial thrombosis is about twice as high after 24 h in wildtype mice as com-
pared to Pai-1-null mice (Farrehi et al. 1998). The redundant activities of uPA
and tPA provide a rationale for the failure of isolated uPA or tPA deficiency to
modify experimental acute arterial thrombosis. Conversely, spontaneous myo-
cardial fibrin deposition is mediated by endogenous tPA levels, while endoge-
nous uPA deficiency has only a minor effect (Christie et al. 1999). The severity
of the spontaneous fibrin deposition and associated myocardial dysfunction in
the absence of tPA can be aggravated by a superimposed TM (TMPro) or uPA de-
ficiency. A critical role of tPA and its Pai-1-modulated activity for arterial fibrin-
olysis is supported by studies employing reperfusion models, in which tPA-de-
pendent fibrinolysis is enhanced in the absence of Pai-1 (Zhu et al. 1999). These
results imply that high Pai-1 levels can mediate thrombolysis resistance in hu-
mans.

Unlike early arterial thrombosis, plasminogen activators mediate mural
thrombosis after initiation of vascular wall remodeling (e.g., after 2 or 3 weeks
of vascular damage). Mural thrombosis is more pronounced in mice lacking
uPA or plasminogen, and to a lesser degree in tPA-null mice, as compared to
wildtype mice, indicating a predominant role of uPA during vascular wound
healing (Carmeliet et al. 1997a). Likewise, arterial wound healing, characterized
by the migration of smooth muscle cells into the injured vessel wall, and subse-
quent neointima formation is reduced in the absence of uPA and plasminogen,
while the absence of Pai-1 accelerates the neointima formation (more neointima
1 week, but not 3 weeks after vascular wall injury) (Carmeliet et al. 1997a,b,c).
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Neointima formation following acute arterial injury is modulated by uPA, plas-
minogen, and Pai-1 through regulation of smooth muscle cell migration, and
not proliferation (Carmeliet et al. 1997b). Accumulation of neointima cells and
migration of smooth muscle cells is independent of tPA or uPAR levels
(Carmeliet et al. 1997c, 1998; Lijnen et al. 1998). Consistently, activity of tPA, as
determined by zymography, does not change following acute arterial damage,
while uPA activity increases (Lijnen et al. 1998). Interestingly, re-endothelization
is not affected by genetic alterations of the plasminogen system following acute
vascular injury, independent of the mode of vascular injury (Carmeliet et al.
1997a,b,c).

Increased uPA activity is associated with increased matrix metalloproteinase
(MMP)-9 activity during vascular remodeling in the presence, but not in the ab-
sence of plasminogen, identifying MMP-9 and potentially other matrix metallo-
proteases as alternative endpoints of the fibrinolytic system (Lijnen et al. 1998).
These results are supported by studies evaluating cardiac rupture following
myocardial infarction in mice with defective plasminogen system or lacking
MMPs (Heymans et al. 1999; Creemers et al. 2000). Deficiency of uPA, plasmino-
gen, or MMP-9, or treatment with Pai-1 or TIMP-1, an MMP inhibitor, prevents
early post myocardial failure (within 3 days) secondary to cardiac rupture.
However, in the absence of uPA or plasminogen, granulation or fibrous tissue
fails to replace necrotic cardiomyocytes, resulting in late cardiac failure due to
depressed contractility, arrhythmias, and ischemia (after 14 days). Transient
treatment with Pai-1 or tissue inhibitor of metalloprotease (TIMP)-1 protects
mice from early cardiac rupture without impairing the formation of scar tissue
(Heymans et al. 1999). A similar role of the fibrinolytic system has been sug-
gested for late-graft arterial disease (after 15–45 days), as the absence of plasmi-
nogen attenuates fragmentation of elastic laminae, media necrosis, adventitial
remodeling, and reduces macrophage infiltration (Moons et al. 1998).

Both fibrinogen-dependent and -independent roles of plasmin for vascular
remodeling have been identified using a different model (arterial cuff place-
ment) (Drew et al. 2000). In this model, compensatory vascular remodeling is
impaired in the absence of plasminogen, but can be restored by superimposed
fibrinogen deficiency, demonstrating that plasmin-mediated fibrinolysis, poten-
tially within the adventitia, can be an important determinant for vascular re-
modeling. Conversely, medial atrophy of challenged blood vessels is enhanced
in plasminogen-null mice independent of fibrinogen (Drew et al. 2000). While
the relevant plasmin substrate preventing medial atrophy has not been identi-
fied, these results are consistent with a failure to clear and repopulate necrotic
tissue, e.g., as a consequence of reduced ECM degradation. Unlike models using
direct vascular injury (e.g., electric or chemical injury) neointima formation,
migration of inflammatory and smooth muscle cells, and elastic membrane
breakdown were independent of plasminogen levels in the vascular cuff model.

Spontaneous Arteriosclerotic Lesions. A role of the plasminogen system indepen-
dent of fibrin is supported by the unaltered presence of arteriosclerotic lesions
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in apoE-null mice, both in the presence of absence of fibrinogen (Xiao et al.
1998). However, these results obtained in a murine model do not exclude a role
of fibrin for the development of arteriosclerotic lesions in humans. Unlike hu-
mans, mice lack apo(a), a component of Lp(a), which has high sequence homol-
ogy with plasminogen. Apo(a) might competitively inhibit binding of plasmino-
gen to fibrin, thus contributing to atherosclerosis. Indeed, transgenic expression
of apo(a) in mice induces fatty streak-like aortic lesions in the presence of a
high-fat diet (Lou et al. 1998). These lesions coincide with decreased levels of
plasmin and TGF-b and increased smooth muscle cell activation. The absence
of fibrinogen largely reduces these lesions (by 81%) (Lou et al. 1998). Thus, fi-
brin/ogen promotes the development of arteriosclerotic lesions in the presence
of apo(a). Fibrin has been identified as a risk factor for arteriosclerosis and
myocardial infarction in humans (Thompson et al. 1995), and the above in vivo
studies exemplify that results obtained in mice have to be interpreted critically
considering clinical experience and species-specific differences.

Evaluations of arteriosclerotic lesions in hyperlipidemic mice with altered
Pai-1 activity have yielded conflicting results. Spontaneous arteriosclerotic le-
sions (after 30 weeks) of the proximal aorta in ApoE or low-density lipoprotein
cholesterol receptor (LDLR)-deficient mice appear to be independent of Pai-1
activity (Pai-1-null, Pai-1 wildtype, and transgenic—overexpressing—Pai-1
mice), while Pai-1 deficiency reduces plaque growth in the carotid bifurcation
(Eitzman 2000; Sjoland 2000). The protective effect of Pai-1 deficiency is consis-
tent with the accelerated formation of intimal lesions in apoE mice lacking plas-
minogen (Xiao et al. 1997). These studies suggest that plasmin attenuates the
development of arteriosclerotic lesions, potentially by removing fibrin. Other
studies, evaluating the role of the fibrinolytic system in apoE-deficient mice
come to a different conclusion. Atherosclerotic plaques in the abdominal and
thoracic aorta of apoE knockout mice (on a normal chow or a cholesterol-rich
diet) were more advanced in the absence of Pai-1 (promoting plasminogen acti-
vation) after 25 weeks, but not after 5 or 10 weeks (Luttun et al. 2002). Pai-1 de-
ficiency was associated with an increased number of macrophages, more matrix
components, higher activity of MMPs, and higher levels of TGF-b. Consistently,
uPA deficiency (impairing plasminogen activation) attenuated media destruc-
tion and aneurysm formation in apoE-deficient mice (Carmeliet et al. 1997d).
The latter studies imply that increased plasmin activity promotes tissue remod-
eling with long-term detrimental effects on arteriosclerotic lesions. The differ-
ences in the above studies might reflect heterogeneous genetic backgrounds,
variations in the model or the food used, or in the time and procedure of analy-
ses, or vascular bed-specific differences. At any rate, it appears that the role of
the plasminogen system in arteriosclerosis is complex, with both detrimental
and beneficial effects.

The different results obtained from distinct models of acute vascular injury
imply that the implications from these animal studies have to be cautiously
compared with the corresponding clinical settings, if conclusions for clinical
practice are to be made.
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3.4
Stroke

A role of the fibrinolytic system in the central nervous system unrelated to fi-
brin/ogen has been demonstrated in mice, triggering a re-evaluation of plasmi-
nogen activators, especially tPA, for the treatment of thrombotic strokes. Both
plasminogen and tPA are expressed by neurons, while tPA is in addition ex-
pressed in microglial and upregulated in the cerebellum during normal neuro-
nal stimulation and changes in plasticity (Wu et al. 2000). Late long-term poten-
tiation in the hippocampus (in Schaffer collaterals and the mossy fiber pathway)
is reduced in tPA-null mice even in the absence of a challenge (Huang et al.
1996). In tPA- or plasminogen-null mice, but not in uPA- or fibrinogen-null
mice, neuronal death is attenuated following excitotoxin (kainic acid)-induced
cerebral damage (Tsirka et al. 1995, 1997; Chen and Strickland 1997; Tsirka
1997). Laminin and DSD-1-PG/phosphocan (a proteoglycan) have been identi-
fied as substrates for the tPA–plasmin extracellular proteolytic system in the
hippocampus, which are related to tPA–plasmin-dependent neuronal cell death
and tissue reorganization (Chen and Strickland 1997; Wu et al. 2000). In addi-
tion, tPA appears to have plasminogen-independent function in the hippocam-
pus, as the absence of tPA, but not of plasminogen, attenuates microglial activa-
tion and mossy fiber pathfinding and outgrowth following excitotoxin challenge
(Tsirka 1997; Wu et al. 2000).

In addition to these fibrin/ogen independent effects of the tPA–plasmin pro-
teolytic system during cerebral damage and subsequent repair, the plasminogen
system can reduce the ischemia-induced cerebrovascular thrombosis. Transient
impairment of cerebral blood flow, followed by reperfusion results in an in-
creased fibrin deposition, infarct volume, and reduced cerebral blood flow in
tPA-null mice as compared to wildtype mice (Tabrizi et al. 1999). However, us-
ing models of persistent focal cerebral ischemia, the beneficial effects of endog-
enous tPA activity were not only abrogated, but increased tPA activity actually
increased the infarct size, indicating that tPA is a double-edged sword for the
treatment of persistent cerebral ischemia (Nagai et al. 1999). Conversely, en-
hancing endogenous plasmin-activity by depleting a2-antiplasmin appears to
have beneficial effects even in models of persistent focal ischemia, suggesting
that the direct modulation of plasmin activity might be a better therapeutic ap-
proach for ischemic stroke, superior to tPA treatment (Nagai et al. 2001).

Mechanical injury of peripheral nerves (the sciatic nerve) revealed a fibrino-
gen-dependent role of the plasminogen system during peripheral neuronal cell
damage and repair. tPA is induced in Schwann cells (myelinating cells surround-
ing the axon of peripheral nerves) following mechanical injury, suggesting a role
of tPA in peripheral nerve injury. Demyelination is increased in tPA and plasmi-
nogen-deficient mice, indicating that tPA-mediated plasmin generation attenu-
ates peripheral nerve damage in the crush model (Akassoglou et al. 2000). The
consequences of plasminogen deficiency are corrected by superimposed fibrin-
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ogen deficiency, demonstrating that the tPA/plasminogen system protects the
peripheral nerve through fibrinolysis (Akassoglou et al. 2000).

3.5
Wound Healing and Tissue Remodeling

3.5.1
Skin Wounds

Early observation describing impaired wound healing in fibrinogen-deficient
mice indicated already that fibrinogen is important, but not strictly required for
wound healing (Suh et al. 1995). These observations were confirmed using skin
wound models, which demonstrated similar healing times in mice expressing or
lacking fibrinogen, but marked histological alterations (Drew et al. 2001a).
Granulation tissue and neovascularization appear indistinguishable between fi-
brinogen wildtype and knockout mice. However, granulation tissue is less stable
at the early stages (e.g., after 24 h), and subsequently keratinocytes do not fol-
low the typical re-epithelialization pattern (orientation of keratinocytes towards
the center of the wound field), but appear rather disorganized, often projecting
away from the wound field. These changes result in poor tensile strength of the
resulting scar, a phenotype aggravated in sutured wounds.

Re-epithelialization of incisional skin wounds is even more impaired in mice
lacking plasminogen as compared to fibrinogen-deficient mice, delaying wound
healing on average by 3 weeks (Romer et al. 1996), while wound healing in Pai-
1-deficient mice is accelerated (Chan et al. 2001b). Angiogenesis and formation
of granulation tissue are unremarkable in plasminogen-deficient mice. Rather,
delayed wound healing in the absence of plasminogen appears to be the conse-
quence of increased fibrin and fibronectin deposition at the wound edge, com-
promising the migration of keratinocytes (Bugge et al. 1996b; Romer et al.
1996). The wound healing defect of plasminogen-deficient mice is corrected by
superimposed fibrinogen deficiency, demonstrating that the relevant plasmin
substrate during skin wound healing is fibrin (Bugge et al. 1996b).

3.5.2
Liver Injury

In contrast to the fibrin-dependent role of plasmin during healing of skin
wounds, plasmin has a fibrin-independent function for the restoration of liver
tissue following liver damage. In wildtype mice, normal liver architecture is re-
stored as early as 7 days following carbon tetrachloride-induced liver damage,
while the liver of plasminogen-deficient mice maintains a diffuse, pale appear-
ance with persistent damage to centrilobular hepatocytes (Bezerra et al. 1999).
Despite predominant fibrin and fibronectin deposition, which suggests that fi-
brin hampers tissue repair akin to its role in skin wound healing, superimposed
fibrinogen deficiency does not restore the impaired tissue remodeling observed
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in plasminogen-deficient livers. Impaired proteolysis combined with increased
matrix production, probably as a result of persistent activation of hepatic stel-
late cells, results in an enlargement of injured plasminogen-null livers (Ng et al.
2001; Pohl et al. 2001). Absence of tPA has only a mild effect, while uPA or—to
a greater extent—combined tPA and uPA deficiency severely impairs liver repair
(Bezerra et al. 2001). Both plasminogen activators are upregulated during liver
repair, which is consistent with the notion that both tPA and uPA contribute to
plasminogen activation in this setting. Following partial hepatectomy, regenera-
tion of liver tissue is similarly impaired in the absence of uPA, while the absence
of uPAR has no effect (Roselli et al. 1998). Furthermore, activity of MMP-9 is
not altered in injured plasminogen-null livers. These results suggest that the
plasminogen system acts independent of fibrin, uPAR, and—unlike in some ex-
tra-hepatic tissues (Lijnen et al. 1998; Heymans et al. 1999)—MMP-9 during liv-
er remodeling.

3.5.3
Pulmonary Fibrosis

The fibrinolytic system modulates bleomycin-induced pulmonary fibrosis in a
fashion similar to its role in liver remodeling, with the important distinction,
that not only the absence of uPAR, but also uPA is without effect. Thus, tissue
remodeling and lung hydroxyproline content as a measure for collagen deposi-
tion are increased in mice lacking plasminogen or tPA (Swaisgood et al. 2000),
or in mice overexpressing Pai-1 (Eitzman et al. 1996a), while collagen deposi-
tion is reduced in mice heterozygous or completely deficient of Pai-1 (Eitzman
et al. 1996a). Fibrin deposition is a predominant feature of bleomycin-injured
lungs (Eitzman et al. 1996a), but is not required for bleomycin-induced pulmo-
nary fibrosis, as the genetic absence of fibrinogen does not prevent the disease
onset (Hattori et al. 2000; Ploplis et al. 2000). Furthermore, the increased fibrin-
olytic potential in injured lungs of Pai-1-null mice (resulting in less fibrin depo-
sition and more fibrin degradation products) does not affect the disease pro-
gression (Hattori et al. 2000). Accumulation of inflammatory cells, vascular per-
meability, and fibronectin deposition is comparable between Pai-1-wildtype and
-null mice (Hattori et al. 2000), suggesting that Pai-1 deficiency protects against
bleomycin-induced lung fibrosis independent of these disease markers.

Interestingly, hypoxia-induced lung injury, triggering an increase of arterial
smooth muscle cells, resulting in increased media thickness, and a rarefaction
of nonmuscularized vessels appears to be mediated by uPA-dependent plasmi-
nogen activation and—to some extent—engagement of uPAR (Levi et al. 2001a).
These observations strongly suggest that the type of tissue injury determines in
part the biological response of the fibrinolytic system. In addition, the biologi-
cal response of the fibrinolytic system appears to differ in a tissue-specific man-
ner, as illustrated by the profibrotic effect following myocardial ischemia (Hey-
mans et al. 1999) and the antifibrotic effect following bleomycin-induced lung
injury (Eitzman et al. 1996a). The variable effects of the fibrinolytic system
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might be determined by the amount of necrotic tissue, the composition of ECM,
and the expression pattern and regulation of hemostatic, fibrinolytic, and other
proteolytic regulators. This organ specificity of the fibrinolytic system resem-
bles the tissue specificity of the hemostatic system.

3.6
Inflammation and Infection

3.6.1
Systemic Inflammation

The pro-inflammatory effects of thrombin and other activated coagulation fac-
tors as well as the pro-coagulant consequences of inflammation are well estab-
lished and imply a close interaction between blood coagulation and inflamma-
tion (Esmon 2001). The advent of mice with disrupted coagulation and fibrino-
lytic systems provided the tools for the in vivo analyses of the interaction be-
tween these two systems. Mice with impaired PC activation secondary to a point
mutation in the TM gene (TMPro, E404P) display an altered cytokine response
and impaired survival when challenged with sublethal or lethal doses, respec-
tively, of LPS (Weiler et al. 2001). Cytokine levels are not different in unchal-
lenged animals, even in the complete absence of PC (Chan et al. 2001a) or en-
dovascular TM (Isermann et al. 2001b), indicating that the TM–PC pathway has
no major effect on baseline cytokine production, but modifies the cytokine re-
sponse during acute inflammation. LPS injection also increases fibrin deposi-
tion in kidney glomeruli, the myocardium, and the brain in mice with heterozy-
gous antithrombin deficiency, but cytokine levels were not determined in these
experiments (Yanada et al. 2002). Fibrin deposition was also increased in vari-
ous organs of LPS-challenged TMPro mice, including the kidney and the lung,
but not in the brain (Weiler et al. 2001). These findings are congruent with the
concept of vascular bed-specific coagulation regulation.

Fibrin deposition following LPS challenge is likewise altered in mice with a
disrupted fibrinolytic system. Deficiency of either tPA or uPA increases the
thrombotic burden (Carmeliet et al. 1994), while the absence of a2-antiplamsin
(Lijnen et al. 1999) or Pai-1 (Carmeliet et al. 1993b) reduces fibrin deposition in
LPS-challenged animals. The effect of the fibrinolytic system on cytokine pro-
duction was not determined in these studies.

3.6.2
Glomerulonephritis

Experimentally induced glomerulonephritis in mice is associated with fibrin de-
position in glomerular capillaries. Genetic elimination of fibrinogen attenuates,
but does not prevent, damage to glomeruli (Drew et al. 2001b). Extracellular
mesangial matrix, necrotizing changes, and microthrombi are less frequent in
the absence of fibrinogen, establishing that fibrin contributes to the renal dam-
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age (Drew et al. 2001b). Consistently, genetic tPA or plasminogen deficiency ex-
acerbates experimental glomerulonephritis (Kitching et al. 1997). Interestingly,
uPA deficiency, but not uPAR deficiency, reduces macrophage infiltration into
damaged glomeruli without affecting the disease progression, indicating a mi-
nor uPAR-independent role of uPA (Kitching et al. 1997). The notion that mac-
rophage recruitment is at least in part regulated by uPA during inflammatory
response is supported by the finding that plasminogen enhances recruitment of
monocytes and—to a lesser extent—of lymphocytes, but not of neutrophils,
during thioglycollate-induced peritonitis (Ploplis et al. 1998). Glomerular accu-
mulation of periodic acid–Schiff (PAS)-positive material, reflecting cell debris,
plasma proteins, and IgG deposits as well as fibrin, is reduced by only one third
in the absence of fibrinogen, consistent with fibrinogen-independent effects
(Kitching et al. 1997). Indeed, deficiency of PAR1 reduces crescent formation,
inflammatory cell infiltration, and serum creatinine levels in murine experimen-
tal glomerulonephritis (Cunningham et al. 2000), supporting the notion that ac-
tivation of the hemostatic system aggravates glomerular damage through throm-
bin-mediated cellular activation and fibrin formation.

3.6.3
Arthritis

Intraarticular fibrin(ogen) deposition correlates with the severity of experimen-
tal arthritis in mice, suggesting that synovial fibrin depositions exacerbate joint
inflammation and destruction (Busso et al. 1998). Impairment of the endoge-
nous fibrinolytic response in mice lacking tPA, uPA, or plasminogen results in
increased intraarticular fibrin(ogen) deposition associated with increased syno-
vial thickness, bone erosion, and macrophage number (Busso et al. 1998; Yang
et al. 2001). Of note, cartilage proteoglycan depletion did not differ between
wildtype mice and mice with an impaired fibrinolytic system (Busso et al.
1998), indicating that proteases other than plasmin mediate cartilage erosion.
Ancrod-induced defibrinogenation attenuates joint inflammation in uPA-null,
but not in wildtype mice, indicating that the impaired fibrin removal in uPA-
null mice is causative for the enhanced joint inflammation (Busso et al. 1998).
Whether the consequences of genetic tPA deficiency could also be attenuated by
fibrinogen deficiency has not been determined so far. Crosses with fibrinogen-
deficient mice will help to determine whether the lingering inflammatory re-
sponse following ancrod treatment of uPA-null mice reflects the residual fibrin
deposition, or a fibrin-independent role of the fibrinolytic system during arthri-
tis.

3.6.4
Infection

Neutrophil recruitment following pulmonary pseudomonas aeruginosa infec-
tion is impaired in uPAR-, but not uPA-deficient mice, implying a role of uPAR
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independent of uPA (Gyetko et al. 2000). As antibodies to CD11b/CD18 (Mac-1)
reduce neutrophil recruitment to levels seen in uPAR knockout mice, the au-
thors concluded that uPAR and CD11b/CD18 interact during neutrophil recruit-
ment into pseudomonas aeruginosa-infected lungs—a finding consistent with
previous in vitro results. However, in mice with a pulmonary Cryptococcus neo-
formans infection, recruitment of inflammatory (CD45+) cells is modulated by
uPA, as the number of CD11b/CD18+ cells in infected lungs is reduced in the ab-
sence of uPA at early stages (3 weeks), but increased at later stages (Gyetko et al.
1996; Gyetko et al. 2002). C. neoformans ingested by monocytes persist in uPA-
deficient mice, which ultimately fail to control the disease, resulting in dissemi-
nation and death of most uPA-null mice. The failure to clear the infection in the
absence of uPA reflects (1) a quantitative defect in cell recruitment, and (2) a
qualitative defect in cytokine production, characterized by a deficient T1-cyto-
kine response (reduced IFN-g and IL-12, increase IL-5 levels). Cytokine levels in
healthy uPA-null mice do not differ from healthy wildtype controls, excluding
differences in cytokine production in the absence of a stimulus. As the effect of
fibrinogen deficiency has not been determined in this disease model, proinflam-
matory effects of fibrin or fibrin-split products can currently not be excluded.

As demonstrated in mice infected with the spirochete Borrelia burgdorferi,
pathogens use the host�s fibrinolytic system to their advantage. B. burgdorferi
uses host-derived plasminogen activators and plasminogen to spread from the
midgut of the vector (the tick Ixodes scapularis) and for the subsequent dissem-
ination in the host (Coleman et al. 1997; Gebbia et al. 1999). Dissemination
within the vector and the host are prevented or attenuated, respectively, in the
absence of host-derived plasminogen.

3.7
Tumor Biology

Reports suggesting a role of the initiator of blood coagulation, TF, in tumor an-
giogenesis and tumor growth could not be replicated using teratomas and tera-
tocarcinoma derived from TF-expressing and TF-deficient ES-cells (employing
both RW4 and E14 ES cells) (Toomey et al. 1997). It will be interesting to ex-
plore other tumor models employing mice with altered TF activity or expressing
TF mutants to explore the role of TF for tumor-associated angiogenesis in mice
and/or tumor cells with an altered TF-gene.

Studies in fibrinogen-deficient mice evaluating the tumor progression of
Lewis lung carcinoma and of B16-BL6 melanoma cells injected intravenously
demonstrated that host fibrinogen enhances the establishment of metastatic
foci, but does not affect tumor growth or tumor stroma formation (Palumbo et
al. 2000). These studies support the notion that fibrin-mediated adherence of tu-
mor cells to target organs enhances hematogenous metastasis. Interestingly,
thrombin inhibition by the specific and potent inhibitor hirudin diminishes he-
matogenous metastasis of tumor cells in the presence and absence of fibrinogen,
suggesting that thrombin has a prometastatic effect independent of fibrinogen
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(Palumbo et al. 2000). In the same tumor model, plasminogen-mediated fibrin-
olysis appears to be without an effect on hematogenous metastasis after 17–
21 days of tumor growth (Palumbo et al. 2000). At least Lewis lung carcinoma
cells do not express plasminogen (Bugge et al. 1997), excluding that tumor-de-
rived plasminogen might compensate for the absence of host-derived plasmino-
gen.

Employing different tumor models, which evaluated either Lewis lung carci-
noma cells implanted into the subcutis (Bugge et al. 1997) or spontaneous mid-
dle T antigen-induced mammary cancer (Bugge et al. 1998), the appearance rate
of primary tumors was indistinguishable between plasminogen-expressing and
-deficient mice. Nevertheless, in plasminogen-null mice subcutaneously im-
planted Lewis lung carcinomas appeared smaller, less hemorrhagic, and dis-
played less skin ulcerations at earlier stages (5–10 days) (Bugge et al. 1997). In
the latter study, dissemination of tumor cells into lymph nodes (lymphatic me-
tastasis) and re-growth of tumors following dissection was reduced in the ab-
sence of plasminogen (to about 1/6 of wildtype levels). Likewise, the metastatic
burden of middle T antigen-induced mammary cancers was significantly smaller
in plasminogen-deficient mice, based on the number of lung metastasis, which
spread generally hematogenously.

Clinical studies suggested that Pai-1 expression by the tumor itself is associ-
ated with an invasive phenotype and a worse prognosis. Studies that investigat-
ed the role of host-derived Pai-1 for tumor growth using mice demonstrated
that Pai-1 deficiency impairs tumor vascularization and subsequently impairs
tumor growth and/or tumor invasion (Bajou et al. 1998, 2001; Gutierrez et al.
2000), while other studies suggested that tumor growth is independent of (Eitz-
man et al. 1996b) or even attenuated by (Soff et al. 1995) host-derived Pai-1 lev-
els. The apparent inconsistent effects of endogenous host-derived Pai-1 levels
on tumor growth might reflect specific properties of the tumor cell line (e.g.,
differential expression of plasminogen activators/inhibitors) or the tumor mod-
el employed (tissue site, mode of inoculation). Alternatively, the observed differ-
ences could reflect a dose-dependent effect of Pai-1 on tumor vascularization
and subsequent growth (McMahon et al. 2001). The latter study suggests that
both the absence of Pai-1 or high levels of active Pai-1 inhibit tumor angiogene-
sis, while slightly elevated Pai-1 levels increase angiogenesis, in part by regulat-
ing the interaction of the uPA/uPAR complex with integrins (e.g., avb3, avb5).

These results suggest a role of plasminogen and Pai-1 in modulating local tu-
mor growth and tumor spread. Depending on the tumor model, primary tumor
invasion and associated angiogenesis as well as lymphatic or hematogenous me-
tastasis can be modulated by the plasminogen system, probably reflecting dif-
ferent biological properties of the tumor and/or the diseased tissue.
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3.8
Reproduction

Studies with genetically modified mice have identified a role for some regulators
of coagulation and hemostasis during reproduction unrelated to the embryonic
lethality secondary to a developmental failure of the embryo proper or the pla-
centa. TM, PC, and the serpin PC inhibitor are all expressed in the testis. While
the embryonic lethality prevented the evaluation of TM�s and PC�s role in the
male reproductive system, mice lacking the PC inhibitor are viable (Uhrin et al.
2000). Spermatogenesis in male mice lacking the PC inhibitor is impaired, re-
sulting in immature and malformed sperms, increased cell death, and subse-
quent infertility. This phenotype is associated with a disruption of the Sertoli
cell barrier, implying increased proteolytic activity in the testis of PC inhibitor-
deficient mice.

Mice with compound tPA and uPA deficiency or plasminogen-null mice have
markedly reduced fertility (Carmeliet et al. 1994; Ploplis et al. 1995; Lund et al.
2000). However, the reduced fertility might reflect the overall impaired health in
these mice, rather than a specific defect in the absence of active plasmin. This
notion is supported by the apparently normal estrus cycle and the normal ovu-
lation of mice lacking plasminogen (Ny et al. 1999; Lund et al. 2000). Impaired
ovulation of borderline significance is only apparent in plasminogen-deficient
mice when “challenged” by injection of gonadotropin (Ny et al. 1999).

Expression of uPA in the mammary gland during development and post lac-
tation suggests a role of the fibrinolytic system during lactation. Indeed, in plas-
minogen-deficient mice the lactational competence is severely impaired in
primiparous mice and—to an even greater extent—in subsequent pregnancies
(Lund et al. 2000). The lactational insufficiency is associated with smaller secre-
tory alveolar volumes, accumulation of collagen and fibrotic stroma (in the ab-
sence of detectable fibrin deposition), and accumulation of basement membrane
protein fragments. ECM breakdown is delayed during alveolar regression, which
might result in the associated decrease in cell death. Whether these pathological
changes in the mammary gland can be corrected by superimposed fibrinogen
deficiency has not been determined, but appears unlikely considering the ab-
sence of increased fibrin deposition in the mammary glands of plasminogen-de-
ficient mice.

These results establish that the coagulation and fibrinolytic system impair re-
production not only by predisposing to thrombosis, hemorrhage, or through in-
creased coagulation activation in the placenta, but also by disrupting other bio-
logical functions relevant for reproduction through mechanisms which—based
on currently available data—appear to be unrelated to thrombosis and fibrinol-
ysis
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3.9
Age-Dependent Expression of Coagulation Regulators

The generation of transgenic animals with defined promoter elements and mu-
tated promoter sites leads to the identification of age-regulatory elements. Two
age-regulatory elements have been identified to date (Kurachi et al. 1999; Zhang
et al. 2002). An age-related stability element (ASE) is present in the 50-region of
human fIX and PC promoters. In both cases, the ASE is required and sufficient
to mediated age-stable expression of the respective coagulation regulator. Of
note, the ASE in the human fIX promoter, but not of the human PC promoter, is
derived from a retrotransposed LINE-1 sequence, indicating an evolutionary
distinct origin of both ASEs. The ASE consists of a 32-bp fragment, approxi-
mately 790 bp from the transcription start signal, and contains a sequence ele-
ment (GAGGAAG), which matches the consensus motif of polyomavirus en-
hancer activator-3 (PEA-3, a member of the Ets family of transcription factors).
This sequence element appears to be functionally relevant based on in vitro
binding assays. An age-related increase element (AIE) is present in the 30-region
of the human fIX gene, but not of the human PC gene, consistent with an in-
crease of fIX levels, but constant PC levels, with age. The age-dependent regula-
tory elements seem to function independent of the gene, as the age-dependent
expression pattern is maintained after substitution of the ASEs, and as introduc-
tion of the ASI in the human PC gene (which normally lacks an ASI) results in
an—unphysiological—increase of PC expression with age.

Using a similar approach (expression of transgenes with defined promoter el-
ements) the age-dependent phenotype of hemophilia Leyden B could be ex-
plained at a molecular level (Boland et al. 1995). Individuals with hemophilia B
Leyden have a prepubescent hemorrhagic phenotype secondary to reduced fIX
levels. However, after puberty fIX activity gradually increases with age, ulti-
mately reaching about 60% of adult levels. Several mutations of the fIX gene,
within less than 200 bp of the transcription start signal, have been identified in
these patients. Introduction of one of these mutation (at position 
13) into the
promoter of a human fIX transgene resulted in an age-dependent increased of
human fIX in 2-month-old transgenic mice, and thus at a time when mice reach
sexual maturity. These results suggest that several age-regulatory elements mod-
ulate the expression of coagulation regulators, as the mutation resulting in he-
mophilia B Leyden lies outside the ASE described above. The identification of
these age-regulatory elements provides the opportunity to design mice with
age-dependent phenotypes, which might—maybe in combination with Cre-Lox-
mediated in vivo recombination—allow us to circumvent neonatal phenotypes
in mice, which would otherwise prevent in vivo studies.
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4
Conclusion

Blood coagulation takes place in an environment of non-anticoagulated blood,
in the presence of blood cells and vascular wall components, under flow condi-
tions and in a constantly changing milieu, such as local hypoxia and acidosis. In
vitro or ex vivo models can hardly recapitulate the complexity of in vivo blood
coagulation. Gene-targeting and transgenic technology provide in vivo models
to study these complex interactions, and have improved—and in some in-
stances changed—our understanding of hemostasis. The possibility to generate
mice with designed alterations of the genome raised expectations for animal
models replicating spontaneous vascular disease in humans. The latter has
proved difficult, but has finally been achieved (Cui et al. 2000; Chan et al. 2001a;
Isermann et al. 2001b). Analyses of mice with disrupted homeostasis demon-
strated their usefulness for the study of disease in humans, but also their limita-
tions secondary to species-specific limitations. Nevertheless, accessibility of the
mouse genome to experimental alteration will, without doubt, increase the pro-
portion of animal studies employing mice in the field of coagulation and fibrin-
olysis, which in the past was below 4% (Levi et al. 2001b).
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Abstract Blood platelet activation at the contact of an injured vessel wall results
in adhesion, shape change, aggregation and secretion, which are all tightly regu-
lated biological processes to fulfill the main physiological function of platelets:
the arrest of bleeding or primary hemostasis. The same mechanisms of activa-



tion are triggered when platelets encounter an atherosclerotic plaque rupturing
or following mechanical or infectious injury of the vessel wall, resulting in arte-
rial thrombosis or disseminated intravascular thrombosis. Knowledge of the
molecular biology of hemostasis has increased considerably during the last few
decades due to the accurate observation of defective hemostasis in patients ex-
hibiting selective abnormalities in platelet surface glycoproteins involved in ad-
hesive functions, defects of plasma adhesive proteins, or defects affecting the
complex network of receptors and their transduction machinery. The era of
gene targeting and transgenesis in living animals has largely confirmed previous
knowledge about the molecular aspects of platelet functions. New insights have
also emerged with the perspective of identifying as-yet-unexpected targets for
antiplatelet drugs. Blood platelets of transgenic mice have been studied not only
to explore hemostasis and thrombosis but also for purposes of general biochem-
istry and molecular biology. This accounts for the broad range of targeted genes
resulting in platelet dysfunction, not all being relevant to pharmacological ob-
jectives in terms of antiplatelet drug research. However, these transgenic mice
have greatly improved our general understanding of platelet physiology and re-
present useful models for preclinical pharmacology and basic science.

Keywords Platelets · Hemostasis · Arterial thrombosis · Antithrombotic drugs ·
G protein-coupled receptors · Thrombin · Integrins · Signaling · Vascular wall

1
Introduction

The major role of blood platelets is to stop bleeding occurring upon lesion of
small vessels, a physiological function termed primary hemostasis. Platelet acti-
vation on contact with an injured vessel wall results in adhesion, shape change,
aggregation and secretion, all of which are tightly regulated biological processes.
The same mechanisms of activation are triggered when platelets encounter a
rupturing atherosclerotic plaque or any other mechanical or infectious injury of
the vessel wall. Antiplatelet drugs are therefore of critical importance for the
prevention and treatment of acute arterial thrombosis. In addition, platelets are
involved in many pathophysiological processes including inflammation, athero-
sclerosis, angiogenesis, and dissemination of metastases. Our knowledge of the
molecular biology of hemostasis has increased considerably during the last few
decades, and it is noteworthy that this progress has been mainly due to the fine
observation of hemostatic deficiencies in patients presenting selective molecular
defects of membrane glycoproteins involved in the adhesive functions of plate-
lets, defects of adhesive plasma proteins, or defects in the complex network of
receptors and their transduction machinery. Animal strains including mice,
rats, dogs, cows, and pigs with naturally mutated genes have also provided in-
formation on specific aspects of primary hemostasis and are still employed in
experimental models of thrombosis and hemorrhage. Since platelets are easy to
sample, they have moreover often been used in biochemical and molecular biol-
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ogy studies. The new era of gene targeting and transgenesis in living animals
has thus mainly confirmed previous knowledge concerning the molecular as-
pects of platelet functions. However, new insights have also emerged with the
perspective of identifying as-yet-unexpected targets for antiplatelet drugs.

1.1
Molecular Mechanisms of Platelet Function and Related Bleeding Diatheses

The first step of platelet activation in flowing blood following vessel wall injury
is attachment of the cells to the exposed subendothelial matrix proteins, of
which collagens are the most thrombogenic (Fig. 1). This occurs through tether-
ing of the platelet glycoprotein (GP) GPIba to von Willebrand factor (vWF)
bound to collagen on the matrix (adhesion step). GPIba is a subunit of the mul-
timolecular GPIb-V-IX complex. Molecular defects of subunits of this complex
are responsible for a rare but severe bleeding diathesis known as Bernard-Soul-
ier syndrome (BSS) (originally termed hemorrhagic dystrophic thrombocytope-
nia), where platelet adhesion is strongly impaired due to a lack of GPIb-V-IX
expression at the plasma membrane (Bernard et al. 1975; Nurden and Caen
1975; de la Salle et al. 1995; Lopez et al. 1998; Rivera et al. 2000). The adherent
platelets undergo shape change and spread on the surface through activation of
integrins such as the a2b1 collagen receptor and the aIIbb3 fibrinogen/vWF re-
ceptor. The latter is also involved in the final common step of platelet activation,
namely platelet-to-platelet aggregation through binding of soluble fibrinogen.
Defects in the molecular structure of this integrin or its absence result in anoth-
er severe thrombopathy, Glanzmann�s thrombasthenia (GT), where platelets are
unable to aggregate in response to any agonist. Cells from GT patients helped to
discover the role of this canonical integrin specific to platelets (Nurden and

Fig. 1 Platelet functions: adhesion, activation, and aggregation lead to formation of a hemostatic plug
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Caen 1974; Parise 1999; Savage et al. 2001). Multiple and complex transduction
pathways then lead to platelet secretion and recruitment of circulating platelets,
thus enabling thrombus growth and formation of the so-called hemostatic plug
(aggregation step). Key steps here are platelet activation through the GPVI colla-
gen receptor which induces signaling through the g-chain of the Fc receptor
and tyrosine phosphorylation (Clemetson and Clemetson 2001), reorganization
of the cytoskeleton, secretion of the granule contents and subsequent activation
of G protein-coupled receptors (GPCR) including the adenosine diphosphate
(ADP) receptors P2Y1 and P2Y12 (Gachet 2001) and the 5-HT(2A) serotonin re-
ceptor, release of thromboxane A2 (TXA2), and activation of thromboxane pros-
tanoid (TP) receptors. Thrombin, the strongest platelet agonist and the central
enzyme of the blood coagulation cascade, is formed as a result of tissue factor
(TF) exposure and activates platelets directly through members of the protease
activated receptor (PAR) family (Coughlin 1999b).

Dysfunction of most of these activation steps has been observed in rare pa-
tients suffering from mild to severe hereditary bleeding disorders. Patients have
been described with impaired aggregation in response to collagen, which was at-
tributed to defects in integrin a2b1 (Nieuwenhuis et al. 1987; Kehrel et al. 1988)
or in GPVI (Sugiyama et al. 1986; Moroi et al. 1989). In both cases, mild bleed-
ing could be observed, but as collagen has multiple receptors on the platelet
membrane, a deficiency in only one of them will not necessarily result in a pro-
found diathesis. Patients with selective defects in one of the most important
GPCR, the P2Y12 receptor, have also been reported (Cattaneo et al. 1992; Nurden
et al. 1995; Gachet 2001). A lack of granule contents referred to as storage pool
disease (SPD) exists, with some selectivity of the deficiency concerning the a-
granules, which contain mainly adhesive proteins and growth factors such as
platelet derived growth factor (PDGF) or vascular endothelial growth factor
(VEGF), or the dense granules which store large amounts of ATP and ADP, sero-
tonin, and calcium (Cattaneo 2002). These disorders are frequently discovered
during routine examination of platelet functions, before surgery, for example.
Finally, patients have been described with intracellular transduction protein de-
fects involving phospholipase C (PLC) isoforms (Gabbeta et al. 1997). A number
of platelet abnormalities have consequences for the platelet count and size, as in
Wiskott-Aldrich syndrome (small platelets) or BSS syndrome (giant platelets).
Inherited thrombocytopenias with a normal platelet volume also exist, like
thrombocytopenia with absent radii (Van Geet et al. 2002). Although in a grow-
ing number of these diseases the genetic defect has been identified, in many in-
herited platelet abnormalities the underlying mechanisms still remain un-
known.

The antithrombogenicity of the vessel wall is regulated by several mecha-
nisms including notably the continuous release of prostacyclin (PGI2), which
strongly inhibits platelet reactivity by increasing intracellular cyclic AMP levels
and promotes vasodilation through production of nitric oxide (NO). Another
important mechanism involves the ATP diphosphohydrolase enzyme activity of
the endothelial CD39 molecule (E-NTDPase-1) (Zimmermann 2000). This en-
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zyme sequentially degrades ATP and other triphosphate nucleotides into ADP
and AMP, thus preventing interaction of platelets with the healthy vessel wall. It
has been shown that this enzyme activity is downregulated in various patholog-
ical states where the endothelium is stimulated, which increases platelet–vessel
wall interactions and the subsequent risk of thrombosis (Robson et al. 1997;
Marcus et al. 2001). Finally, there exist natural inhibitors of coagulation such as
protein S and protein C, thrombomodulin, tissue factor pathway inhibitor
(TFPI) or plasmin activator inhibitors (PAI1 and PAI2), and congenital muta-
tions leading to deficiencies with an increased risk of thrombosis have been re-
ported (Plow et al. 1999).

1.2
Molecular Targets of Antiplatelet Drugs

The important antiplatelet drugs routinely used in humans to prevent and treat
primary or secondary ischemic disease are at present limited to aspirin, which
inhibits cyclooxygenase and hence the production of TXA2, the thienopyridine
compounds ticlopidine and clopidogrel, which irreversibly inhibit ADP-induced
platelet aggregation by generating an active metabolite which binds covalently
to the P2Y12 receptor and inhibitors of integrin aIIbb3 such as the chimeric hu-
man/murine monoclonal antibody fragment abciximab (ReoPro), a cyclic hep-
tapeptide based on the KGD sequence eptifibatide (Integrilin), a peptidomimetic
based on the RGD recognition sequence tirofiban (Aggrastat) (Coller 2001) or
other inhibitors of fibrinogen binding. Numerous clinical trials have demonstra-
ted the efficacy but also the undesirable effects of these different compounds. In
addition to these widely used drugs, various molecules are undergoing preclini-
cal and clinical trials including direct antithrombins like hirudin, direct antago-
nists of the ADP or TP receptors, and prostaglandins like iloprost which inhibit
platelet functions by increasing intracellular levels of cyclic AMP. Considering
the overall results for treatment of ischemic diseases, there is still a place and
need for new drugs interfering with platelet activation. Transgenic animal mod-
els will undoubtedly not only generate a mine of information concerning the
general physiology of hemostasis but also help in discovering new targets for ef-
ficient therapeutic strategies.

2
Transgenic Models

2.1
Adhesion Receptors

Integrin aIIbb3 (GPIIb-IIIa) and the GPIb-V-IX complex are the two most impor-
tant adhesive receptors (Table 1) in platelet physiology. The well-characterized
bleeding syndromes of Glanzmann�s thrombasthenia and Bernard-Soulier dis-
ease result from absence or anomaly of respectively GPIIb-IIIa or GPIb-V-IX
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(see Sect. 1) and these disorders have been reproduced recently in mice by ge-
netic manipulation. Platelets also bare other adhesive receptors belonging to
various gene families. In most cases the in vivo function is less well established
and production of animals with inherited deficiencies of these receptors will
provide tools to study their function and physiological relevance. Recent work
has revealed responses in such mice which differ from those induced by block-
ing the receptors with monoclonal antibodies or other antagonists.

Table 1 Major phenotype of mice deficient in adhesion receptors

Disrupted
gene

Ligand/
receptor

Phenotype of knockout mice Reference(s)

b3 Integrin Fibrinogen,
vWF (aIIbb3),
vitronectin (avb3)

Glanzmann�s phenotype:
prolonged bleeding time, defective
aggregation to all agonists,
reduced thrombosis

Hodivala-Dilke
et al. 1999

b1 Integrin Collagen (a2b1),
fibronectin (a5b1),
laminin (a6b1)

Normal bleeding time, delayed
response to collagen

Nieswandt
et al. 2001a

aIIb Integrin Fibrinogen,
vWF (aIIbb3)

Glanzmann�s phenotype: prolonged
bleeding time, defective aggregation
to all agonists

Tronik-Le Roux
et al. 2000

a2 Integrin Collagen (a2b1) Normal bleeding time, delayed
response to collagen

Holtk�tter
et al. 2002

GPVI Collagen Normal bleeding time, absence
of aggregation to collagen

Kato 2003

GPIba vWF Bernard-Soulier phenotype:
prolonged bleeding time,
low number/giant platelets

Ware et al. 2000

GPV Thrombin,
collagen

Normal bleeding time, normal
platelets, delayed response to
collagen, increased response to
low doses thrombin, thrombus
instability

Ramakrishnan
et al. 1999;
Moog et al. 2001

P-Selectin PSGL-1 Prolonged bleeding time, increased
hemorrhage in Schwartzman reaction,
abnormal thrombus geometry

Subramaniam
et al. 1996;
Furie et al. 2001

PECAM-1 PECAM-1 Increased response to collagen,
prolonged bleeding time of vascular
origin

Jones et al. 2001;
Patil et al. 2001

CD9 ? Normal bleeding time, normal platelets,
normal aggregation

F. Lanza
(unpublished)

CD40L CD40, Defective thrombosis Andr� et al. 2002
Fibrinogen aIIbb3 Prolonged bleeding time, defective

aggregation and clotting
Suh et al. 1995

vWF GPIb-V-IX, aIIbb3 vWD phenotype: prolonged bleeding
time, spontaneous bleeding, defective
thrombosis

Denis et al. 1998
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2.1.1
Integrins

b3 Integrins. The role of integrin aIIbb3 in platelet functions is well established
but reproduction of the deficiency in mice will be useful to study its involve-
ment in thrombosis and other platelet-related pathologies such as atherosclero-
sis (Massberg et al. 2002). b3 Integrin-deficient mice have been generated which
are viable and fertile and display all the cardinal features of Glanzmann�s throm-
basthenia, namely defective platelet aggregation and clot retraction, a prolonged
bleeding time and cutaneous and gastrointestinal bleeding (Hodivala-Dilke et
al. 1999). b3-Null mice were variably protected from thrombosis depending on
the method used to initiate thrombosis. Arterial thrombosis was diminished as
shown by a lack of occlusion in a model of ferric chloride injury of the carotid
artery. Disseminated microvascular thrombosis was reduced after injection of
ADP but was less affected in response to a mixture of collagen and adrenaline
and there was no resistance to tissue factor (Smyth et al. 2001a). The animals
were not protected from developing intimal hyperplasia, unlike P selectin-defi-
cient mice (Smyth et al. 2001b). Mice in which tyrosines were mutated in the cy-
toplasmic domain displayed impaired outside-in aIIbb3 signaling, with defective
in vitro aggregation and clot-retraction responses and a tendency to rebleed
(Law et al. 1999).

aIIb Subunit. Inactivation of the aIIb chain by insertion of the thymidine kinase
(tk) gene into the aIIb locus reproduces the features of Glanzmann�s thrombas-
thenia. This construct placing tk under the control of the aIIb promoter has
also been used to abolish megakaryopoiesis following ganciclovir treatment
(Tronik-Le Roux et al. 2000; Tronik-Le Roux et al. 1995).

b1 Integrins. The proposed function of integrin a2b1 is to support platelet adhe-
sion to subendothelial collagen fibers, thus facilitating subsequent interactions
with the activating platelet receptor for collagen, GPVI. Contrary to the pheno-
type observed in a2 integrin-deficient patients, cre/loxP-mediated loss of b1 in-
tegrin in mouse platelets had no significant effect on the bleeding time, suggest-
ing a minor role of the three platelet b1 integrins, a5b1, a6b1, and, most surpris-
ingly, a2b1 (Nieuwenhuis et al. 1985; Nieswandt et al. 2001a). Aggregation of b1-
null platelets in response to native fibrillar collagen was delayed but not re-
duced. Ablation of the a2 integrin gene provided another unexpected finding, as
these mice developed normally and showed no obvious anatomical or histologi-
cal defects. This strain also enabled confirmation of the subtle defects of colla-
gen-induced platelet adhesion and aggregation observed in b1 knockout mice
(Holtk�tter et al. 2002).
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2.1.2
The GPIb-V-IX Complex

Studies of the Bernard-Soulier bleeding disorder, due to defects in the genes
coding for the GPIbab and GPIX subunits of the GPIb-V-IX complex, have
shown that this receptor is required for normal hemostasis and vWF-dependent
platelet adhesion and that the bleeding diathesis is accompanied by an addition-
al macrothrombocytopenic defect (Lopez et al. 1998). Mice deficient in the
GPIba or GPV subunit have been produced (Kahn et al. 1999; Ramakrishnan et
al. 1999; Ware et al. 2000), but the role of the GPV subunit remains poorly de-
fined.

GPIba. GPIba-deficient mice reproduce the Bernard-Soulier phenotype with an
increased bleeding time, giant platelets and a low platelet count (Ware et al.
2000). Moreover, study of their bone marrow has revealed defective megakaryo-
cyte maturation with poorly developed demarcation membranes and abnormal
proplatelet formation (Poujol et al. 2002). These defects could be prevented by
expression of a human GPIba subunit (Ware et al. 2000), while improvement of
the macrothrombocytopenia has been observed in knockout mice expressing a
chimeric IL4R/GPIba intracellular domain (Kanaji et al. 2002). No ex vivo or in
vivo functional studies have been reported to date.

GPV. GPV is a subunit of the GPIb-V-IX complex which is cleaved by thrombin,
but its role in platelet adhesion or activation is not precisely known. In two sep-
arate mouse strains, GPV deficiency did not lead to a Bernard-Soulier pheno-
type and was accompanied by an increased platelet response to low concentra-
tions of thrombin (Kahn et al. 1999; Ramakrishnan et al. 1999; Moog et al.
2001). This could mean that GPV acts as a negative modulator of thrombin acti-
vation or be the consequence of increased thrombin availability due to substrate
withholding. An unanticipated role of GPV as a collagen receptor was revealed
in these mice by the reduced adhesion and activation of their platelets in re-
sponse to collagen (Moog et al. 2001). Results in an intravital arterial thrombo-
sis model differed between mouse strains, one being less prone to thrombus for-
mation and the other displaying more rapid formation of thrombi, which were
however less stable and embolized (Moog et al. 2001; Ni et al. 2001). Possible
variations in genetic background could be responsible for these discrepancies
and hopefully will be resolved by backcrossing onto a pure background.

2.1.3
P-Selectin

P-selectin is present in endothelial cells and platelet granules and is exposed at
the cell surface following activation. Production of P-selectin-deficient mice has
shown that endothelial P-selectin mediates not only leukocyte but also platelet
rolling on the vessel wall (Subramaniam et al. 1996). The function of platelet P-
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selectin is less clear. However, studies of lymphocyte homing to peripheral
lymph nodes indicate that activated platelets might participate in leukocyte re-
cruitment. Work with the P-selectin mutant mice has further suggested an anti-
inflammatory aspect of platelet P-selectin in that binding of the receptor to
leukocytes promoted the transcellular production of an anti-inflammatory me-
diator limiting the extent of acute glomerulonephritis (Hartwell and Wagner
1999). A possible mechanism whereby platelet P-selectin could play a role in
thrombosis would be to participate in monocyte recruitment, which in turn
would transfer tissue factor to platelets and generate a platelet clot. P-selectin-
deficient mice exhibit a bleeding tendency and an abnormal thrombus geometry
in an ex vivo model (Furie et al. 2001). Mice have also been produced which ex-
press P-selectin lacking the cytoplasmic domain and this deletion did not affect
the sorting of P-selectin into platelet (alpha) granules, unlike in endothelial cells
(Hartwell et al. 1998).

2.1.4
Other Receptors

PECAM.1. PECAM.1 is a member of the IgG superfamily found in platelets, en-
dothelial cells, and leukocytes. The presence of an intracellular immunoreceptor
tyrosine-based inhibitory motif (ITIM) would suggest its involvement in nega-
tive regulation of the GPVI/FcRg chain response. PECAM.1-deficient mice dis-
played enhanced platelet responses to collagen ex vivo (Jones et al. 2001; Patil et
al. 2001) but no apparent abnormalities of thrombus formation in a venous or
arterial in vivo model (Vollmar et al. 2001). These mice also have a prolonged
bleeding time which has been attributed to vascular defects.

CD9. CD9 is a member of the tetraspanin superfamily which is highly expressed
on platelets but also in many other tissues. It associates with integrins and could
modulate their functions. CD9-deficient mice displayed reduced fertility of ma-
ternal origin (Le Naour et al. 2000) but no signs of hemostatic defects and the
platelets had a normal structure and responded to all agonists (F. Lanza, unpub-
lished data). The deficiency has not yet been examined in thrombosis models.

CD40L. CD40L belongs to the tumor necrosis factor ligand family and plays a
role in immune responses by binding to its receptor CD40. CD40L has been de-
tected on the surface of activated platelets where it binds to aIIbb3 through its
KGD integrin-recognition sequence. Its absence affected the stability of arterial
thrombi and delayed arterial occlusion in vivo (Andr� et al. 2002).

CDCrel-1. CDCrel-1 is a member of the septin family thought to be involved in
neurotransmitter release. Its gene is located a short distance upstream of the
GPIbb gene in both the human and mouse species and has been found to be co-
transcribed as a result of non-consensus polyadenylation. Deletion of the CD-
Crel-1 gene in mice had no effect on development or neurophysiology, while the
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platelets were normal in number and size but exhibited enhanced secretion in
response to low concentrations of agonists (Dent et al. 2002).

2.1.5
Adhesive Proteins

Although adhesive proteins do not fall directly within the scope of this chapter,
the von Willebrand factor (vWF) and fibrinogen molecules will be considered
as they are intimately involved in platelet physiology. These proteins are key lig-
ands for adhesion and aggregation and are stored in the platelet granules.

Fibrinogen. Fibrinogen is critical both as a building block for fibrin formation
and as a ligand for integrin aIIbb3. Disruption of the a-chain of fibrinogen led to
a bleeding tendency and failure of blood clotting and platelet aggregation in vit-
ro, but did not allow discrimination between the in vivo importance of the two
functions (Suh et al. 1995). Fibrinogen-deficient mice crossed with ApoE-defi-
cient mice were not protected from atherosclerotic lesions, which ranged in ap-
pearance from fatty streaks to fibrous plaques (Xiao et al. 1998). The impor-
tance of the fibrinogen–aIIbb3 interaction was examined in mice by deleting the
last five residues (QAGDV) from the fibrinogen g-chain (Holmback et al. 1996).
These mice displayed normal clotting but defective platelet aggregation and an
increased bleeding time similarly as in the integrin b3 knockout strain.

Von Willebrand Factor. Von Willebrand factor is a multimeric glycoprotein nec-
essary for thrombus formation under conditions of high shear, and its deficien-
cy causes the bleeding disorder known as von Willebrand disease (vWD) in hu-
mans. vWF-deficient mice reproduced the severe vWD type III phenotype with
an absence of vWF in plasma and extracellular and platelet compartments.
These mice have a bleeding tendency and show defective thrombus formation
in an in vivo mesenteric artery model (Denis et al. 1998). In mice lacking both
vWF and the LDL receptor and placed on an atherogenic diet, fewer fatty streaks
and fibrous cap lesions were observed than in vWF-positive controls, the reduc-
tion of atherosclerosis being more pronounced in regions of disturbed flow such
as the branch points of the renal and mesenteric arteries (Methia et al. 2001).

Combined Fibrinogen/vWF Deficiency. Close analysis of intravital thrombosis
experiments showed that mouse strains lacking either fibrinogen or vWF were
both able to form an arterial thrombus, albeit of different nature and with dif-
ferent kinetics (Ni et al. 2000). Platelet adhesion was delayed in vWF knockout
mice but stable thrombi still formed, while in fibrinogen knockout mice abun-
dant thrombi appeared at the vessel wall but detached easily causing down-
stream occlusion. Surprisingly, mice deficient in both vWF and fibrinogen suc-
cessfully formed thrombi with characteristics of both mutations, leading to oc-
clusion in the majority of vessels.
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2.2
Activation Receptors

Platelets in flowing blood may be exposed to various soluble or insoluble lig-
ands which stimulate or inhibit their reactivity. These molecules interact with
platelets by binding to specific receptors on the cell surface, either glycoprotein
receptors of the immunoglobulin superfamily, which all signal through the

Table 2 Major phenotype of knockout mice in relation to hemostasis and thrombosis

Disrupted
gene

Endogenous
igand

Phenotype of knockout mice Reference(s)

PAR1 Thrombin Normal bleeding time, normal
aggregation to thrombin

Connolly
et al. 1996

PAR3 Thrombin Partial inhibition of
thrombin-induced platelet
aggregation and resistance
to thrombosis

Ishihara
et al. 1997;
Weiss et al. 2002

PAR4 Thrombin Markedly prolonged bleeding time,
absence of aggregation to thrombin
and resistance to thrombosis

Sambrano
et al. 2001

TP
receptor

TXA2 Markedly prolonged bleeding time
and resistance to thromboembolism

Thomas
et al. 1998

EP3
receptor

PGE2 Normal or slightly increased
bleeding time, resistance to
arachidonic acid-induced thrombosis

Fabre et al. 2001;
Ma et al. 2001

P2Y1 ADP Moderate increase of bleeding time,
and resistance to thromboembolism

L�on et al. 1999;
Fabre et al. 1999;
L�on et al. 2001

P2Y12 ADP Markedly prolonged bleeding time Foster et al. 2001
P2X1 ATP Slightly prolonged bleeding time,

decreased aggregation to collagen
and resistance to thromboembolism

B. Hechler,
unpublished

a2A

adrenergic
receptor

Adrenaline ?

5-HT(2A)

receptor
Serotonin ?

IP
receptor

PGI2-PGE1 Normal bleeding time, increased
sensitivity to FeCl3-induced
thrombosis of mesenteric arterioles

Murata
et al. 1997

DP
receptor

PGI2 ?

A2a
receptor

Adenosine Increased ADP-induced platelet
aggregation

Ledent
et al. 1997

CD39 ATP, ADP Prolonged bleeding time; platelet
P2Y1 receptor desensitization,
resistance to thromboembolism

Enjyoji
et al. 1999
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g-chain of the Fc receptor and tyrosine kinases, G protein-coupled receptors, or
ion channel receptors (Table 2).

2.2.1
The GPVI Collagen Receptor

As mentioned in the introduction, GPVI plays a major part in the platelet activa-
tion induced by collagen. Its contribution to stable adhesion and thrombus for-
mation has been revealed by targeted gene deletion (Kato et al. 2003). Interest-
ingly, tail bleeding time measurements revealed no severe bleeding tendency.
This phenotype could well resemble that observed in FcRg-deficient platelets
(Poole et al. 1997) or in mice treated with a monoclonal antibody (mAb) against
GVI (Nieswandt et al. 2001b), which causes disappearance of GPVI from the cell
surface. Platelets from these mice exhibit a selective defect of collagen-induced
activation. Human platelets express the FcgRIIA receptor, which mediates their
responses to immunoglobulins and may play a role in immune-mediated throm-
bocytopenia. Mice lack the genetic equivalent of this receptor and have
been used to study its function following insertion of the human transgene
(McKenzie et al. 1999). FcgRIIA-transgenic mice reproduced the platelet activa-
tion and immune clearance responses observed in humans, as did a cross strain
between FcgRIIA-transgenic and FcRg-deficient mice.

2.2.2
G Protein-Coupled Receptors

Thrombin Receptors. Thrombin is the main effector protease of the coagulation
cascade which converts circulating fibrinogen into fibrin, the unit element of
the fibrous matrix of blood clots. It is also involved in endothelial cell activation
and in inflammation and is the most potent activator of platelets. Thrombin ac-
tivates cells at least in part by cleaving protease-activated G protein-coupled re-
ceptors (PARs) (Coughlin 1999a). Four PARs have been identified among which
PAR1, PAR3, and PAR4 are activated by thrombin and PAR2 by trypsin and
tryptase but not by thrombin (Coughlin 1999a). Thrombin acts on human PAR1
and PAR4 by binding to and cleaving the amino-terminal exodomain of the re-
ceptor to unmask a new amino terminus. This new terminus then serves as a
tethered peptide ligand, binding intramolecularly to the body of the receptor to
effect transmembrane signaling.

Gene disruption in mice has provided important information on the throm-
bin receptors involved in platelet activation. Mice lacking PAR1 have a high rate
of embryonic death. As almost 50% of the animals nevertheless survive past
birth and grow to adulthood without major abnormalities, this would indicate a
role of PAR1 in embryonic development (Connolly et al. 1996). Surprisingly,
these mice displayed a normal bleeding time and responded normally to activa-
tion by human thrombin, suggesting little or no hemostatic importance of PAR1
in mouse platelets despite its role in human platelets (Connolly et al. 1996). This
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observation prompted a search for additional thrombin receptors and led to the
identification of PAR3 (Ishihara et al. 1997). PAR3 is expressed in mouse mega-
karyocytes and platelets but not in human platelets. Although mice deficient in
PAR3 develop normally and do not suffer from spontaneous bleeding (Ishihara
et al. 1997), their platelets respond abnormally to thrombin, requiring high con-
centrations to achieve even a suboptimal response (Nakanishi-Matsui et al.
2000). Studies in PAR3-deficient mice have revealed that PAR3 is necessary for
activation of mouse platelets at low but not high concentrations of thrombin.
These animals are protected against FeCl3-induced thrombosis of mesenteric ar-
terioles and thromboplastin-induced pulmonary embolism (Weiss et al. 2002),
indicating a key role of this receptor in thrombosis in mice. Persistent thrombin
signaling in PAR3-null mouse platelets could be attributed to PAR4 (Kahn et al.
1998), which is also expressed on human platelets. Mice deficient in PAR4 do
not exhibit spontaneous bleeding but display a markedly prolonged bleeding
time as measured by tail transection. The platelets are unresponsive to throm-
bin as shown by the absence of shape change, calcium mobilization, aggrega-
tion, and secretion even in the presence of high concentrations of agonist (Sam-
brano et al. 2001). In addition, mice lacking PAR4, like those lacking PAR3, are
protected against FeCl3-induced thrombosis of mesenteric arterioles (Sambrano
et al. 2001).

Thus, in both man and mouse, platelets utilize two thrombin receptors: A
high-affinity receptor (PAR1 in man, PAR3 in mouse) is necessary for responses
to low concentrations of thrombin, while a “low-affinity” receptor (PAR4 in
both species) mediates responses to higher concentrations. Thrombin moreover
not only binds to PAR-type receptors. The GPIba subunit contains a binding
site for thrombin and is thought to participate in platelet activation by throm-
bin, as shown by a decreased response of the cells following antibody treatment
or GPIba cleavage or in Bernard-Soulier patients. No data have yet been pub-
lished for GPIba-deficient mice. As mentioned earlier, GPV-deficient platelets
exhibit an enhanced response to low concentrations of thrombin, but further
studies are needed to clarify this effect (Ramakrishnan et al. 1999; Moog et al.
2001).

ADP Receptors. ADP is with thrombin and collagen one of the most important
platelet agonists and was identified very early (Gaarder et al. 1961). Adenine nu-
cleotides interact with P2 receptors, which are widely distributed in many differ-
ent cells and regulate a broad range of physiological processes. The P2 family
consists of two classes of membrane receptors, P2X ligand-gated cation chan-
nels and G protein-coupled P2Y receptors (Ralevic and Burnstock 1998). Three
P2 receptor subtypes have been identified on blood platelets, namely P2Y1,
P2Y12, and P2X1, the two P2Y receptors being essential for aggregation in re-
sponse to ADP. Coactivation of the P2Y1 and P2Y12 receptors is necessary for
normal ADP-induced platelet aggregation since inhibition of either receptor is
sufficient to prevent it (Gachet 2001).
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P2Y1 Receptor. The presence of the P2Y1 receptor on platelets was initially sug-
gested by pharmacological studies using selective P2Y1 antagonists and by de-
tection of P2Y1 mRNA in both megakaryocytes and platelets (Leon et al. 1997;
Hechler et al. 1998). However, since all effects mediated by ADP in platelets were
not inhibited by P2Y1 antagonists, the existence of another receptor for ADP
was proposed. Definite proof of the existence of a second ADP receptor distinct
from P2Y1 and coupled to adenylyl cyclase inhibition was provided by the gen-
eration of P2Y1 knockout mice (Fabre et al. 1999; Leon et al. 1999). These mice
have no apparent abnormalities affecting their development, survival, or repro-
duction, and their platelets display normal numbers and morphology. In con-
trast, platelet shape change and aggregation in response to usual concentrations
of ADP are completely abolished, whereas the ability of ADP to inhibit cyclic
AMP formation is maintained (Leon et al. 1999). Use of this strain in experi-
mental models showed that the P2Y1 receptor plays an essential role in systemic
thromboembolism and localized arterial thrombosis (Leon et al. 1999, 2001;
Lenain et al. 2003). Conversely, transgenic mice overexpressing the P2Y1 recep-
tor specifically in the megakaryocyte/platelet lineage have been generated using
the promoter of the tissue-specific platelet factor 4 gene (Hechler et al. 2003).
This led to a phenotype of platelet hyperreactivity in vitro. Overexpression of
the P2Y1 receptor also enabled ADP to induce granule secretion, unlike in wild-
type platelets, which suggests that the level of P2Y1 expression is critical for this
event and that the weak responses of normal platelets to ADP are due to a limit-
ed number of P2Y1 receptors rather than to the specific transduction pathway.
These transgenic mice further display a shortened bleeding time and an in-
creased sensitivity to the in vivo platelet aggregation induced by infusion of a
mixture of collagen and adrenaline (Hechler et al. 2003).

P2Y12 Receptor. The P2Y12 receptor has been cloned from human and rat platelet
cDNA libraries using an expression cloning strategy in Xenopus oocytes de-
signed to detect Gi-linked receptors through their coupling to co-transfected in-
ward-rectifying K+ channels (Hollopeter et al. 2001) and also by screening an
orphan receptor library (Zhang et al. 2001). Its tissue distribution seems to be
restricted to platelets and subregions of the brain (Hollopeter et al. 2001). The
P2Y12 receptor coupled to Gai2 is essential for full platelet aggregation in re-
sponse to ADP or other aggregating agents. This receptor is the target of the an-
tithrombotic drugs ticlopidine and clopidogrel (Gachet 2001). It plays a specific
role in activation of the aIIbb3 integrin by ADP and also mediates the stabiliza-
tion of platelet aggregates through triggering of a PI3 K pathway downstream of
Gi activation and potentiation of platelet secretion (Trumel et al. 1999; Gachet
2001). P2Y12-deficient mice are viable and fertile and display no spontaneous
bleeding or other overt abnormalities (Foster et al. 2001). However, they have a
prolonged bleeding time as compared to wild-type and probably to P2Y1-defi-
cient mice, while platelet aggregation in response to ADP is inhibited although
shape change is conserved. Finally, these mice are insensitive to clopidogrel
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treatment (Foster et al. 2001), confirming that the P2Y12 receptor is the target of
this drug.

Prostanoid Receptors. Prostaglandins (PGs) and thromboxanes are important
modulators of platelet activation. On the basis of their sensitivity to the five nat-
urally occurring prostanoids PGD2, PGE2, PGF2a, PGI2, and TXA2, prostanoid
receptors have been classified into five types: DP, EP, FP, IP and TP. Among
these, platelets express TP, EP3 and EP4, DP, and IP receptors. While TXA2 or
low concentrations of PGE2 are proaggregatory, PGI2, high concentrations of
PGE2, and PGD2 are inhibitors of aggregation (for PGI2 and PGD2, see Sects.
2.3.1 and 2.3.2).

TXA2 Receptor. TXA2 is a labile metabolite produced from arachidonic acid in
the cyclooxygenase pathway. It is a potent vasoconstrictor and a platelet aggre-
gating agent and release of TXA2 from activated platelets is an important factor
in the propagation of platelet activation. A single gene encodes the human
thromboxane-prostanoid (TP) receptor, of which two splice variants have been
identified, a and b. Although mRNA for both isoforms has been found in hu-
man platelets, only the TPa receptor is detectably translated (Habib et al. 1999),
whereas both isoforms are expressed on human endothelial and vascular
smooth muscle cells (Narumiya and FitzGerald 2001). In mice, only the TPa iso-
form is expressed. TP-deficient mice survive in expected numbers and do not
exhibit organ abnormalities but display a marked prolongation of the bleeding
time (Thomas et al. 1998). Platelet aggregation in response to the TXA2 analog
U46619 is totally abolished in these mice and the aggregation response to colla-
gen is delayed, whereas ADP-induced aggregation is similar to that observed in
wild-type mice. Infusion of U46619 causes a transient increase in blood pressure
followed by cardiovascular collapse in wild-type mice but has no hemodynamic
effect in TP-deficient animals. Mice lacking the TP receptor are also resistant to
arachidonic acid-induced shock (Thomas et al. 1998).

EP Receptors for PGE2. Human platelets express EP3 and EP4 receptors for PGE2.
If PGE2 alone does not induce platelet aggregation, it has a biphasic effect on
the platelet response, potentiating aggregation at low concentrations and in-
hibiting it at higher concentrations. Studies in prostanoid receptor-deficient
mice have confirmed that the proaggregatory action of PGE2 is mediated by an
EP3 receptor inhibiting adenylyl cyclase, while high concentrations of PGE2 act
on the prostacyclin (IP) receptor to block platelet activation. Consistent with
this schema, lack of the EP3 receptor protects against the formation of intravas-
cular clots in a model of venous inflammation (Fabre et al. 2001). Moreover,
when mice are challenged intravenously with arachidonic acid, mortality and
thrombus formation in the lungs are significantly reduced in EP3-deficient ani-
mals. In one study (Fabre et al. 2001), EP3-deficient mice exhibited a normal
bleeding time, whereas in another this parameter was slightly increased (Ma et
al. 2001). Although PGE2 is not usually considered an important physiological
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regulator of platelet functions, in an inflammatory reaction sufficient PGE2 may
be generated locally to enhance the aggregation induced by platelet agonists
and oppose the inhibitory action of prostacyclin (see Sect. 2.3.1).

5-HT(2A) Serotonin Receptor. Serotonin is produced by enterochromaffin cells
and carried by specific transporters from the plasma into the cytoplasm and
then the dense granules of platelets, where it is stored at a concentration of
about 65 mM. Once released from the dense granules, serotonin can in turn ac-
tivate platelets by interacting with the 5-HT(2A) receptor subtype. It is a weak ag-
gregating agent but can exert mild synergism with other agonists such as
thrombin, collagen, or ADP. Although mice lacking the 5-HT(2A) receptor have
been generated recently (Fiorica-Howells et al. 2002), no investigation of the
consequences of the deficiency for platelet functions has been reported to date.

a2A Adrenergic Receptor. Among the adrenergic receptor subtypes, human and
mouse platelets express the a2A adrenergic receptor, while rat platelets bare
equal numbers of a2A and b2 adrenergic receptors (Siess 1989). This explains
why adrenaline potentiates aggregation in human platelets whereas it inhibits
the reactivity of rat platelets. Adrenaline, by activating a2A adrenergic receptors
which are negatively coupled to adenylyl cyclase, does not induce platelet aggre-
gation itself but potentiates the aggregation induced by ADP or low concentra-
tions of other platelet activators (Lanza et al. 1988). Mice lacking the a2A adren-
ergic receptor subtype are viable, fertile, and apparently normal (Altman et al.
1999). However, the impact of a2A adrenergic deficiency on platelet functions
has not yet been explored (Kable et al. 2000).

2.2.3
P2X1 Receptor

In addition to the G protein-coupled P2Y1 and P2Y12 receptors, platelets also ex-
press the P2X1 receptor, a ligand-gated cation channel responsible for the fast
calcium entry induced by ATP (MacKenzie et al. 1996; Mahaut-Smith et al.
2000). The functional role of this receptor in hemostasis and thrombosis has
long been difficult to assess on account of its rapid desensitization during prep-
aration of platelets for in vitro studies and a lack of potent and selective antago-
nists. P2X1-deficient mice have been shown to exhibit male infertility due to loss
of vas deferens contraction, indicating that the P2X1 receptor is essential for
normal male reproductive function (Mulryan et al. 2000). The bleeding time is
mildly prolonged in this strain as compared to the wild type. P2X1-deficient
platelets display a decreased response to low concentrations of collagen and re-
duced platelet accumulation on a collagen-coated surface under flow conditions
corresponding to the wall shear rates in small arteries (1,500 s-1). Finally, P2X1-
deficient mice are resistant to both systemic thromboembolism and localized la-
ser-induced arterial thrombosis (Hechler et al. 2003). This is a striking example
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of a case where in vivo evaluation of the phenotype was determinant in unmask-
ing the role of a receptor.

2.3
Inhibitory Receptors

2.3.1
IP Receptor for PGI2

Prostacyclin (PGI2) acts on platelets and blood vessels to inhibit platelet aggre-
gation and cause vasodilatation. PGI2 activates a Gas-coupled receptor (IP) to
produce fast stimulation of adenylyl cyclase and hence rapidly suppress platelet
activity. The IP receptor also binds PGE1 (Ashby 1994). IP-deficient mice are vi-
able, reproductive, and normotensive and have a normal bleeding time, but they
display increased sensitivity in a model of FeCl3-induced carotid artery throm-
bosis (Murata et al. 1997).

2.3.2
DP Receptor for PGD2

PGD2 inhibits platelet aggregation by activating DP receptors positively coupled
to adenylyl cyclase. DP-deficient mice have been generated recently (Matsuoka
et al. 2000), but the impact of the deficiency on platelet functions has not been
investigated as yet.

2.3.3
A2a Receptor for Adenosine

Adenosine is produced extracellularly through degradation of released ATP and
is also released from cells by facilitated diffusion. It acts on numerous cell types
including various neuronal populations, platelets, neutrophils, and smooth mus-
cle cells and mainly helps to protect cells and tissues under stress conditions
such as ischemia. Adenosine mediates its effects through four receptor sub-
types, the A1, A2a, A2b, and A3 receptors. Among these, platelets express the
A2a subtype which mediates the inhibitory effect of adenosine on platelet aggre-
gation by stimulating adenylyl cyclase through Gas signaling (Olah and Stiles
1995). Although A2a-deficient mice are viable and breed normally, platelet ag-
gregation in response to ADP was consistently higher in this strain compared to
the wild type (Ledent et al. 1997).

2.4
CD39, ATP Diphosphohydrolase

One important thromboregulatory mechanism is the expression of E-NTDPase-
1 or CD39 on the healthy inactivated endothelium. CD39 is a transmembrane
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Table 3 Knockout mice of genes involved in the intracellular signaling pathway

Disrupted
gene

Viability Phenotype of knockout mice Reference(s)

Gq 30%–40%
perinatal
mortality

Ataxia, motor discoordination,
increased bleeding time and resistance
to thromboembolism

Offermanns 2000

Ga13 Embryonic
mortality at E10

Impaired embryonic angiogenesis Gu et al. 2002

Ga12 Viable No phenotype Gu et al. 2002
Gz Viable Resistant to thromboembolism/increased

bleeding time
Yang et al. 2000;
Kelleher et al. 2001

Gi2 Viable Impairment of ADP-induced platelet
activation

Jantzen et al. 2001

Gs Embryonic
mortality at E10

? Yu et al. 1998

Fyn Viable Reduced platelet responses to
collagen-related peptide (CRP)

Quek et al. 2000

Lyn Viable Delayed platelet responses to
collagen-related peptide

Quek et al. 2000

Syk Mortality
within
1 to 5 days

Studies in chimeric mice: loss
of aggregation to collagen, normal
bleeding time

Poole et al. 1997

LAT Viable Impaired platelet responses to CRP Pasquet et al. 1999
SLP-76 17% perinatal

mortality
Fetal hemorrhage, impaired
collagen-induced platelet aggregation

Clements et al. 1999

PLCg2 30% perinatal
mortality

Fetal hemorrhage, smaller size, loss
of collagen-induced platelet aggregation

Wang et al. 2000;
Mangin et al. 2003

Btk Viable Reduced aggregation and secretion
in response to collagen

Quek et al. 1998

SHP-1 Mortality
within 2 weeks

Mev mice, having a mutation in
SHP-1gene, display severe defect in
hematopoiesis

Shultz et al. 1993

SHP-2 Embryonic
mortality
at E9.5

Suppression of hematopoietic
development

Saxton et al. 1997

SHIP-1 Viable Increase responsiveness to CRP Pasquet et al. 2000
PI3-K p85a Viable Partial inhibition of collagen

and CRP-induced aggregation
Watanabe 2003

PI3-Kg Viable Impaired platelet responses to ADP,
normal responses to collagen and
thrombin

Hirsch et al. 2001

Gelsolin Viable Decreased platelet shape change Witke et al. 1995
WASP Viable Decreased peripheral blood lymphocytes

and platelets
Snapper et al. 1998

VASP Viable Hyperplasia of megakaryocytes; defects
in cAMP/cGMP-mediated inhibition
of aggregation

Hauser et al. 1999;
Aszodi et al. 1999

cGMP-K1 Viable Increase in platelet adhesion and
aggregation following ischemia/reperfusion

Massberg et al.
1999

Talin Embryonic
mortality at E9

Failure of cell migration at gastrulation Monkley et al. 2000

Vinculin Embryonic
mortality at E10

Defective embryonic development Xu et al. 1998

4.1 Viable Moderate hemolytic anemia Shi et al. 1999
Profilin 2-Cell stage

mortality
? Witke et al. 2001

Moesin Viable No phenotype; normal platelet aggregation Doi et al. 1999
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protein originally identified on lymphoid cells, the extracellular part of which
exhibits apyrase or ATP diphosphohydrolase (ATPDase) activity. This throm-
boregulatory potential of CD39 has been highlighted by disruption of the gene
(Enjyoji et al. 1999). CD39-deficient mice do not exhibit specific abnormalities
of development or reproductive capacity, although they paradoxically display a
prolonged bleeding time with minimally perturbed coagulation parameters.
Platelet interactions with the injured mesenteric vasculature were considerably
reduced in these mice. In addition, aggregation of platelets in response to ADP,
collagen, or low-dose thrombin was diminished. This platelet hypofunction was
due to desensitization of the P2Y1 receptor and normal responses could be re-
stored by incubating the cells with soluble apyrase. Consistent with a deficient
mechanism of vascular protection, fibrin deposits were found at numerous or-
gan sites in CD39-deficient mice and transplanted cardiac grafts. Hence, CD39
plays a dual role in modulating hemostasis and thrombotic reactions.

2.5
Intracellular Signaling Pathways

2.5.1
The Platelet G Proteins

Among the several G protein a subunits described to date, platelets express Gs,
Gq, G12/13, Gz, Gi2 and Gi3 (Offermanns 2000). Whereas Gs mediates PGI2/PGE1-
dependent platelet inhibition by stimulating adenylyl cyclase, the other G pro-
teins are involved in platelet activation (Table 3). Gq activates phospholipase Cb
to trigger release of intracellular calcium and activation of protein kinase C, G12/

13 is involved in events leading to platelet shape change and Gz is able to inhibit
adenylyl cyclase. Gi2 and Gi3 can likewise mediate repression of cAMP forma-
tion, while the released bg subunits can activate phospholipase Cb or other sig-
naling molecules like phosphoinositide 3-kinases (PI3 K) (Brass and Molino
1997; Offermanns 2000) (Fig. 2).

Gaq. Gq-deficient platelets exhibit defective calcium mobilization in response to
ADP, thrombin, or the TXA2 mimetic U46619. As a result, platelets from Gq-de-
ficient mice are unable to fully aggregate or secrete the contents of their gran-
ules when stimulated with ADP, thrombin, U46619, or a low concentration of
collagen alone (Offermanns et al. 1997a), while co-stimulation of the G12/G13

and Gi pathways induces integrin aIIbb3 activation (Nieswandt et al. 2002). This
defect of primary hemostasis leads to an increased bleeding time and to protec-
tion against the thromboembolism induced by injection of collagen and adrena-
line (Offermanns et al. 1997a,b). Platelet shape change persists except in re-
sponse to ADP in Gq-deficient mice, demonstrating the involvement of the G12/
G13 proteins in shape change (Klages et al. 1999). These studies in Gq-null mice
have confirmed observations in human platelets concerning the coexistence of
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two independent pathways leading to platelet shape change, the calcium/cal-
modulin and Rho/Rho kinase pathways (Bauer et al. 1999; Paul et al. 1999).

Ga12/13. The ubiquitously expressed G12 and G13 proteins are members of the G12

subfamily. Several seven-transmembrane-domain receptors are coupled to G12

and/or G13, including receptors for thrombin, TXA2, LPA, and sphingosine-1
phosphate. Studies in Gaq-deficient mice have shown that G12/G13 activation,
followed by Rho/Rho kinase signaling leading to phosphorylation of the myosin
light chain, is involved in platelet shape change. Mice lacking G13 die at embry-
onic day 10 from impaired angiogenesis. In contrast, G12-deficient mice are via-
ble with no apparent abnormalities. However, intercrossing between G12 and G13

or Gq mutant mice suggests that G12 plays a role in mouse embryogenesis and
functionally interacts with signaling pathways using both G13 and Gq (Gu et al.
2002).

Gaz. Gz is mainly expressed in platelets and the brain. Platelets from Gz-deficient
mice display abnormal responses only with regard to adrenaline-mediated inhi-
bition of adenylyl cyclase and the potentiating effect of adrenaline on aggrega-

Fig. 2 Platelet signaling pathways. The FcRg chain is tyrosine-phosphorylated by the kinases Lyn and
Fyn, leading to recruitment of Syk kinase. Syk phosphorylates LAT, which leads to recruitment of PLCg2
and SLP-76 to the cell membrane. LAT also associates with PI3 K, resulting in second messenger
PI(3,4,5)P3 production and recruitment of Btk to the membrane, both of which contribute to PLCg2
activation. Stimulation of GPCR results in activation of G proteins. Gaq activates PLCb, while Gai/z acti-
vates PI3 kinase-dependent mechanisms and inhibits adenylyl cyclase, thus amplifying the platelet re-
sponses. Activation of PLCb and PLCg2 leads to second messenger IP3 and DAG production, which re-
sults in final events such as shape change, aIIbb3 exposure, aggregation, and secretion. The G12/13 pro-
teins also participate in platelet shape change through a Rho/Rho kinase pathway
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tion induced by other agonists. Consequently, these mice are resistant to the
thromboembolism challenge triggered by injection of collagen and adrenaline
(Yang et al. 2000).

Gai2. Gi2 is the predominant platelet G alpha(i) subtype. ADP-dependent aggre-
gation is reduced in Gi2-deficient mice, and their platelets also display a dimin-
ished response to low concentrations of thrombin due to impairment of platelet
activation in response to secreted ADP (Jantzen et al. 2001).

Gas. Gs deficiency is embryonically lethal, leading to arrest of development be-
fore embryonic day 10.5 (Yu et al. 1998).

2.5.2
The FcRg Chain-Initiated Pathway

The GPVI/FcRg chain complex collagen receptor triggers platelet activation
through a pathway resembling immune receptor signaling. The FcRg chain of
GPVI is phosphorylated on an ITAM (immunoreceptor tyrosine-based activa-
tion motif) by the Src kinases Lyn and Fyn, which leads to recruitment and ac-
tivation of the non-Src tyrosine kinase Syk. Syk initiates a signaling cascade, re-
sulting in activation of the central enzymes phosphatidylinositol 3-kinase
(PI3 K) and PLCg2. Several proteins are regulated downstream of Syk, including
many adapters (LAT, Gads, and SLP-76) and the Tec family tyrosine kinase Brk
(Watson et al. 2001) (Fig. 2). Knockout mice have been generated for most of
the proteins involved in GPVI signaling and all strains display some impairment
of collagen-induced platelet activation. These animals have been useful tools to
help elucidate the GPVI-mediated signaling cascade and the more or less crucial
roles of all the transduction proteins (Table 3).

Src Kinases. Fyn and Lyn are responsible for initial phosphorylation of the FcRg
chain ITAM (Ezumi et al. 1998). Lyn or Fyn deficiency results respectively in re-
duced or delayed phosphorylation, with nevertheless no dramatic impairment
of collagen-induced platelet aggregation (Quek et al. 2000). Phosphorylation is
further delayed in double-knockout mice, indicating the presence of another
still-unknown protein kinase probably of the Src family (Quek et al. 2000). Fyn
and Lyn are also activated by stimulation of G protein-coupled receptors, but a
deficiency in these kinases does not impair the cytoskeletal changes underlying
platelet shape change (Bauer et al. 2001).

Syk. Syk-deficient mice die perinatally or within 1–5 days of birth (Cheng et al.
1995; Turner et al. 1995). Hence the role of Syk in platelets has been studied in
chimeric wild-type mice irradiated and repopulated with Syk-deficient hemato-
poietic cells. Syk deficiency leads to a complete loss of collagen-induced platelet
aggregation, although the tail bleeding time is normal (Poole et al. 1997). The
absence of Syk is associated with a lack of phosphorylation of LAT, SLP-76, and
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PLCg2, together with defective activation of integrin aIIbb3 in response to ADP
in the presence or absence of adrenaline (Law et al. 1999).

Adapter Proteins Regulating PLCg2: LAT and SLP-76. Knockout mice deficient
for expression of adapter proteins have been useful to determine the function of
these proteins. In LAT-deficient platelets, tyrosine phosphorylation of SLP-76 is
only weakly inhibited and a significant level of PLCg2 phosphorylation persists
(Pasquet et al. 1999). Mice lacking SLP-76 exhibit perinatal mortality probably
due to fetal hemorrhage. If thrombin responsiveness is maintained, collagen-in-
duced platelet aggregation and secretion is strongly impaired in these mice and
is associated with a total loss of induction of PLCg2 phosphorylation (Clements
et al. 1999).

PLCg2. Studies in PLCg2-deficient mice have demonstrated a critical role of this
phospholipase in collagen-induced aggregation and secretion. Although viable
PLCg2-deficient mice can be obtained, the absence of PLCg2 leads to perinatal
mortality and a smaller size of some animals, which most probably result from
a bleeding disorder. Embryonic and adult mice display intraperitoneal and gas-
trointestinal hemorrhage (Wang et al. 2000). The ability of platelets to aggregate
and release TXA2 or ADP following collagen stimulation was severely affected in
PLCg2-deficient mice, although responses to thrombin, ADP, and U46619 were
normal (Manging et al. 2003). This is consistent with the hypothesis that PLCg2
is essential for signaling through collagen receptors, which require the FcRg
chain. Residual activation of PLCg2-null platelets through a mechanism inde-
pendent of GPVI but dependent on PI3 K and integrin aIIbb3 was nevertheless
observed at high collagen concentrations (Manging et al. 2003).

Tec Kinases. The Tec kinases Btk (Bruton tyrosine kinase) and Tec are expressed
in platelets where they are phosphorylated during stimulation with collagen
(Quek et al. 2000). Human platelets from patients with X-linked agammaglobu-
linemia (XLA), characterized by a primary immunodeficiency resulting from
mutations in the Btk gene, exhibit reduced aggregation and secretion in re-
sponse to collagen (Quek et al. 1998). This is accompanied by a partial decrease
in PLCg2 phosphorylation. In Xid mice (an X-linked immunodeficiency result-
ing from mutation of Btk), there is negligible reduction in PLCg2 phosphoryla-
tion, which would suggest the involvement of Tec and/or another Src or Syk-re-
lated kinase (Pasquet et al. 2000). Mice deficient in both Btk and Tec will be use-
ful to elucidate this point (Ellmeier et al. 2000).

2.5.3
Miscellaneous Pathways

SHP and SHIP Phosphatases. Receptors signaling through ITAM-dependent
pathways can be regulated by transmembrane proteins containing ITIMs (im-
munoreceptor tyrosine-based inhibition motifs). After phosphorylation of the
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conserved tyrosine in the ITIM, tyrosine phosphatases containing an SH2 do-
main (SHP-1 and SHP-2) or inositol 50-lipid phosphatases containing an SH2
domain (SHIP-1 and SHIP-2) are recruited to the plasma membrane. SHP-2
knockout mice are not viable and die by day 9.5 from suppression of hemato-
poietic development (Saxton et al. 1997). Mice lacking SHP-1 are called motheat-
en owing to their appearance and general state of ill-health and do not survive
more than 2 weeks. Viable motheaten (mev) mice have a mutation in the SHP-1
gene which results in almost complete loss of catalytic activity. These mice sur-
vive several weeks although older animals are thrombocytopenic and their
platelets display hypophosphorylation of Syk and Lyn in response to collagen-
related peptide (CRP), accompanied by reduced P-selectin expression. Studies
of resting mev/mev platelets have revealed a novel protein of 26 kDa, heavily ty-
rosine-phosphorylated, which remains to be identified (Pasquet et al. 2000).
SHIP-1-deficient platelets show increased responsiveness to CRP in the presence
of extracellular calcium. This finding has demonstrated a novel pathway of calci-
um entry, which is regulated through binding of PI(3,4,5)P3 to Btk and is inde-
pendent of PLCg2 (Pasquet et al. 2000). SHIP-2 has a broader distribution than
SHIP-1 and is also expressed in hematopoietic tissues (Muraille et al. 1999) but
no SHIP-2 knockout mice have been reported to date.

PI3 Kinases. Murine platelets express several forms of PI3 K: p85/p110a and b,
and p110g. Class IA PI3Ks are heterodimeric enzymes which regulate a large
number of signal transduction pathways. The p85 regulatory subunit recruits
the p110 catalytic subunit to the cell membrane, where p110 phosphorylates
inositol lipids. PI3Kp85 null mice have been generated recently and exhibit a
clear deficiency of collagen-induced platelet activation with impaired signalling
of the GPVI/FcgammaR chain pathway. In contrast, platelet activation by soluble
agonists such as ADP, thrombin or U46619 is not affected in these mice (Watan-
abe et al. 2003). PI3Kg is a key downstream effector of G protein-coupled recep-
tors. PI3Kg-deficient platelets exhibit impaired aggregation in response to ADP,
whereas responses to collagen and more surprisingly to thrombin are normal.
The bleeding time is not affected, but the mice are resistant to the acute throm-
boembolism induced by injection of ADP (Hirsch et al. 2001).

2.5.4
Cytoskeletal Proteins and Platelet Signaling

One function of the cytoskeleton is to direct the contours of the membrane in
resting platelets and the rapid shape changes of activated platelets resulting
from phosphorylation or calpain-induced cleavage of cytoskeletal proteins. Mice
deficient in several proteins of the membrane cytoskeleton have been generated
but will not be discussed here as no platelet phenotype has yet been described.
The cytoskeleton is also able to bind signaling molecules, thus confining them
to specific cellular locations and playing a critical part in the integration of cel-
lular activities. In particular, knockout mice for gelsolin, Wiskott-Aldrich syn-
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drome protein (WASP), and vasodilator-stimulated phosphoprotein (VASP)
have been useful to elucidate the important role of cytoskeletal proteins in plate-
let signaling (Table 3).

Gelsolin. Gelsolin is a 82-kDa actin-binding protein with potent actin filament
severing activity in vitro. Gelsolin-null mice are viable and develop normally
but their platelet shape change is impaired, which results in a prolonged bleed-
ing time (Witke et al. 1995). On a CRP-coated surface, gelsolin expression is re-
quired for the extension of platelet lamellae but not for the formation of filopo-
dia (Falet et al. 2000).

WASP. Wiskott-Aldrich syndrome (WAS) is a human X-linked immunodeficien-
cy associated with a bleeding disorder, thrombocytopenia and small platelets. It
arises from mutations in a gene encoding a cytoplasmic protein (WASP) impli-
cated in regulating the actin cytoskeleton. WASP serves as an adapter protein
which is recruited to submembrane sites containing actin. Here it activates
CDC42 or Rac and in turn recruits signaling molecules, some of which are in-
volved in actin polymerization. WASP-deficient mice have reduced numbers of
peripheral blood lymphocytes and platelets and develop chronic colitis (Snap-
per et al. 1998). However, unlike in WASP-deficient patients, the decrease in
platelet count is modest and is not associated with a reduced platelet size or
bleeding diathesis.

VASP and cGMP Kinase I. Vasodilator-stimulated phosphoprotein (VASP) is as-
sociated with focal adhesions, cell–cell contacts, microfilaments and highly dy-
namic membrane regions, and is a substrate for cAMP- and cGMP-dependent
protein kinases. VASP is expressed in most cell types and at particularly high
levels in human platelets, where it is thought to be involved in actin filament
formation and integrin aIIbb3 inhibition. VASP-deficient mice exhibit hyperpla-
sia of the megakaryocytes in bone marrow and spleen, although platelet num-
bers are normal (Hauser et al. 1999). These mice also display some defects of
cAMP- and cGMP-mediated inhibition of platelet aggregation, suggesting that
VASP is a negative modulator of platelet and integrin aIIbb3 activation (Aszodi
et al. 1999; Hauser et al. 1999). VASP is the only well-established substrate of
cGMP kinase I and platelets from mice lacking cGMP kinase I display defective
phosphorylation of VASP. This is associated with increased in vivo platelet adhe-
sion and aggregation in a mouse model of ischemia/reperfusion of the intestinal
microcirculation, with no compensatory effect of platelet cAMP kinase (Mass-
berg et al. 1999).

2.6
Megakaryopoiesis

Platelets are fragmentation products of the cytoplasm of mature megakaryocy-
tes generated in the bone marrow. Mature megakaryocytes develop from pro-
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genitor cells through various processes including cellular proliferation, endomi-
tosis, and differentiation and finally fragment to ensure platelet production (Ta-
ble 4). All these events take place predominantly under the control of a hormone
called thrombopoietin (TPO).

2.6.1
Thrombopoietin and c-Mpl Receptor

TPO is also known as Mpl ligand or megakaryocyte growth and differentiation
factor (MGDF) and is the primary physiological regulator of megakaryocyte
platelet production. It is synthesized in the liver and kidneys and its biological
functions are mediated by specific binding to a cell surface receptor called c-
Mpl, a member of the cytokine receptor superfamily present on platelets, mega-
karyocytes, and some CD34+ progenitor cells. TPO-deficient mice (de Sauvage
et al. 1996) and c-Mpl-deficient mice (Gurney et al. 1994; Alexander et al. 1996)
present an almost identical phenotype. Consistent with the fact that TPO is the
primary physiological regulator of platelet production in vivo, both knockout
strains are severely thrombocytopenic, having only 5%–10% of the platelet
numbers present in normal mice (Gurney et al. 1994; Alexander et al. 1996; de
Sauvage et al. 1996). There is also an 85% reduction in megakaryocyte counts
and a deficit of megakaryocyte progenitor cells (Alexander et al. 1996). Hence,
TPO is critical for the maintenance of megakaryocyte numbers through its con-
trol of progenitor cell proliferation and maturation. The platelets produced in
the absence of TPO signaling are morphologically normal and aggregate nor-
mally in response to various agonists. Despite the severely diminished platelet
count, the knockout mice do not display spontaneous bleeding and their bleed-
ing time is only mildly prolonged (Bunting et al. 1997). Therefore, although

Table 4 Major phenotypes of mice deficient in megakaryopoiesis-related genes

Protein family Disrupted gene Phenotype Reference(s)

Hormone Thrombopoietin
(TPO)

85% decrease in megakaryocyte
and platelet number, modestly
prolonged bleeding time

de Sauvage et al. 1996

Receptor c-mpl 85% decrease in megakaryocyte
and platelet number, modestly
prolonged bleeding time

Gurney et al. 1994;
Alexander et al. 1996

Transcription
factor

GATA-1 Lethal Fujiwara et al. 1996
Megakaryocyte-
targeted GATA-1

Thrombocytopenia, abnormal
platelet ultrastructure, defective
response to thrombin and ADP,
prolonged bleeding time

Shivdasani et al. 1997

p45 NF-E2 Complete absence of circulating
platelets; mice die shortly after
birth from extensive hemorrhage

Shivdasani et al. 1995

Fli-1 Lethal Hart et al. 2000
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TPO signaling is the major regulator of megakaryocytopoiesis, important TPO-
independent mechanisms must exist in vivo which control residual platelet pro-
duction in these mice. In addition, the TPO- and c-Mpl-deficient strains exhibit
reduced numbers of progenitor cells in all hematopoietic lineages, indicating a
central role of TPO signaling in hematopoietic stem cell regulation (Alexander
1999).

2.6.2
Transcription Factors

Megakaryocyte-restricted expression of genes is achieved through use of both
lineage-restricted and more widely expressed transcriptional regulators. Partic-
ularly important for megakaryocyte differentiation and platelet production are
three erythro-megakaryocytic transcriptional regulators, GATA-1, Fli-1, and
NF-E2 (Kaluzhny et al. 2001; Shivdasani 2001).

GATA-1. GATA-1 is a specific erythro-megakaryocytic transcription factor and
many of the genes selectively expressed in megakaryocytes such as the PF4
(Ravid et al. 1991), GPIIb (Uzan et al. 1991), GPIba, or GPV genes (Lepage et al.
1999) contain active binding sites for GATA protein in their regulatory regions.
Moreover, a naturally occurring mutation in the GATA-1 sequence located with-
in the promoter element of GPIbb has been described as one of the causes of
macro thrombocytopenia (Freson et al. 2001), pointing to a major role of
GATA-1 in thrombopoiesis. Since GATA-1 disruption is lethal in mice (Fujiwara
et al. 1996), mice lacking GATA-1 selectively in megakaryocytes have been gen-
erated (Shivdasani et al. 1997). These mice present abnormally abundant
and immature megakaryocytes accompanied by marked thrombocytopenia
(Shivdasani et al. 1997). The platelets are enlarged, spherical, and ultrastructur-
ally abnormal and display defective activation in response to thrombin or ADP
and adrenaline (Vyas et al. 1999), while the bleeding time is prolonged com-
pared to that of wild-type mice. Thus, GATA-1 function is not necessary for
megakaryocytic lineage commitment but is critical for a proper balance between
cell proliferation, death, and differentiation during megakaryopoiesis and for
normal completion of the maturation process.

p45 NF-E2. p45 NF-E2 heterodimerizes with p18 to form the hematopoietic tran-
scription factor NF-E2. A number of genes exclusively expressed in megakaryo-
cytes such as the GPIIb, PF4, and GPIX genes contain binding sites for NF-E2,
which would suggest that this transcription factor is involved in lineage
development. This has now been confirmed by a study of NF-E2-deficient mice
(Shivdasani et al. 1995). These mice display impaired megakaryopoiesis with a
complete absence of circulating platelets and consequently a high mortality of
the homozygous animals through hemorrhage (Shivdasani et al. 1995). Mega-
karyocytes are present in the spleen and bone marrow of the mutant mice, but
the majority of these cells appear larger than control megakaryocytes and dis-
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play severely impaired cytoplasmic maturation. NF-E2 is therefore not required
for lineage commitment and megakaryopoiesis proceeds normally in the early
phases. However, this transcription factor is necessary in the late stages of dif-
ferentiation for proper final maturation and release of circulating platelets.

Ets Family. Although a number of transcription factors belonging to the Ets
family including Ets-1, Fli-1 and PU.1 are expressed in megakaryocytes, to date
only Fli-1 appears to play an important role in megakaryopoiesis. Fli-1-deficient
mouse fetuses die at mid-gestation, principally as a result of aberrations of vas-
cular development (Hart et al. 2000), while megakaryocytes derived from fetal
liver and cultured in vitro display severely impaired cytoplasmic maturation. In
contrast, PU.1-deficient mice failed to reveal defects of megakaryopoiesis or
platelet production (Scott et al. 1994). Ets-1 is involved in positive regulation of
the PF4 gene (Minami et al. 1998) and in activation of the Mpl receptor gene by
TPO in megakaryocytes.

3
Concluding Remarks

The blood platelets of transgenic mice have been studied not only to explore he-
mostasis and thrombosis but also for purposes of general biochemistry and mo-
lecular biology. This explains why such a broad range of targeted genes lead to
platelet dysfunction and not all are relevant for pharmacological objectives in
terms of antiplatelet drug research. Most of the critical observations relating to
hemostasis and thrombosis have confirmed previous knowledge of the roles of
specific receptors or transduction proteins. However, these transgenic mice have
greatly improved our general understanding of platelet physiology and represent
convenient models for preclinical pharmacology and basic science. Future per-
spectives include the oncoming technology of tissue-restricted and/or inducible
gene deletion, which will of course avoid the problems of lethality and those of
compensatory mechanisms which can mask gene functions. Finally, tissue-tar-
geted knock-in will further extend the transgenic strategies.
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Abstract The past decade has witnessed a breakthrough in our understanding
of one of the most puzzling phenomena of immunology: leukocyte homeostasis
and homing. Being very similar in their underlying concepts, both processes
rely on identical mechanisms, i.e. the induction and control of the migration of



immune-competent cells via the chemokine/chemokine receptor system. Ac-
cording to their basic function, chemokines fall into one of two groups: inflam-
matory and homeostatic. The former are implicated in processes of inflamma-
tion whereas the latter contribute in large part to the maintenance of the lym-
phocyte pool. However, there is no absolute discrimination between these two
branches as reflected by the intimate links between inflammatory and im-
munoregulatory pathways in order to perform proper immunological responses.
Insights into the function of the chemokine network were brought about by
studying mice deficient for distinct chemokine receptors. Such a strategy turned
out to be indispensable when analysing an intricate balance as seen in lympho-
cyte homeostasis/migration, but it experienced some difficulties when targeting
chemokine receptors of the inflammatory branch. This is due to the functional
reliability-born-by-redundancy inherent in this system and may be cured by the
analysis of double-knockout animals. In addition, the mice deficient for diverse
chemokine receptors provided the basis for model systems for the study of au-
toimmune diseases and transplant rejection. These aspects as well as the afore-
mentioned regulation of lymphocyte homeostasis and migration will be dis-
cussed in this review.

Keywords Chemokine · Chemokine receptor · Lymphocyte migration ·
Autoimmune disease · Allograft tolerance · Knockout mouse · Disease model ·
Haematopoietic cell

1
Overview

The aim of this review is to describe the biological functions of chemokine re-
ceptors based on the data obtained from gene-targeted mice. We will first give a
brief overview on chemokines and their receptors followed by a summary of the
key information about each receptor as far as data derived from gene-targeted
mice are concerned.

1.1
Chemokines and Their Receptors

Chemokines constitute a family of chemotaxis-inducing peptides composed of
70–130 amino acids. They are produced by a plethora of cells including epithe-
lial cells, endothelial cells, other tissue cells and immune cells. Chemokines
share four conserved cysteine residues forming two distinct disulphide bonds.
CC and CXC chemokines are classified based on the position of the first two
conserved cysteine residues which are either adjacent (CCL) or separated by a
single amino acid (CXCL). Thus far, 28 members of the CC and 16 members of
the CXC chemokine family have been identified. In addition to these chemo-
kines, two chemokines have been identified possessing only two (instead of
four) cysteines (XCL), whereas another chemokine is characterized by three
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amino acids between the first two cysteines (CX3CL) (for reviews see: Baggiolini
et al. 1997; Rollins 1997; Murphy et al. 2000). Sequence analysis revealed that
chemokines encompass a short amino-terminal domain, a b-strand-based back-
bone, connecting loops between the second and the forth cysteine and a car-
boxy-terminal a-helix. Initially, chemokines were identified by their ability to
attract inflammatory cells such as neutrophils, monocytes and eosinophils to
places of inflammation and infection. Secretion of CXCL8 and a variety of other
chemokines are induced by microbial toxins and inflammatory cytokines. Con-
sequently, these chemokines are referred to as inflammatory chemokines.

In addition, some chemokines could be identified within secondary lym-
phoid organs, being constitutively expressed (rather than being induced during
inflammatory processes). More recent work has demonstrated that these che-
mokines regulate homeostatic lymphocyte trafficking to and from lymphoid
compartments. The chemokines CCL17-22, CCL25, CCL27, CCL28, CXCL12 and
CXCL13 each participate in these processes (Cyster 1999) and are now generally
addressed as homeostatic chemokines, whereas all others are regarded to re-
present inflammatory chemokines. Chemokines act on target cells via seven-
transmembrane spanning receptors coupled to Pertussis toxin-sensitive G pro-
teins. Eleven receptors for CC chemokines, six for CXC chemokines and one
each binding CX3C and XC chemokines have been identified so far. As outlined
in Table 1 most of the chemokine receptors bind more than one chemokine and
several chemokines bind to more than one receptor, suggesting a high degree of
redundancy and versatility. The redundancy is particularly apparent in the in-
flammatory branch of the chemokine system with different chemokines acting
on the same receptor. In contrast, several one-ligand-to-one-receptor interac-
tions exist in the homeostatic chemokine branch, and it is thus not surprising
that gene targeting of these members in mice revealed fundamental functions of
the homeostatic chemokines in lymphocyte trafficking and immune surveil-
lance. Table 1 summarizes the chemokine receptors identified so far, their lig-
ands, the receptor-expressing cell type, their allocation to the inflammatory or
homeostatic branch of the chemokine system and the most important publica-
tions describing the phenotype of gene-targeted mice.

1.2
Chemokines and Leukocyte Migration

The capacity of immune cells to recirculate through almost all compartments of
the body represents an essential feature of immune surveillance and requires
the ability of these cells to leave and re-enter the vasculature continuously. Leu-
kocyte migration has been intensely studied on high endothelium venules
(HEV) of secondary lymphoid organs. These vessels are characterized by a sin-
gle layer of cubic endothelial cells decorated with several chemokines and adhe-
sion molecules facilitating lymphocyte entry to lymphoid organs. The binding
of leukocytes to endothelial cells occurs as a complex process. Based on early
experimental data, a multistep model of leukocyte adhesion and transendothe-
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lial migration was proposed shortly after the first chemokine receptors had been
identified (Butcher 1991; Lawrence et al. 1991; Springer 1994). In an initial step,
leukocytes tether to and roll along the endothelium of the vessel wall by the in-
teraction of selectins with their counter receptors. In the particular case of lym-
phocytes entering lymphoid organs through HEV, this binding is facilitated be-
tween lymphocyte-expressed L-selectin and endothelial CD34 or MAdCAM
(Fig. 1). Firm binding subsequently involves another set of adhesion molecules,
lymphocytic integrins (such as LFA-1) and intracellular adhesion molecules
(ICAMs). However, such firm binding will not occur unless the lymphocyte-
borne integrins are converted into a binding-competent conformational stage.
The signal required to initiate this event is provided by active G proteins re-
leased by chemokine receptors which in turn were induced by binding to their
respective chemokines. Therefore, only the presence of chemokines trapped at
the luminal surface of the endothelial cells, is capable of triggering the extrava-
sation program of lymphoid cells consisting not only of tight lymphocyte/endo-
thelial interaction but also providing the stimuli for the extensive cell reshaping
occurring during transmigration. Once the cells have entered a lymphoid organ,
they become exposed to new chemokine gradients, which are responsible for
the segregation of B and T cells into their characteristic compartments, i.e. the
lymphoid follicles and the T cell zones (Fig. 1). Although less intensively stud-
ied, it is believed that similar mechanisms regulate leukocyte extravasation dur-

Fig. 1 Proposed model of lymphocyte extravasation. Selectin receptors bind carbohydrate counter-
structures expressed on leukocytes permitting low-affinity interactions and rolling of the endothelial
cells. Chemokines immobilized to the luminal side of the endothelium bind to and activate chemokine
receptors, which transmit signals most likely initiating a conformational change and activation of inte-
grins. Activated integrins now bind with high affinity to adhesion molecules expressed on the endothe-
lium (such as ICAM-1) resulting in extravasation. Once lymphocytes have entered the lymphoid organ,
they follow a hierarchy of chemokine gradients which guide them into functional microanatomical
compartments. (Modified model initially proposed by Butcher 1991; Lawrence et al. 1991; Springer
1994)
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ing inflammatory processes. However, in contrast to the situation described for
HEV, most of the chemokines and adhesion molecules have to be induced on
the endothelium by inflammatory stimuli.

2
The Biological Consequences of Chemokine Receptor Deficiency

2.1
Introductory Remarks

A plethora of literature exists describing the expression of chemokine receptors
on cell types or tissues. In part the presented data are conflicting. Care should
be taken in two respects. Was the corresponding receptor detectable as protein
using a specific antibody or was the evidence based on RNA data? In the case of
the latter, it should be rated less reliable. Second, differences may also relate to
expression profiles varying between species. Here we concentrate on conclu-
sions drawn from mouse data and to a lesser extent from human data. A similar
scenario holds true for the question regarding whether a distinct chemokine is
indeed a ligand for a receptor. Mere binding studies, even if correlated signalling
events were evidenced in heterologous expression systems, may not translate to
the correct in vivo situation. Therefore, it is difficult to reconcile some contra-
dictory data, and everybody who is interested in a particular receptor/ligand in-
teraction must critically evaluate the literature. Another source of confusion so
far has been the baptizing of chemokines and their receptors, which followed no
uniform guidelines. In this review, we will refer to the recent renaming pub-
lished by the IUIS/WHO Nomenclature Committee (2001).

Before starting detailed descriptions of each particular receptor, it is neces-
sary to briefly discuss the combined expression of several chemokine receptors
on distinct cell types, which helped us to understand basic mechanisms of their
regulation and trafficking. Chemokine receptor expression profiles became
landmarks of cell subtype assignments, and newly emerging concepts such as
the diversification of memory T cells imposed problems on well-established
ideas like the T helper (Th)1/Th2-paradigm. Accumulating data demonstrate
that blood phagocytes express a limited set of chemokine receptors, whereas
T lymphocytes express a wide array of these receptors, depending on their de-
velopmental as well as their activation stage. Monocytes are distinguished by
CCR1, CCR2 and CCR5 expression, eosinophils characteristically express CCR1
and CCR3, which are also found on basophils (in addition to CCR2). Immature
dendritic cells competent to migrate into inflamed tissue express CCR1, CCR2
and CCR5. Upon maturation these receptors are replaced by CCR4 and CCR7,
enabling the immigration into the draining lymph nodes.

We first will describe the chemokine receptors which are of importance for
the efferent pathway, i.e. those directing expressing cells to sites of inflamma-
tions: CCR1, CCR2, CCR3, CCR4, CCR5, CCR8 and CXCR3 (Kaplan 2001). These
are also called the inflammatory chemokine receptors in contrast to the homeo-
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static or afferent chemokine receptors listed below (Moser et al. 2001). The latter
names were coined to emphasize the role of these receptors in maintenance and
homing of immunocompetent cells. Since the functions of the chemokine recep-
tors providing the basis for such a classification are not defined in all details,
and some receptors fulfil tasks belonging in either category, such listings are
subject to some arbitrary decisions. Consequently, this should be interpreted as
a guideline rather than a fixed concept.

2.2
The Inflammatory Chemokine Receptors

For the study of receptor functions, the generation and characterization of
knockout mice was indispensable and will therefore constitute the backbone of
the information given here. However, inactivation of chemokine receptors of the
inflammatory type in many instances showed no apparent phenotype. These
observations suggested a widespread redundancy in this class of chemokine re-
ceptors that might be caused by the overlapping binding profiles of chemokines
as well as receptors [no less than nine chemokines were reported to bind to
CCR1 or CCR3 (Baggiolini 2001)]. Therefore, a distinct phenotype could fre-
quently be made visible upon provocation only, by confronting the knockout
mice with pathogenic or allergic challenges. Largely, such experimental setups
were chosen to mirror certain autoimmune or allergic diseases. For this reason,
animal models for these malfunctions will be of considerable interest here.

2.2.1
CCR1: Th1/Th2; Neutrophils

CCR1 belongs to those chemokine receptors with an apparent binding capacity
for a variety of chemokines (see Table 1). CCR1 was found to be expressed on
myeloid progenitor cells (CD34+), a finding in line with the observation that
mice deficient for CCR1 fail to mobilize these cells from bone marrow in re-
sponse to lipopolysaccharide (LPS) (Gao et al. 1997). The steady-state level of
myeloid progenitors in femur is normal but found to be decreased in spleen and
blood. Despite receptor/ligand redundancy, mature neutrophils obtained from
peripheral blood of knockout animals failed to chemotax towards CCL3. There-
fore, knockout mice displayed an accelerated mortality upon Aspergillus fumi-
gatus infections (Gao et al. 1997). This infection is controlled predominantly by
neutrophils which block tissue invasion of the pathogen from blood yet cannot
prevent inflammation once penetration occurred. Granuloma formation in the
lung induced by Schistosoma mansoni infection is greatly reduced in knockout
animals. Remarkably, the cells of these granulomas differ in neither type nor
relative percentage between knockout and wild-type littermates (Gao et al.
1997), rendering it less likely that this phenotype is caused by the selective lack
of a CCR1-mediated chemotactic function. Lung lymph-node cells deficient for
CCR1, challenged with a Schistosoma antigen, produce more interferon (IFN)-g
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and less interleukin (IL)-4 compared to wild-type cells, strengthening earlier re-
ports that type 1 cytokines like IFN-g inhibit, while those of type 2 (IL-4) pro-
mote, granuloma formation. Gerard et al. (1997) tested their knockout mice in a
model for human adult respiratory distress syndrome. In wild-type mice, infil-
tration/inflammation of the lung was brought about by leukocytes activated in
the course of an acute pancreatitis. Inflammation of the lung is paralleled by in-
creased tumour necrosis factor (TNF)-a levels in the bronchoalveolar lavage flu-
id (BAL). The CCR1 deficiency protected these animals from lung injury. At the
same time, the TNF-a levels in the BALs of knockout mice remained unchanged,
although the mutant mice also suffered from pancreatitis.

While being a poor agonist for murine CCR1, CCL5 strongly activates human
CCR1 even though the binding affinities are comparable in both systems. On
the other hand, CCL3 is a potent activator of both human and murine CCR1, for
example in inducing Ca-influx, yet CCL3 does not chemoattract human neutro-
phils (in contrast to mouse neutrophils) which were reported to score negative
for CCR1 expression (Su et al. 1996). Apparently, species differences are pro-
found regarding CCR1 and its ligands. It was speculated that in mouse neutro-
phils CCR1 compensates for the lack of CXCR1, which is of primordial impor-
tance in recruiting human neutrophils. Therefore, animal models may be of only
limited use when asking for potential pharmaceutical strategies affecting CCR1
function in human disease.

2.2.2
CCR2: Th1 Bias; Monocyte/Macrophage; Multiple Sclerosis;
Rheumatoid Arthritis; Atherosclerosis

From the earlier studies it was known that CCL2, one of the CCR2 ligands, at-
tracts monocytes, which suggested an assignment of this chemokine receptor in
inflammation resulting in a Th1-dominated response. Three groups established
in 1997 knockout mouse lines. Kuziel et al. tested rolling/adhesion of leukocytes
to microvessels and found that the number of firmly adherent leukocytes to
CCL2-treated venules was markedly reduced in knockout mice, whereas rolling
was unaffected. Concomitantly the number of emigrated cells was also reduced
(Kuziel et al. 1997). An i.p. injection of thioglycollate, mimicking in its outcome
an acute peritonitis, usually results in an elevated level of peritoneal macro-
phages. In knockout animals this level was found to be decreased, indicating
that CCR2 is an important determinant of macrophage infiltration into the peri-
toneal cavity. These observations were confirmed by Kurihara et al. (1997) and
Boring et al. (1997). The latter group also studied the effect of injecting Myco-
bacterium bovis antigen, which provoked a lung inflammation/granuloma for-
mation and initiated a typical Th1 cytokine profile. Wild-type but not knockout
mice developed a monocytosis, and cells derived from the draining lymph
nodes of knockout mice did not respond with an increased IFN-g production
upon exposure to M. bovis antigen (as seen in wild-type animals). In continua-
tion of this work, evidence was presented that this phenomenon is caused by an
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impaired migration of monocytes/macrophages into the inflamed tissue and,
later on, of the antigen-presenting cells (APCs) to the draining lymph nodes
such that an appropriate T cell stimulation does not take place (Peters et al.
2000). A different picture emerged when CCR2-deficient mice were treated with
dextran sodium sulphate causing a colitis (initiating a Th1-type response in
wild-type animals). The intestinal mucosa of both wild-type and knockout mice
contained equal densities of infiltrating macrophages (and CD4+ T cells). As
above, however, decreased IFN-g levels but elevated amounts of IL-10 were
monitored, giving rise to the speculation that in this scenario the immune re-
sponse shifted partially from a Th1 to a more Th2 type. This shift may also be
responsible for the less severe clinical course of colitis in the CCR2-deficient
mice (Andres et al. 2000) by attenuating the inflammatory functions of the at-
tracted macrophages. The CCR2-deficient mice were also used to study the role
of this chemokine receptor in the migration/differentiation of Langerhans cells
(Sato et al. 2000). Although the number of skin-resident Langerhans cells lack-
ing CCR2 was indistinguishable from that observed in wild-type animals, their
migration to draining lymph nodes was impaired (not observed for CCR5-defi-
cient Langerhans cells). It is well known that an infection with Leishmania ma-
jor provokes a Th1-like response in C57/BL6 but a Th2-dominated answer in
BALB/C mice. Only the former strain is capable of clearing the infection by ex-
panding IFN-g- and IL-12-producing T cells. Substantially decreased numbers
of CD8a+ dendritic cells (DCs) were observed in the spleens of C57/BL6, CCR2-
null mice. Upon infection with L. major, splenic CD8a+-DCs failed to migrate to
the T cell areas. Strikingly, CD8a+-DCs are thought to direct contacting T cells
towards a Th1 differentiation pathway. These findings may explain why C57/BL6
mice deficient for CCR2 (but not for CCR5) develop a Th2-biased response re-
sembling the non-healing phenotype seen in BALB/C (Sato et al. 2000). This pic-
ture is complemented by the observation of (1) increased levels of CXCL13, the
B cell attractant, in the lymph nodes of infected C57/BL6, CCR2-null mice, and
(2) a prominent B cell proliferation in these lymph nodes. Moreover, a massive
neutrophil infiltration into the site of inflammation occurred in infected C57/
BL6, CCR2-null mice as well as BALB/C but not wild-type C57/BL6 animals.

2.2.3
CCR3: Th2 Bias; Eosinophil; Ulcerative Colitis

One of the many CCR3 ligands, CCL11, was reported to be of particular impor-
tance in regulating homing of eosinophils to tissues (Matthews et al. 1998). Ac-
cordingly, CCR3-deficient mice were found to possess reduced levels of eosino-
phils in the small intestine but heavily increased eosinophil numbers in the
spleen (lung and thymus content remained unchanged) (Humbles et al. 2002).
Mice were sensitized/immunized i.p. with OVA (ovalbumin) and subsequently
challenged with an OVA-containing aerosol. In addition, an airway hyperrespon-
siveness can be elicited in the animals upon inhalation of methacholine, mim-
icking bronchoconstriction in allergic asthma. Although resembling asthma in
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its clinical manifestations, the entire setup does not represent an appropriate
model for this human disease (Gerard et al. 2001) which is characterized by
monocytes, eosinophils and mast cells infiltrating the inflamed lung tissue.
When studying airway inflammation, it should also be kept in mind that in hu-
mans two arterial systems maintain the blood flow in the lung, with the pulmo-
nary system supplying the parenchyma, and the bronchial circulation delivering
blood to the airways (D�Ambrosio et al. 2001). The latter system does not exist
in mice. CCR3 deficiency resulted in decreased levels of lung-infiltrating eosino-
phils compared to wild-type, although the blood eosinophil count is equally ele-
vated in wild-type and knockout mice (Humbles et al. 2002), suggesting a defect
in eosinophil recruitment to the lung. Eosinophils lacking CCR3 adhered and
transmigrated through the lung vessels but could not enter the parenchyma, in-
dicating that CCR3 is not required for extravasation but for further migration
into the tissue. Surprisingly, knockout mice overreacted in the hyperresponsive-
ness assay in what might be explained by the dramatically increased number in
infiltrating intraepithelial mast cells. In striking contrast, the same mice did not
develop a methacholine-induced hyperreactivity at all when the OVA-sensitiza-
tion step was performed epicutaneously (Ma et al. 2002), correlating with a
barely increased mast cell colonization of the lung. Eosinophil recruitment into
the lung following challenge was almost absent in this model. The epicutaneous
sensitization route seemed to favour a Th2 helper profile (identical in knockout
and wild-type) as evidenced by IL-4 and IL-5 production of challenged spleno-
cytes, whereas peritoneal administration corresponded to a response character-
ized by more Th1-like features. Another interesting yet unexplained observation
was made when analyzing the skin of CCR3-deficient mice, revealing that skin
homing of eosinophils is absent in knockout animals in either case, untreated
and antigen sensitized.

2.2.4
CCR4: Th2 Bias; T Memory Skin Homing

Despite that CCR4 has been known for a while, it has proved to be difficult to
elucidate its function. In addition, reports describing the expression profile of
CCR4 were remarkably contradictory. Expectedly, the splenocytes of CCR4-defi-
cient mice did not chemotax towards CCL17 or CCL22 (Chvatchko et al. 2000).
Unexpectedly, however, these cells did not react to CCL3 either, suggesting that
CCL3 is a physiological ligand for CCR4 in this context. It remains to be deter-
mined why CCR1 and CCR5—being expressed on splenocytes and known to be
functional CCL3 receptors—did not elicit chemotaxis (Chvatchko et al. 2000).
Even though not in accordance with the given evidence, it should be considered
whether CCR4-deficient splenocytes may have evolved secondary defects due to
the knockout, thereby preventing migration and explaining these surprising
findings. The CCR4-deficient mice were analysed following the ovalbumin sen-
sitizing/challenging protocol described above (ovalbumin given intraperitoneal-
ly) but CCR4-specific effects could not be detected. In light of the current
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knowledge, the observation that the knockout mice were significantly protected
against an LPS-induced endotoxic shock remains unexplained. In contrast to
wild-type littermates, macrophages producing TNF-a and IL-1b mediating the
shock syndrome were not retained in the peritoneal cavity (place of LPS admin-
istration) of knockout animals (Chvatchko et al. 2000). In another set of experi-
ments, the CCR4-deficient mice were sensitized and challenged epicutaneously
with 2,4-dinitrofluorobenzene (skin painting with 2,4-DNFB). Wild-type and
knockout animals displayed no differences in their immunological responses. In
particular, homing of Th2 cells to skin was equally efficient (Reiss et al. 2001).
Since it was evident by then that CCR4 might be involved in the specific homing
of skin memory T cells, this observation was puzzling. However, a concomitant
antibody-mediated block of CCL27 prevented recruitment of CCR4-deficient T
cells to the skin, suggesting that either receptor CCR4 or CCR10 (the CCL27 re-
ceptor) confers homing capacity to the T cells. A detailed analysis of human
haematopoietic cells using newly generated antibodies confirmed the expression
of CCR4 on skin-homing memory T cells (CLA+, CD45RA
) whereas those posi-
tive for the integrin a4b7 distinguishing gut homing T memory cells, are virtual-
ly devoid of CCR4 (Andrew et al. 2001). Likewise, CCR4 was not found to be
expressed on B cells, eosinophils, basophils or NK cells. In thymus,
CD3+CD4+CD8
CCR9+ cells express CCR4. CCR4 downregulation may render
them competent to exit the thymus as na�ve CD45RA+ peripheral blood cells
(Andrew et al. 2001). An interesting finding relates to the observation that a T
memory subpopulation in the blood co-expresses CXCR3, CCR5 (classical Th1
cell marker) and CCR4 (a typical Th2-associated marker), suggesting that the
current model of Th1/Th2 generation may prove insufficient in explaining the
existence of distinct in vivo T cell subsets.

2.2.5
CCR5: Th1 Bias; HIV Receptor

For some good reasons it would have been justified to describe CCR5 along with
CCR2 in one subsection. The genes coding CCR2 and CCR5 reside in direct
proximity on human chromosome three (mouse chromosome nine) and are
highly related to each other in their sequence (Mackay 2001). Evolutionary di-
versification in function is, however, indicated by different ligand usage as well
as by different susceptibilities of the corresponding knockout mice towards sev-
eral immunological challenges. This is illustrated by the example of mice lack-
ing either CCR2 or CCR5 in an infection with a mouse-adapted strain of influ-
enza virus. Whereas CCR5-deficient mice displayed an enhanced mortality rate
caused by an accelerated macrophage influx into the lung, the CCR2 knockout
animals exerted increased survival rates compared to wild-type littermates due
to an early block in pulmonary macrophage infiltration (Dawson et al. 2000).

Apparently the highest expression rates for CCR5 are found on peritoneal
macrophages. Yet the CCR5-deficient mice exert no defect in macrophage re-
cruitment following a thioglycollate-induced peritonitis or a glucan-induced
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granuloma formation in lung or liver (Zhou et al. 1998). CCR5 deficiency result-
ed in a slightly impaired capacity to clear an infection with Listeria monocyto-
genes but caused an enhanced humoral response to T cell-dependent antigenic
challenges, suggesting a function of CCR5 in negatively regulating a T cell-de-
pendent response (Zhou et al. 1998). Given the prominent role assigned to
CCR5 by the mere fact that it is, along with CXCR3, a resident marker of Th1
cells and immature DCs, its lack results in surprisingly mild aberrations upon
immunological provocations [see also experimental autoimmune encephalomy-
elitis (EAE), a model for multiple sclerosis (Tran et al. 2000) or lymphocytic
choriomeningitis virus (LCMV) infection (Nansen et al. 2002)]. This may not be
unexpected, however, considering the observation that humans deficient for
CCR5 are perfectly healthy. Probably this naturally occurring genotype would
have escaped detection if it had not correlated with an unexpected phenotype. A
small but noticeable percentage of Caucasians are protected from infection by
HIV because they harbour defective copies of the CCR5 gene in their genome
(a 32-bp deletion) rendering the corresponding protein non-functional. Al-
though not yet of satisfactory statistical relevance, a picture emerges indicating
that heterozygous individuals benefit from carrying a defective allele by show-
ing reduced risks of getting asthma, developing a less severe clinical course of
rheumatoid arthritis, and developing a later onset of multiple sclerosis and
AIDS. Yet these people may pay by being exposed to a higher risk for more se-
vere forms of sarcoidosis and a worsened clinical course after onset of AIDS un-
less they are homozygous carriers for the mutated CCR5 gene in the latter case.

2.2.6
CCR8: Th2 Bias; Indirect Eosinophilic; Asthma

Similar to CCL3, CCL1 is an effective attractant for mouse but not for human
neutrophils, suggesting that a functional diversification between mouse and hu-
man CCR8 took place during evolution. Data regarding CCR8 expression are
scarce. In mouse thymus, CCR8 expression is first encountered at a CD4
CD8


stage. Later, only those thymocytes committed to develop into CD4+CD8
 cells
continue to express CCR8 (Kremer et al. 2001). In the periphery, CCR8 expres-
sion was observed on T cells of the Th2 type (Zingoni et al. 1998). Since CCL1 is
also acting on monocytes and CCR8 mRNA was found to be expressed by these
cells, CCR8/CCL1 may be of importance in monocyte function. This assumption
could not be corroborated when analysing mice deficient for CCR8 (Chensue et
al. 2001). The results rather suggested an involvement of this receptor in the es-
tablishment of a proper Th2 response which was characterized in different dis-
ease models by a partial defect in the recruitment of eosinophils (but not lym-
phocytes and macrophages) to the site of inflammation. This was puzzling since
eosinophils themselves do not express CCR8. In an asthma model using cock-
roach antigen, which is a major cause of asthma in childhood, it was found that
the diseased lungs of the knockout animals produced much less IL-4, IL-5 and
IL-13 than those of their wild-type littermates. Since there is an already dramat-
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ically decreased blood level of eosinophils in the allergic knockout animals, it
was assumed that there is an insufficient rate of eosinophil differentiation in the
bone marrow due to the decreased level of the eosinophilopoietic cytokine IL-5.
The latter finding remained unexplained, since abnormalities in gross lympho-
cyte recruitment were not detected (Chensue et al. 2001).

2.2.7
CXCR2: Neutrophils; Inflammation, Wound Healing

In contrast to humans with two interleukin-8 (CXCL8) receptors, CXCR1 and
CXCR2, only one functional receptor is described in mouse to date that binds to
human IL-8 as well as to the mouse chemokines macrophage inflammatory pro-
tein (MIP)-2 and KC (Cacalano et al. 1994; Lee et al. 1995). In inflammatory pro-
cesses, CXCL8 is crucially involved in epithelial–neutrophil interactions, and
anti-CXCL8 antibodies have been shown to block neutrophil migration across
infected epithelial cell layers in in vitro transwell assays (Godaly et al. 1997). In
line with this, administration of the CXCR2 ligand, CXCL1, increased rolling,
adhesion and tissue recruitment of CXCR2-expressing neutrophils (Zhang et al.
2001). Interestingly analysis of CXCR2 gene-targeted mice not only revealed a
diminished capacity to recruit neutrophils to inflammatory sites, but also iden-
tified an expansion of the B cell compartment (Cacalano et al. 1994). Infection
of CXCR2-deficient mice revealed an increased susceptibility to uropathogenic
strains of Escherichia coli. This defect was not due to a failure of neutrophil re-
cruitment to the infected tissue but due to the inability of these cells to cross
the epithelial barrier and kill the bacteria. Instead, neutrophils accumulated in
large number under the epithelium and eventually filled the tissues surrounding
the inflammatory focus (Godaly et al. 2000). Severe defects in correct targeting
of neutrophils were also observed after infection of CXCR2-deficient mice with
the parasite Toxoplasma gondii (Del Rio et al. 2001), in Legionella pneumoniae-
induced lung infection (Tateda et al. 2001), and in experimental Staphylococcus
aureus-induced brain abscesses (Kielian et al. 2001). Similarly, an antibody-me-
diated neutralization of CXCR2 results in increased mortality following Pseudo-
monas aeruginosa-induced pulmonary infection (Tsai et al. 2000) and the devel-
opment of invasive pulmonary aspergillosis (Mehrad et al. 1999) due to defec-
tive neutrophil recruitment. During wound healing, CXCR2 and its ligand
CXCL2 are expressed by keratinocytes and endothelial cells at areas where epi-
thelization and neovascularization occur. CXCR2-deficient mice exhibit defec-
tive neutrophil recruitment and an altered pattern of monocyte recruitment, re-
sulting in delayed wound healing and decreased neovascularization (Devalaraja
et al. 2000). In vitro wounding experiments with cultures of keratinocytes also
argue for a role of CXCR2 in epithelial surfacing of keratinocytes
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2.2.8
CXCR3: Th1; Allograft Tolerance

CXCR3 is well recognized as a chemokine receptor implicated in the establish-
ment of an immune response governed by Th1 cells. Accordingly, its expression
was reported on infiltrating lymphocytes triggering in part the Th1-dominated
disease syndromes such as multiple sclerosis, rheumatoid arthritis and athero-
sclerosis. CXCR3 is expressed widely on memory T cells homing to tissue with-
out a noticeable tendency to mark a distinct subpopulation of these cells, as is
observed in the case of CCR4 (skin homing) (Kunkel et al. 2002). CXCR3 is also
expressed on a variety of cell types of non-haematopoietic origin (see Table 1).
However, CXCR3 elimination did not cause an apparent phenotype in mice, yet
its study is promising because it is the major player in transplant rejection, a
process ruled by a Th1 immune response. Upon transplantation of an allograft,
the host develops an acute rejection several days later. This stage is accompa-
nied by an onset of CXCL10, CXCL11 and CXCL19 synthesis inside the grafted
tissue, which causes massive infiltration of CXCR3-expressing Th1 cells, which
initiates the destruction of the graft. Although other chemokine receptor defi-
ciencies (CCR1, CCR2, CCR5 and CX3CR1) extended graft survival as well, the
most pronounced effect was seen in the CXCR3 knockout mice (Hancock et al.
2000). Here, allograft survival extends from approximately 7 and up to 60 days.
In synergy with low doses of cyclosporin A, a drug frequently used in transplant
medicine for its useful effect of suppressing T cell function, permanent engraft-
ment is achieved. Even long-term effects of chronic rejection were undetectable.
Therefore, instead of broadly inactivating the immune system by application of
drugs like cyclosporin A, antagonists specific for CXCR3 may represent promis-
ing therapeutical agents. Interestingly, the agonist/antagonist principle is ex-
ploited by nature itself. The ligands of CXCR3 function as CCR3 antagonists,
thus reinforcing the onset of a Th1 response whilst suppressing a Th2 answer
(Loetscher et al. 2001). The CCR3 ligand CCL11 in turn exerts antagonistic ef-
fects on CCR2 with the same net effect of amplifying the discrepancies between
Th1 and Th2 (Baggiolini 2001). Apparently, many immunological challenges
trigger a mixed-type answer at their onset with the propensity towards a Th1 or
a Th2 phenotype seen only later. This concept may also help researchers to de-
sign strategies to force an autoimmune response in either direction, Th1 or Th2,
depending on which one is coupled to a less harmful clinical manifestation. Or
seen from a different perspective: A block of a chemokine receptor favouring a
Th1 or Th2-like response may result in unwanted amplifications of answers of
the other subtype. This scenario was already experienced in some instances
when analysing the knockout animals (see above).
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2.2.9
CX3CR1: Brain; Allograft Tolerance

CX3CR1 is the receptor for fractalkine (CX3CL1), a unique chemokine that com-
bines properties of both chemoattractants and adhesion molecules. Structurally,
CX3CL1 is characterized by a CX3C spacing of the cysteine motif and the che-
mokine region located on top of a mucin-like stalk. CX3CL1has been shown to
exist as a membrane-bound and a shorter, secreted protein (Bazan et al. 1997).
Soluble CX3CL1 has potent chemoattractant activity for CX3CR1-expressing T
cells and monocytes (Bazan et al. 1997), whereas the membrane-bound CX3CL1
protein, which is induced on activated endothelial cells, promotes initial cap-
ture, firm adhesion and activation of circulating leukocytes (Bazan et al. 1997).
CX3CR1 expression is upregulated by proinflammatory cytokines and LPS (Ba-
zan et al. 1997), thus forming part of the inflammatory branch of chemokine re-
ceptors. Both receptor and ligand are mainly expressed in the CNS, CX3CL1 in
neurons, CX3CR1 in astrocytes and microglia (Nishiyori et al. 1998), as well as
in intestinal epithelial cells (Muehlhoefer et al. 2000). Within the CNS, CX3CL1
was shown to induce microglial cell migration and activation (Harrison et al.
1998) and to inhibit Fas-mediated microglial cell death in vitro. Mice deficient
for either CX3CR1 (Haskell et al. 2001) or its ligand, CX3CL1 (Cook et al. 2001)
do not exhibit any behavioural changes or gross histological abnormalities. Fur-
thermore, they show normal responses to inflammatory stimuli. In detail,
CX3CR1-deficient mice exhibit similar injury and proteinuria in induced glo-
merulonephritis and similar levels of disease in induced autoimmune encepha-
lomyelitis as observed in the wild-type controls. CX3CR1 deficiency revealed a
role for this receptor in cardiac allograft rejection. Similar to mice deficient for
other chemokine receptors of the inflammatory branch (CCR1, CCR2, CCR5
and CXCR3) immunosuppressed CX3CR1
/
 mice show a significantly increased
graft survival time from 7 to approximately 29 days following heterotopic
cardiac transplantation. This phenotype is in accordance with the observation
that CX3CL1 expression is upregulated in inflamed rejected cardiac allografts
(Robinson et al. 2000).

2.3
The Homeostatic Chemokine Receptors

As outlined above, mice deficient for inflammatory chemokine receptors fre-
quently showed a distinct phenotype only after immunologic challenges such as
exposure to defined allergic or infectious agents, which is most likely due to ver-
satility as well as to some degree of redundancy within the inflammatory part of
the chemokine network. In contrast, chemokines that are constitutively ex-
pressed in lymphoid organs hardly show any promiscuity with regard to recep-
tor binding, and most of the homeostatic chemokine receptors do not bind
more than one or two chemokines. This constitutive expression of chemokines
and the low degree of anticipated redundancy seem to explain that mice defi-
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cient for homeostatic chemokine receptors showed a disturbed homeostasis of
immune cells within the different compartments of the immune system already
in its na�ve, unchallenged stage.

2.3.1
CCR6: Lung, Intestine; Allergic Infection, Positioning of Dendritic Cells

CCR6 is one of the few chemokine receptors that has only one known ligand,
CCL20 (Hieshima et al. 1997; Hromas et al. 1997; Rossi et al. 1997). CCL20 has
been identified in tonsillar epithelial crypts (Dieu et al. 1998a), the intestinal
epithelium (Tanaka et al. 1999) and the epithelium of the subendothelial dome
(SED) of Peyer�s patches (Cook et al. 2000). Expression of CCR6 was shown on
B cells and memory T cells (Liao et al. 1999) as well as on immature in vitro dif-
ferentiated DCs (Greaves et al. 1997; Power et al. 1997). This particular expres-
sion pattern of CCR6 and its ligand suggested a role in lymphocyte and dendrit-
ic cell trafficking, especially in the mucosa-associated immune system.

This anticipated function of CCR6 could be confirmed by gene targeting.
CCR6-deficient mice show defects in lymphocyte homing to the intestinal mu-
cosa as evidenced by small Peyer�s patches, and increased numbers of intraepi-
thelial lymphocyte (IEL) and lamina propria lymphocyte (LPL) subpopulations.
Furthermore, these mice show a defect in the positioning of CD11b+CD11c+ DC
to the SED of PP. CCR6-deficient mice show an impaired humoral response to
orally administered antigens and rotavirus, whereas they react normally to sys-
temically applied antigen (Cook et al. 2000; Varona et al. 2001). These findings
demonstrate that CCR6 is a mucosa-specific regulator of humoral immunity
and lymphocyte homeostasis in the small intestine. In addition, in a cockroach
antigen model for allergic pulmonary inflammation, CCR6-deficient mice had
reduced airway resistance, fewer eosinophils located around the airways, re-
duced levels of IL-5 in the lung and lower levels of IgE in the serum (Lukacs et
al. 2001), suggesting a pivotal role of CCR6 in allergic pulmonary inflammation.

2.3.2
CCR7: Homing of Na�ve T Cells and B Cells, Mobilization of Dendritic Cells

CCR7—together with CXCR5, CXCR3, CCR5 and further chemokine recep-
tors—has been identified as a marker that allows the differentiation of function-
ally diverse subsets of effector and memory T cells. CCR7 is found on T cells, B
cells, thymocytes and mature dendritic cells (Schweickart et al. 1994; Burgstah-
ler et al. 1995; Dieu et al. 1998b; Sallusto et al. 1998; Sozzani et al. 1998; Yanagi-
hara et al. 1998). On T cells, CCR7 is highly expressed on the majority of na�ve T
cells and on a subpopulation of memory T cells, now known as "central memory
T cells" (Sallusto et al. 1999). Since the ligands for CCR7, ELC/CCL19 and SLC/
CCL21 are both expressed on HEV (in addition to other cells) (Tangemann et al.
1998; Breitfeld et al. 2000), it was likely that the interaction of CCR7 with its lig-
ands is required for effective trans-endothelial migration of CCR7-positive lym-
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phocytes into secondary lymphoid organs. Lymph nodes of CCR7-deficient
mice harbour few na�ve T cells and DC. In contrast, the T cell population is
strongly expanded in the blood, the bone marrow and the splenic red pulp. B
cells seem to be chronically activated in these mice and upon activation, Langer-
hans cells of the skin fail to be mobilized and do not migrate to the draining
lymph nodes. Based on these migration defects, it is not surprising that CCR7-
deficient mice show delayed antibody response and lack contact sensitivity and
delayed-type hypersensitivity reactions. Adoptive transfer experiments to wild-
type recipients revealed that the entering of CCR7-deficient B cells and T cells
into lymph nodes and Peyer�s patches, and of T cells into the splenic periarterio-
lar lymphoid sheath is profoundly affected. Interestingly, CCR7-deficient B cells
rapidly leave the outer T zone of the peri-arteriolar lymphoid sheath (PALS) af-
ter adoptive transfer into wild-type recipients, demonstrating that expression of
CCR7 allows B cells to stay in close contact with T cells to effectively facilitate
T–B cell interactions. Taken together, the disorganized architecture of lymphoid
organs, disturbed microarchitecture of secondary lymphoid organs, originated
by the ineffective entry and maintenance of lymphocytes and DC, likely explains
the observed deficiency of CCR7-deficient mice to rapidly mount an adaptive
immune response (F�rster et al. 1999). Studies on CCR7-deficient or CXCR5-de-
ficient B cells elucidated the mechanism that controls B cell recirculation from
the B cell follicle to the adjacent T-zone during their survey for antigen. The po-
sitioning of B cells to the B cell follicle is mediated by the interaction of CXCR5
on B cells with the ligand CXCL13 expressed by stroma cells of the follicle (see
also the chapter on CXCR5). However, once B cells get activated by antigen
through the B cell receptor they quickly upregulate surface expression of CCR7,
which makes them more responsive towards the chemokines CCL19 and CCL21,
both of which are strongly expressed within the T cell area. Interestingly, over-
expression of CXCR5 on antigen-activated cells is sufficient to counteract the
antigen-induced B cell migration to the T cell area (Reif et al. 2002). After being
activated by T cells within the outer T cell area, B cells migrate back to the B cell
follicle and under certain circumstances start to initiate the germinal centre re-
action. Taken together, these findings define the molecular mechanisms of anti-
gen-induced B cell migration, and demonstrate that the positioning of single
cells in vivo is controlled by adjacent chemokine gradients.

2.3.3
CCR9: Thymus; Intestine; Homeostasis of IEL

The only know receptor for the thymus-expressed chemokine (TECK/CCL25) is
CCR9. CCL25 is predominantly expressed in thymic epithelial cells starting dur-
ing fetal development and in the small intestine of mouse and human. CCR9 on
the other hand is expressed on the majority of double-positive CD4+ CD8+ im-
mature thymocytes and is rapidly downregulated on transitional single-positive
and mature thymocytes (Uehara et al. 2002b). Based on this expression profile,
CCR9 has been implicated in recruiting T progenitor cells to the thymus and in
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intestine-specific homing of circulating CCR9-positive lymphocytes that coex-
press the intestinal homing receptor a4b7. Indeed, small intestinal lymphocytes
as well as thymocytes show a chemotactic response to CCL25, and this migra-
tion can be hampered by addition of anti CCR9 antibody (Kunkel et al. 2000;
Papadakis et al. 2000; Wurbel et al. 2001).

Surprisingly, loss of CCR9 causes only mild defects, although chemotaxis of
CCR9 mutant cells to CCL25 is abolished, suggesting that CCR9 is indeed the
sole receptor for CCL25. In CCR9-deficient thymi, the appearance of double-
positive cells is delayed by 1 day compared to wild-type animals. However, this
difference is lost by embryonic day 18.5. In adult mice, no differences could be
found in numbers or in the expression of relevant cell surface markers between
wild-type and CCR9-deficient thymocytes (Wurbel et al. 2001). In the bone mar-
row, loss of CCR9 results in a threefold reduction of pre-pro-B-cells. However
comparable to the situation in fetal thymi, homeostatic adjustments seem to oc-
cur during later stages of development. In the periphery, loss of CCR9 results in
a threefold increase in the number of TCRgd+, while the absolute number of
TCRgd+ intraepithelial lymphocytes (IEL) in the small intestine is reduced to
20% when compared to wild-type (Wurbel et al. 2001; Uehara et al. 2002a).
Thus, it is tempting to speculate that this redistribution might be due to an im-
paired ability of CCR9-deficient TCRgd+ cells to migrate into the small intestine.

2.3.4
CXCR4: Organ Development, B Cell Precursors; HIV Receptor

CXCR4 is the chemokine receptor for stromal-derived factor 1 (SDF-1;
CXCL12). It is broadly expressed in the CNS and the immune system, by CD34+

haematopoietic progenitors, B cell precursors, mature B and T lymphocytes,
monocytes and neutrophils (F�rster et al. 1998; Ohtani et al. 1998; Aiuti et al.
1999; Schabath et al. 1999). Both CXCR4- and CXCL12-deficient mice display
the same phenotype: they die perinatally and have defects in neuron migration,
organ vascularization and haematopoiesis (Nagasawa et al. 1996; Ma et al. 1998;
Tachibana et al. 1998; Zou et al. 1998), suggesting a high receptor-ligand selec-
tivity, with CXCR4 being the only physiological receptor for CXCL12 and vice
versa. In mutant embryos, B lymphopoiesis and myelopoiesis are heavily im-
paired. The number of B cell progenitors is severely reduced in fetal liver and
bone marrow. Myelopoiesis is quantitatively decreased in fetal liver and virtually
absent in bone marrow (Nagasawa et al. 1996; Ma et al. 1998; Tachibana et al.
1998; Zou et al. 1998). By examination of fetal blood in CXCR4
/
 mice and re-
constitution experiments of lethally irradiated mice with CXCR4-deficient fetal
liver cells, it could be shown that these haematopoietic defects are due insuffi-
cient retainment of B cell and myeloid precursors in the haematopoietic com-
partments, fetal liver and bone marrow, for proper maturation (Ma et al. 1999).
In contrast, despite otherwise high-level expression of CXCR4 in immature
CD4CD8 double-positive thymocytes in wild-type animals, T lymphopoiesis
seems unaffected in CXCR4 knockout. At E17.5, double-positive thymocytes are
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generated in normal cellularity and can differentiate in vitro to mature single-
positive cells (Ma et al. 1998). Due to perinatal death of CXCR4 mutants, further
steps of T cell development were analysed by transferring E17.5 mutant thymus-
es to T cell receptor a-deficient recipients. These transplants were shown to re-
sult in normal T cell maturation and differentiation. (Zou et al. 1998).

In addition to their roles in haematopoiesis, CXCR4 and its ligand are also
required for proper vascularization of the gastrointestinal tract: mice lacking
CXCR4 or CXCL12 have defective formation of the large vessels supplying the
gastrointestinal tract (Tachibana et al. 1998). Within the central nervous system,
both genes, CXCR4 and CXCL12, are required for neuron migration within the
cerebellum. The microarchitecture of the cerebellum is highly distorted and
proliferative granule cells from the most peripheral cell layer invade the Purkin-
je cell layer (Zou et al. 1998).

2.3.5
CXCR5: Development of Two Lymphoid Organs; B Cell Migration

The chemokine receptor CXCR5 has been identified in an subtractive hybridiza-
tion approach in order to identify gene products involved in the pathogenesis of
Burkitt�s lymphoma and has been originally termed Burkitt�s lymphoma recep-
tor (BLR)-1 (Dobner et al. 1992). Anti-CXCR5 monoclonal antibodies, the first
ever produced anti-chemokine receptor antibodies, identified mature B cells
and a subpopulation of CD4+ T cells (but not any inflammatory cells, such as
granulocytes or monocytes) to express this receptor (F�rster et al. 1994). This
distinct expression rendered CXCR5 a prime candidate for controlling B cell mi-
gration into lymphoid follicles. This early hypothesis could be confirmed by
gene targeting. CXCR5 deficiency severely affects the development of Peyer�s
patches and some skin-draining lymph nodes (F�rster et al. 1996). In addition,
the formation of follicles in the spleen of CXCR5-deficient mice was found to be
disturbed. By means of in vivo repopulation experiments, it could be shown that
B cells isolated from these mice fail to migrate into the splenic B cell follicles of
wild-type recipients, thus explaining the lack of organized GC within B cell folli-
cles. Similarly, CXCR5-deficient B cells were unable to repopulate all B cell folli-
cles in Peyer�s patches and those follicles in lymph nodes which contain follicu-
lar dendritic cells. These results identified CXCR5 as the first chemokine recep-
tor to be involved in the regulation of B cell migration and localization of these
cells within specific anatomic compartments (F�rster et al. 1996). Although
CXCR5-deficient mice develop only small germinal centres dislocated to the T
cell area, it was recently shown that B cell within these structures nevertheless
undergo somatic mutation and affinity maturation as has been observed in
wild-type mice (Voigt et al. 2000). Interestingly, when comparing mice deficient
for CXCR5 with mice deficient for its ligand, BLC/CXCL13, a very similar phe-
notype between both strains of mice including the absence of various peripheral
lymph nodes was found. These studies also revealed a positive-feedback loop of
chemokines on lymphotoxin (LT) expression as exposure to CXCL13 induces B
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cells to up regulate membrane-bound LTa1b2, a cytokine known to induce follic-
ular dendritic cell (FDC) development and the expression of CXCL13 (Ansel et
al. 2000). The identical phenotypes of CXCL13 and CXCR5 strongly supports
the idea that CXCL13 mainly acts through CXCR5 and that CXCR5 binds no oth-
er chemokine than CXCL13. However, it became obvious recently that B1 cells
need CXCL13 expression to populate the peritoneal cavity, a process that is in-
dependent of CXCR5. These data suggest that CXCL13 binds to an additional
chemokine receptor on B1 cells.

2.4
Chemokine Receptors Not Studied So Far by Gene-Targeting

Although the function of most chemokine receptors has been elucidated by gene
targeting in mice, there are still some examples for which no knockout has been
described so far.

2.4.1
CCR10: T Memory Cells; Skin Homing

CCR10 is the former orphan receptor GPR2 (Marchese et al. 1994). Two ligands
have been identified binding to this receptor: CCL27 (also known as CTACK or
ESkine) and CCL28 (Homey et al. 2000; Wang et al. 2000). Both chemokines are
expressed in the skin, attract skin homing memory T cells and regulate inflam-
matory skin processes (Reiss et al. 2001; Homey et al. 2002). Furthermore,
CCR10 expressed on tumour cells is implicated in metastasis formation in situ
(Muller et al. 2001).

2.4.2
CCR11

Expression of CCR111 has been described in various organs including lymph
node and spleen. Regarding ligand specificity, CCR11 binds with high affinity to
CCL19, CCL21 and CCL25 and with lower affinity to CXCL13. Thus, CCR11 rep-
resents one of the very few examples binding both CCL and CXCL chemokines
(Gosling et al. 2000).

1 Note added in proof: Since there is no signalling response ascribed for the receptor ad-
dressed as CCR11 in this manuscript, this molecule does not qualify for a chemokine recep-
tor designation. The term CCR11 is no longer used to describe this chemokine-binding pro-
tein.
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2.4.3
CXCR6: Th1; HIV receptor

CXCR6 (also known as Bonzo, STRL33, or TYMSTR) is the sole receptor for
CXCL16 (Gosling et al. 2000) and has been initially described as a coreceptor
for HIV-1 and SIV (Deng et al. 1997). Expression of CXCR6 has been identified
on subsets of CD4, CD8 and natural killer T cells (Gosling et al. 2000) and seems
to be characteristic for a subset of Th1 cells. CXCR6-expressing cells show tis-
sue-homing potential, particularly to inflamed tissues (Kim et al. 2001).

2.4.4
XCR1

XCR1, formerly known as GPR5, is the only receptor known for the chemokines
XCL1 (lymphotactin, ATAC) and XCL2. The receptor is expressed on T cells, but
little is known about its biological function (Yoshida et al. 1998).

2.4.5
CXCR1

So far a murine homologue of human CXCR1 has not been identified.

3
Concluding Remarks

Herakleitos� revelation that nobody can enter the same river for a second time
(fifth century b.c.) became a key feature of modern life science. Preserving their
shape and function, the body�s organs are, for the most part, under constant re-
construction. This process is particularly intricate in the case of the immune
system, since the cells of no other organ need to adjust to such diverse microen-
vironments inside the body whilst constantly checking for self and non-self and
reacting accordingly. This multi-task may translate into: what to become, when
to divide, where to go, what to perform and similar questions to be answered by
those who want to seek insight into the function of the immune network. Exact-
ly such answers were provided when examining the function of chemokine re-
ceptors and their ligands, thereby explaining why this area of research has been
the focus of so much interest for quite a while now. In this review, we confined
ourselves to the description of immunological defects exerted by mice deficient
for chemokine receptors to emphasize that many insights depended on applying
this technology (to a comparable extent as they already did in developmental bi-
ology). Therefore, it is conceivable to assume that this concept will continue to
provide information, especially when analysing mice deficient for more than
one chemokine/receptor. This may be of primordial importance to those study-
ing the inflammatory chemokine receptors. In the homeostatic branch for ex-
ample, the identification of subsets of T cells and DCs helped us to recognize an
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immune net that is gaining in complexity but also elegance. It will be interesting
to see whether a similar scenario holds true for cells of the inflammatory path
such as basophils or eosinophils.
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Abstract Steroids are lipophilic hormones and regulate multiple functions in
development, physiology, and reproduction by binding to their cognate recep-
tors. Steroid receptors are intracellular proteins that transduce biological signals
into direct transcriptional responses. Because of both the lipophilic nature of
the steroid signal and the immediacy of the signal transmission, steroid recep-
tors make ideal drug targets. Sex steroid receptors (estrogen receptor, progester-
one receptor, androgen receptor) have shown to be dispensable for mammalian
development and survival. The fact that estrogen, progesterone, and androgen
receptor knockout mice survive until adulthood has made these mouse models
versatile tools for pharmacological studies in vivo. Corticosteroid receptors
(glucocorticoid and mineralocorticoid receptor) have been shown to be essen-
tial for survival by early lethality of the respective knockout mouse models.
Conditional gene targeting strategies for generating, restricting, and refining
mutations in mice facilitate analysis of glucocorticoid and mineralocorticoid re-
ceptor functions in later development and adult physiology. For instance, allelic
series of glucocorticoid receptor mutants with a wide range of cell-specific and
function-selective defects allow dissecting glucocorticoid receptor functions in
mice. For steroid pharmacology, these mouse models provide an unprecedented
resource to understand drug action and drug target functions in vivo.

Keywords Steroid receptors · Androgen · Estrogen · Glucocorticoid ·
Mineralocorticoid · Progesterone · Mutation · Germline · Conditional ·
Allelic series
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1
Steroids and Steroid Receptors

Steroids are lipophilic hormones. Because they diffuse from their synthesis site
and permeate to their target, steroids are ideal regulators for integrating multi-
ple signals throughout the organism. Steroid hormone-based therapeutics in-
cluding glucocorticoids, mineralocorticoids, and sex steroids have been discov-
ered to be important drugs with a range of diverse medical applications includ-
ing treatment of cancer, cardiovascular disease, skin disorders, bone and joint
disorders, inflammation, asthma therapy and contraception. In 2002, steroid-
based therapeutics constituted about 20% of all prescription drugs and generat-
ed more than US $20 billion in sales.

Steroid receptors are intracellular proteins and act as signal-dependent tran-
scription factors. By binding to small lipophilic ligands they transduce biologi-
cal signals into direct transcriptional responses (Laudet and Gronemeyer 2001).
Because steroid receptors are ideal drug targets, but limited in numbers, in-
depth molecular understanding of specific receptor functions in vivo is the ulti-
mate prerequisite for developing novel and better therapeutics.

1.1
Modular Structure and Function of Steroid Receptors

Molecular cloning and structure/function analyses revealed that steroid recep-
tors are structurally related and display a common modular organization with
several functional domains. This includes a variable amino-terminal (A/B) do-
main with an autonomous activation function AF-1 important for transactiva-
tion of transcription; a well conserved DNA-binding (C) domain, crucial for rec-
ognition of specific DNA-responsive elements and protein–protein interactions;
and a complex carboxy-terminal end (D/E/F domains), including signals for nu-
clear localization, a ligand-binding domain (LBD), important for hormone
binding and protein–protein interactions, and a ligand-dependent activation
function AF-2 (Laudet and Gronemeyer 2001).

Although the structure of some independently expressed single domains of a
few of these receptors have been solved, no holoreceptor structure or structure
of any two domains together is yet available. Thus, the three-dimensional struc-
ture of the DNA-binding domains (DBDs) of the glucocorticoid and the estro-
gen receptors, and of the LBDs of estrogen, glucocorticoid, and progesterone re-
ceptors has been solved. The structural studies available provide a basis for un-
derstanding some of the topological details of the interaction of the receptor
complexes with DNA-responsive elements, agonists, antagonists, coactivators,
and corepressors. Therefore, receptor protein structures can guide the design of
function-selective mutations (Brzozowski et al. 1997; Bledsoe et al. 2002; Bre-
denberg and Nilsson 2002; Shiau et al. 2002).
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1.1.1
Amino-Terminal (A/B) Domain

The aminoterminal A/B domains with up to 550 amino acids in length harbor
autonomous activation functions (AF-1) in steroid receptors. These regions are
subject to alternative splicing and differential promoter usage. Phosphorylation
and other posttranslational events are reported to modify the A/B domain and
impinge on both, the transactivation potential of the autonomous activation
function AF-1 and the intramolecular interaction with the ligand-dependent ac-
tivation function AF-2 (Laudet and Gronemeyer 2001).

1.1.2
DNA Binding Domain (C) and Steroid Hormone Receptor Response Elements

Steroid receptors recognize bipartite palindromic target sequences (hormone-
responsive elements, HREs) composed of six base pair half-sites. There are two
canonical types of half-sites, which differ only in their central two base pairs
(Laudet and Gronemeyer 2001).

Crystal and nuclear magnetic resonance (NMR)-derived structures of the ste-
roid receptor DBDs include nine conserved cysteine residues, which have been
shown to coordinate two zinc ions. Zinc has been shown to be required for the
structural integrity and DNA-binding ability of the steroid receptor DBD
(Freedman et al. 1988). The family of steroid/nuclear receptors, with their relat-
ed DNA-binding sites, has specific determinants for DNA sequence recognition.
A segment close to the aminoterminal zinc ion, the so-called P-box, has been
shown to be responsible for target specificity of glucocorticoid and estrogen re-
ceptors by recognizing the actual core of the HREs. Protein–protein interactions
facilitate dimeric DNA binding and a segment responsible for these interactions
has been identified close to the C-terminal zinc-binding site, the so-called D-
box, a loop region for dimerization with significant flexibility. The DNA-in-
duced dimer fixes the separation of the subunits� recognition surfaces so that
the spacing between the half-sites becomes a critical feature of the target se-
quence�s identity (Luisi et al. 1991).

1.1.3
Ligand Binding

Steroid-induced changes in receptor protein conformation constitute a logical
means of translating the variations in steroid structures into the observed array
of whole-cell biological activities. Ligands for steroid receptors are small hydro-
phobic molecules. Structural studies have shown that hydrophobicity plays an
important role not only in the physiological diffusion (and, consequently, signal
transmission) processes, but also in the mechanism of receptor binding and
function. The LBD of steroid hormone receptors is a 12 a-helical structure with
a hydrophobic core, and the steroid ligand is deeply immersed in that core. Li-
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gand binding is a key step in the mechanism of action of hormones, since it in-
duces conformational modifications which modulate AF-2 and enable interac-
tions with coactivators. X-ray crystallographic analyses of apo- and ligand-
bound receptors have led to a “mousetrap” model, in which the ligand-binding
pocket is accessible in the apo-receptor, and closes upon ligand binding. Helix
12 of the LBD folds back toward the core of the protein and snaps over the
opening of the pocket, leading to a more compact structure and a novel interac-
tion surface. This relocation creates a new structure on the surface of the LBD,
providing a binding site for coactivators (Laudet and Gronemeyer 2001).

Various ligand-binding domain crystal structures of the estrogen receptor a
revealed at the atomic level how natural or synthetic agonists and antagonists
can promote recruitment of co-activator and co-repressor proteins (Brzozowski
et al. 1997; Shang and Brown 2002; Shiau et al. 2002). Interestingly, it was recent-
ly shown that nucleotide polymorphisms located in steroid receptor LBDs could
alter or even reverse the response of the receptors to small molecule ligands
(Geller et al. 2000; Robin-Jagerschmidt et al. 2000; Matias et al. 2002).

1.2
Molecular Mechanisms of Transcriptional Regulation

Steroid hormone receptors constitute a broad platform for integration of multi-
ple signals for transcriptional regulation. Orchestrated DNA–protein, protein–
protein interactions, chromatin and histone modification are regulated precisely
in time and space as exemplified for the estrogen receptor (Shang et al. 2000;
Shang and Brown 2002).

Full transcriptional activation by steroid hormone receptors requires func-
tional synergy between two transcriptional activation domains (AF) located in
the amino (AF-1) and carboxyl (AF-2) terminal regions. Cell- and promoter-
specific transcription activation by steroid receptors has been shown to be de-
pendent on the differential action of the N- and C-terminal transcription activa-
tion functions AF-1 and AF-2, respectively (Lees et al. 1989; Jacq et al. 1994;
Metzger et al. 1995; Parker 1998).

1.3
Non-genomic Steroid Effects

Several rapid actions of steroid ligands have been described which do not re-
quire transcriptional activation (Rae et al. 1998; Hinz and Hirschelmann 2000;
Simoncini et al. 2000; Harvey et al. 2002). These effects do not require nuclear
or transcriptional events to occur, are independent from modulating gene ex-
pression, and for this reason are defined as “non-genomic” (n.b., non-genomic
effects of steroid hormones should not be mistaken for non-DNA binding-de-
pendent signaling of steroid hormone receptors). Non-genomic effects are char-
acterized by a rapid response (seconds/minute) and insensitivity to inhibitors
of gene transcription and protein synthesis. There is a growing body of evidence
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that at least some of these effects are mediated by the respective steroid hor-
mone receptor localized to the cytoplasm or cell membrane. On the other hand,
binding sites other than and unrelated to the classical receptors have been de-
scribed, e.g., ion channel subunits for estrogen, that also could mediate some of
the rapid effects of steroids (Dick et al. 2001). Mouse models deficient for ste-
roid receptor genes are invaluable tools to define and dissect receptor-mediated,
non-genomic actions of steroids.

1.4
Gene Structure

The modular structure of the steroid hormone receptor protein is paralleled by
the genomic structure of the locus encoding it: In most steroid hormone recep-
tor genes, the translation start codon ATG resides on the second transcribed
exon, which also encodes for AF-1. The DNA binding domain is encoded by the
following two exons, one coding for one Zn-finger structure. The remaining ex-
ons code for the hinge- and ligand-binding domain.

This genomic organization has important consequences for gene-targeting
experiments. In early knockout approaches (Lubahn et al. 1993; Cole et al. 1995)
the first coding exon was targeted, destroying the ATG, but leaving intact all
coding sequences for the DBD and the LBD. Physiological splice variants omit-
ting this exon [as described for the estrogen receptor (Kos et al. 2002a,b)] will
not be knocked out by this gene targeting strategy. For the glucocorticoid recep-
tor knockout initially published, it has been shown that this gene targeting ap-
proach does not result in a complete inactivation, as some mice homozygous
for this allele survive. If the glucocorticoid receptor gene is inactivated by re-
moval of exon 3, thereby destroying the genomic information for the DBD and
the open reading frame of possible splice variants, the allele is lethal with 100%
penetrance (Tronche et al. 1998). Recent evidence suggests also that some activ-
ity of the estrogen receptor a (ERa) is retained in the classical ER knockout
(ERKO) (Pendaries et al. 2002).

1.5
Steroid Hormone Receptor Genetics

Steroid hormones regulate body functions to which a multitude of organs and
cell types contributes. Steroids are lipophilic hormones, which diffuse from
their source and permeate to their targets. To this end, steroid hormones and
their receptors are always embedded in regulatory circuits.

Mouse models could open avenues to innovative therapeutic strategies for
human diseases, specific medical applications and drug development at various
stages. First, mouse models could serve for pharmacological studies. Second,
mouse models could guide the discovery and development process of function-
selective and tissue-specific drugs based on in-depth understanding of drug tar-
gets in vivo.
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Sex steroid receptors (estrogen receptor, progesterone receptor, androgen re-
ceptor) have shown to be dispensable for mammalian development and sur-
vival. The fact that estrogen, progesterone, and androgen receptor knockout
mice survive until adulthood has made these animal models versatile tools for
pharmacological investigations in vivo. For instance, using the knockout mouse
models for estrogen receptors a and b, it has been possible to experimentally
isolate the biological effects of estradiol that are dependent upon the presence of
estrogen receptor a, as opposed to those in which estrogen receptor b is an es-
sential mediator or as opposed to receptor-independent actions of estradiol.
The key role for sex steroids as regulators of reproduction is underlined by the
infertility of most of these models. Care has to be taken in the interpretation of
these infertility phenotypes, as both organ function on a cellular level and neu-
roendocrine regulation of reproductive organs are severely affected by receptor
deletions. Furthermore, in both the estrogen receptor a and the progesterone re-
ceptor knockout models, all female reproductive and accessory sex organs show
striking phenotypic aberrations, which at least in part are interdependent. The
primary cellular target of steroid hormone receptor action has yet to be deter-
mined in these cases.

The receptors for adrenal steroids (glucocorticoid and mineralocorticoid re-
ceptor) have been shown to be essential for survival by the lethality of the re-
spective knockout models. Knocking out these genes results in early lethal phe-
notypes, reflecting the non-redundant role of the genes, and precludes an analy-
sis of its function in later development.

Both null-mutations of corticosteroid and sex steroid receptors perturb neu-
roendocrine and/or endocrine feed-back loops. Conventional knockout models,
although powerful, do not allow for the generating of spatially and temporally
restricted and function-selective mutations. It is therefore highly desirable to
develop mouse mutants which have more refined mutations in the gene of inter-
est, thus limiting the effect of the mutation to a specific organ or a specific cell
type, but which allow the dissection of cell-autonomous, cell-non-autonomous,
or systemic effects in the whole animal. The advances in mouse molecular ge-
netics have allowed enormous progress in the analysis of the function of steroid
receptors (Gu et al. 1994; Tronche et al. 1998; Reichardt et al. 1999). By exploit-
ing the Cre/loxP recombination system, it has become possible to generate cell-
and organ-specific mutations as well as function-selective alterations (Gu et al.
1994). The generation of somatic mutations will not only bypass the lethality of
mutant mice, but will also allow to analyze functions of the GR in a particular
cell or tissue and to estimate to which extent this function contributes to the
physiology of the organism. Furthermore, it might be of great interest to selec-
tively alter a particular function, for example crippling the activating functions
of the receptor, but retaining its inhibitory activity as achieved for the glucocor-
ticoid receptor.

Steroid Receptors 581



2
Estrogen Receptor a (NR3A1) and b (NR3A2)

Estrogenic responses are now known to be mediated by two forms of estrogen
receptors (ER), ERa and ERb, encoded by two genes. They can function both as
homodimers or heterodimers. Homodimers have been recently shown to exhibit
distinct transcriptional responses to estradiol, antiestrogens, and coactivators,
suggesting that the ER complexes are not functionally equivalent. The existence
of a second estrogen receptor gene and the dimerization of ERa and b add
greater levels of complexity to transcription activation in response to estrogens.

2.1
aERKO: Germline Deletion of the Estrogen Receptor a Gene

Differences have been observed between the original aERKOneo, consisting in
the introduction of a neomycin cassette in exon 2 (Lubahn et al. 1993), and a
recently generated null allele, in which exon 3 of the ERa has been removed
(aERKOD3) (Dupont et al. 2000). In the following, both knockout models are re-
ferred to as aERKO, but will be distinguished when differences between
aERKOneo and aERKOD3 have been reported, i.e., in smooth muscle and the car-
diovascular system.

In some studies, residual ERa activity was observed in aERKOneo mice. These
data also imply that in previously published experiments using the aERKOneo

mice, some of the conclusions drawn on whether or not ERa regulates specific
functions may be premature (Pendaries et al. 2002).

The effect of loss of ERa on the reproductive system, however, was found to
be identical in both knockout models. aERKO females are infertile.

2.1.1
Reproductive Phenotypes of ERKO Models

Estrogen has many roles in reproduction, ERs are found in the highest levels in
female tissues critical to reproduction, including the ovaries, uterus, cervix,
mammary glands, and pituitary gland. The generation of the aERKO mice has
further illustrated its roles and mechanisms. Interestingly, both sexes of the
aERKO mice are infertile. In the male aERKO mice, infertility is due to deficits
at several points in the reproductive process, including severe reduction in
sperm count and lack of sperm function, as well as abnormal sexual behavior.
The seminiferous tubules of the aERKO testes show progressive dilation that is
accompanied by degeneration of the epithelium (Korach et al. 1996; Couse and
Korach 1999).

582 E. F. Greiner et al.



2.1.2
Ovarian Dysfunction and Neuroendocrinology in the ERKO Mouse

The hallmark phenotype of the aERKO female is the enlarged hemorrhagic cys-
tic ovary, although the prepubertal aERKO ovary looks similar to its wildtype
littermate. This phenotype begins to develop progressively as the animal ma-
tures and is apparently due to a lack of estradiol feedback inhibition in the pitu-
itary, which results in chronically elevated luteinizing hormone (LH) and subse-
quent hyperstimulation of the ovary. This indicates that ERa is responsible for
mediating the LH feedback inhibition in the hypothalamic–pituitary axis. The
constant LH stimulation in the aERKO mice results in an abnormal endocrine
environment in the aERKO female, with elevated estradiol and testosterone, and
chronic preovulatory basal progesterone levels (Couse and Korach 1999).

The central role of neuroendocrine regulation in the development of the
aERKO ovarian phenotype has been shown by a partial rescue of aERKO fe-
males using a gonadotropin-releasing hormone (GnRH) antagonist that sup-
presses LH signaling. Under this treatment, cysts and hemorrhages do not de-
velop (Couse et al. 1999).

2.1.3
Uterine Phenotype: Evidence for Cross-talk with Growth Factor Signaling Pathways

Normally, the female rodent reproductive tract grows and matures in response
to cycling ovarian hormones, including estradiol. The growth and maturation of
the epithelial portion and the preparation of the stromal layer in the uterus is
thought to be important for successful implantation and pregnancy to occur.
The infertility of the female aERKO mouse is due in part to the insensitivity of
the uterus to the mitogenic and differentiative actions of estrogen.

The uterus in the aERKO knockout female is formed normally, as all cell
types and layers (endometrium, stroma, myometrium) are present at birth.
However, in the aERKO mouse, the uterus remains immature and hypoplastic.
Estrogen treatment leads to hyperemia and increased water imbibition, followed
by DNA synthesis and cell proliferation in wildtype mice. In the aERKO mouse,
the uterus is resistant to these growth-promoting effects of estrogens (Couse
and Korach 1999).

In these uterine growth processes, paracrine growth factors have long been
known to play an important role. Transgenic and knockout models have re-
vealed an intriguing cross-talk between the protein kinase signaling pathways
triggered by peptide hormones and steroid receptors (Kato et al. 1995). The
cross-talk mechanism has been described for the ERa and the epidermal growth
factor (EGF)-signaling pathway. The aERKO mouse reveals that estrogen-like ef-
fects of EGF require the ERa in vivo. Induction of DNA synthesis and the target
gene, progesterone receptor, however, were abolished in aERKO mice, confirm-
ing that the estrogen-like effects of EGF in the mouse uterus do require the ER.
Biochemical studies indicate that the EGF receptor is present and the pathway is
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functional in the aERKO mouse, as EGF induced c-fos, an EGF-responsive gene
(Curtis et al. 1996). In addition, studies of transgenic reporter mice carrying an
estrogen response element (ERE)-dependent luciferase gene demonstrated that
IGF1 can activate ER-dependent transcription in vivo (Klotz et al. 2002)

2.1.4
Mammary Gland: Systemic and Local Control of Growth

Estrogen and progesterone, in concert with pituitary factors, regulate mammary
gland growth and development in virgin, pregnant lactating female mice. Fur-
thermore, estrogen exposure is an important risk factor for breast cancer. A role
for ERa is illustrated by the lack of pubertal growth of the epithelial ductal rudi-
ment in the aERKO female despite elevated circulating serum estradiol levels.
This striking lack of any development has been shown to result from a combina-
tion of systemic and local defects in the aERKOneo knockout mouse (Bocchinfuso
et al. 2000). Breast-specific estrogen receptor a knockout models will address
this open issue (Wintermantel et al. 2002).

2.1.5
Cardiovascular Tissue: Is the Original aERKO a Hypomorph Allele?

A role for estrogen in the cardiovascular system has also been implied by clini-
cal observations correlating hormonal status with cardiovascular disease risk
factors. Additionally, ER has been detected in the vasculature. In the aERKOneo

male heart, an increased number of calcium channels and an associated delay in
cardiac depolarization have been observed (Couse and Korach 1999). In the
aERKOneo vasculature, lower basal nitric oxide activity is detected and, interest-
ingly, the ability of estrogen to play a protective role in a vascular injury model
is not lost in the aERKOneo mice (Iafrati et al. 1997). It should not, from these
data, be concluded that there is no function for ERa in mediating these estrogen
effects: In ovariectomized ERa wildtype mice, estradiol increases both uterine
weight and basal production of endothelial nitric oxide (NO). Both of these ef-
fects are abolished in aERKOD3 mice. In contrast, both of these effects of estra-
diol are partially (uterine weight) or totally (endothelial NO production) pre-
served in aERKOneo. The presence of two ERa mRNA splice variants in uterus
and aorta from aERKOneo mice probably explains the persistence of the estradi-
ol effects in aERKOneo mice (Pendaries et al. 2002). Therefore, some of the con-
clusions drawn from observations in the vascular system of aERKOneo mice may
be subject to reevaluation.

2.1.6
Bone Tissue

Clinical as well as experimental data imply a role for estrogen as well as other
endocrine factors in maintaining bone mass. For example, menopause or castra-
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tion increases the rate of osteoporosis progression in women. The ERKO model
is a very useful tool for elucidating the mechanism of estrogen effects in bone
and whether these effects are mediated, directly or indirectly, through ERs. ERa
is present at very low levels in bone cells. In the aERKO female, the bone is nor-
mal in terms of density, but it is significantly shorter and smaller in diameter in
both sexes of the aERKO mice. This indicates the possibility of a role for estro-
gen in bone lengthening. aERKO mice have IGF-1 levels 30% lower than normal
mice, which might account for the shorter bone. The altered hormonal environ-
ment (elevated estradiol and testosterone) as well as the increased body weight
of the aERKO mouse should also be considered when interpreting this pheno-
type. The aERKO males do show a decrease in bone mineral density, a pheno-
type that is similar to one clinical case of estrogen insensitivity in a man
(Korach et al. 1996; Couse and Korach 1999).

2.2
bERKO and DERKO: Germline Mutation of the Estrogen Receptor b Gene
and Compound Knockouts of Both Estrogen Receptors Genes

ERb cloned in 1996 is highly homologous to the “classical” ERa. ERb binds es-
trogens with an affinity similar to that of ERa, and activates expression of re-
porter genes containing estrogen response elements in an estrogen-dependent
manner (Kuiper et al. 1996). ERb seems only to regulate a subset of estrogen ef-
fects in the organism. The functions of estrogen receptors in mouse ovary and
genital tracts were investigated by generating null mutants for ERa(aERKO),
ERb (bERKO), and both ERs (DERKO). Although the expression pattern of ERb
suggested a role for this molecule in reproductive physiology, both male and fe-
male mice deficient in ERb (bERKOs) are fertile, and females have normal
mammary gland development. bERKO females display impaired fertility/subfer-
tility, but a key role in mediating estrogen effects on the reproductive system
could not be attributed to ERb (Krege et al. 1998).

2.2.1
Reproductive Phenotype of bERKO and DERKO Mutant Mice

The bERKO ovaries produce normal serum levels of estradiol and testosterone,
and the circulating serum gonadotropin levels are also normal. However, the
bERKO ovaries function suboptimally, with numerous unruptured follicles fol-
lowing superovulation appearing. Attempts to superovulate the bERKO female
have resulted in some ovulation, but the number of oocytes released is reduced
compared with wildtype females. A role for ERb in ovulation is thus indicated,
but the mechanism is still not defined (Krege et al. 1998). Interestingly, although
both ERa and ERb are detected in the ovary, their localization differs with ERb
in the granulosa cells and ER a in the theca and interstitial cells of the ovary.
The differential expression of these receptors makes compensatory activity of
one receptor in the absence of the other unlikely (Korach 2000).
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In the female reproductive system, DERKO mice display similar phenotypic
alterations compared to aERKO, thereby confirming the essential role of ERa.
However, partial transdifferentiation of female ovarian follicles into male tubuli
could only be observed in DERKO, but neither in aERKO nor bERKO mice
(Couse et al. 1999).

2.2.2
Cardiovascular Tissue

Estradiol has been recognized to exert several vasculoprotective effects in sever-
al species. With the use of aERKO, bERKO, and DERKO mice, it has been possi-
ble to define the roles of the respective receptors in mediating estrogen effects
on the vessel wall: Basal NO production was increased and the sensitivity to ace-
tylcholine decreased in ERb knockout mice in response to estradiol. In aERKO
(aERKOD3) mice this effect was abolished. Thus, ERa, but not ERb, mediates
the beneficial effect of estradiol on basal NO production (Darblade et al. 2002).
Upon ovariectomy, estradiol accelerated reendothelialization in wildtype and fe-
male bERKO mice, whereas this effect was abolished in female aERKO
(aERKOD3) mice. This study demonstrates that ERa but not ERb mediates the
beneficial effect of estradiol on reendothelialization and potentially the preven-
tion of atherosclerosis (Brouchet et al. 2001). In contrast, an essential role for
ERb in mediating estrogen�s effects on vascular smooth muscle cells has been
suggested by Zhu et al. (2002). Vascular smooth muscle cells and blood vessels
from bERKO mice exhibit multiple functional abnormalities. In wildtype mouse
blood vessels, estrogen attenuates vasoconstriction by an ERb-mediated in-
crease in inducible NO synthase expression. In blood vessels from bERKO mice,
estrogen augments vasoconstriction. Vascular smooth muscle cells isolated from
bERKO mice show multiple abnormalities of ion channel function. bERKO mice
develop sustained systolic and diastolic hypertension as they age. According to
this report, estrogens modulate the regulation of vascular function and blood
pressure by bER.

2.2.3
Bone Tissue

Evaluation of the bones of the bERKO mouse shows no apparent difference from
the wild type (unpublished data), indicating the lack of a major role for ERb in
bone physiology. aERKO and DERKO, but not bERKO, demonstrated decreased
longitudinal as well as radial skeletal growth associated with decreased serum
levels of IGF-1. ERa, but not ERb, mediates important effects of estrogen in the
skeleton of male mice during growth and maturation (Vidal et al. 2000).
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2.3
ERafloxed: Conditional Somatic Mutations of the Estrogen Receptor a Gene

Conditional alleles for ERa have been generated in two independent groups and
will be exploited for studying tissue-specific functions of ERa (Dupont et al.
2000; Wintermantel et al. 2002).

2.4
Function-Selective Mutations of the Estrogen Receptor a

In the classical signaling pathway, the ER binds directly to EREs to regulate gene
transcription. In addition to this classical pathway of estrogen action, the ER
can also alter gene transcription by a mechanism that does not require direct
ER binding to an ERE. Instead, protein–protein interactions between the ER
and other transcription factors, such as Sp1, Jun, or nuclear factor (NF)-kB, lead
to changes in target gene transcription including low-density lipoprotein recep-
tor, lipoprotein lipase, collagenase, IGF-1, and interleukin (IL)-6. ER action
through the activator protein (AP)-1 response element involves interactions
with other promoter-bound proteins instead of, or in addition to, direct binding
to DNA. Interactions with coactivators were required for both pathways. ER-me-
diated transcriptional activation or repression is dependent on the ligand and
the nature of the response element in the target gene (Jakacka et al. 2001; Shang
and Brown 2002). Many of the nonclassical pathway target genes are paradoxi-
cally stimulated by ER antagonists, raising the possibility that selective estrogen
receptor modulators may act as agonists through the nonclassical pathway
(Paech et al. 1997).

An estrogen receptor knock-in mouse model was generated by introducing a
mutation (E207A/G208A) into the P box of the first zinc finger of the DBD-en-
coded by exon 3 to selectively eliminate classical ER signaling through EREs,
while preserving the nonclassical ER pathway. The E207A/G208A mutant is in-
active in the classical pathway. In the nonclassical pathway, the ER ligands
exhibit effects that are the opposite of those seen in the classical pathway: E2
represses transcription, and ICI 182,780 activates transcription on an AP-1
reporter gene. Heterozygous females are infertile due to anovulation and the oc-
currence of endometrial hyperplasia, but the mutation should not confer a dom-
inant-negative effect. The presence of such a strong phenotype in the heterozy-
gous state confirms the role of nonclassical ER signaling in vivo and suggests
that these features may be caused by dysregulation of classical and nonclassical
signaling (Jakacka et al. 2002).

2.5
Estradiol-Responsive Reporter Mice

In addition to their well-known control of reproductive functions, estrogens
modulate important physiological processes. The identification of compounds
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with tissue-selective activity could lead to new drugs mimicking the beneficial
effects of estrogen on the prevention of osteoporosis and cardiovascular or neu-
rodegenerative diseases, while avoiding its detrimental proliferative effects. ER
reporter mice provide systems to measure estrogenic activity in different target
tissues and to study ER-mediated estrogen pharmacology in vivo. Two different
reporter mouse models have been established: ERE-TK b-galactosidase (ERIN)
mice with an estrogen-responsive promoter (three copies of the vitellogenin
ERE with a minimal thymidine kinase promoter) linked to the reporter gene
beta-galactosidase (Nagel et al. 2001) and ERE luciferase mice with a luciferase
reporter gene driven by a dimerized ERE, a minimal promoter, and flanking in-
sulator sequences (Ciana et al. 2001; Ciana et al. 2002). They could assist in in
vivo identification of new selective estrogen receptor modulators (SERMs) in
defining the cellular and molecular mechanisms that determine agonist and an-
tagonist activity, but clearly cannot reflect the combinatorial nature and the
complexity of the naturally occurring ER-dependent promoters (Shang et al.
2000; Shang and Brown 2002).

3
Glucocorticoid Receptor (NR3C1)

Glucocorticoids are synthesized in the adrenal cortex and regulate multiple or-
gan functions including carbohydrate and lipid metabolism, the stress response,
and control of innate and acquired immunity, and modulation of behavior. Glu-
cocorticoids induce the synthesis of gluconeogenic enzymes in liver, thereby in-
creasing glucose synthesis and blood glucose levels. Glucocorticoids promote
maturation of the lung and differentiation of erythroid progenitors. Glucocorti-
coids exert potent anti-inflammatory and immunosuppressive effects. Glucocor-
ticoids can induce apoptosis of thymocytes. Glucocorticoid production in the
adrenal gland is tightly controlled by a feedback mechanism involving the hypo-
thalamus and the pituitary gland, the hypothalamic–pituitary–adrenal (HPA)
axis. Repression of corticotropin-releasing hormone (CRH) and adrenocortico-
tropic hormone (ACTH) at the level of both transcription and secretion results
from increased glucocorticoid levels. Glucocorticoids are released in response
to stress, a protective mechanism that prepares the organism to react to threat-
ening stimuli. They activate the HPA axis, which coordinates behavioral and
physiological responses. Chronic dysregulation of the HPA axis leads to patho-
logical consequences including depression- and anxiety-related disorders.

The glucocorticoid receptor (GR) mediates the effects of glucocorticoids by
positively or negatively modulating gene transcription. Transcription regulation
by the GR is achieved by both DNA binding-dependent and independent mech-
anisms (Beato et al. 1995). Binding to so-called negative GREs (nGRE) which
have been found in several genes that are negatively regulated by glucocorti-
coids has also been described (Drouin et al. 1993).
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3.1
GRKO: Germline Deletion of the Glucocorticoid Receptor Gene

Two GR-inactivating mutations have been generated: a hypomorphic allele
which resulted from insertion of a neomycin resistance cassette right after the
ATG start codon of the receptor coding sequence (Cole et al. 1995) and a null
allele which has been generated by excision of exon 3 (Tronche et al. 1998). In
the former case, alternative splicing leads to a truncated mRNA and the synthe-
sis of a shortened protein. Deletion of exon 3 results in a complete ablation of
the GR, shows complete penetrance, and a more severe phenotype in compari-
son to mice with hypomorphic GR alleles. Mice without functional GR die
shortly after birth and suffer from atelectasis of the lungs, thereby demonstrat-
ing an essential function of the receptor in survival. Perinatal induction of glu-
coneogenic enzymes in the liver is impaired. Regulation of the glucocorticoid
synthesis via the HPA axis is perturbed, leading to increased plasma levels of
corticosterone and ACTH. Activation of the HPA axis results in extensive hyper-
trophy and hyperplasia of the cortical zones of the adrenal and induction of
genes involved in steroidogenesis (Cole et al. 1995). Thymocytes derived from
GRKO mice are resistant to glucocorticoid-dependent apoptosis. Under hypoxic
stress conditions, the rapid expansion of GRKO erythroid progenitors is im-
paired (Bauer et al. 1999).

3.2
GRdim: Dimeric DNA Binding-Deficient Mutation of the Glucocorticoid Receptor

Dimerization-defective GR mutant mice were generated to study DNA binding-
independent mechanisms of glucocorticoid receptor action in vivo. By exploit-
ing the Cre-loxP technology, a knock-in mouse model (GRdim) carrying the
point mutation A458T in the D-loop of the GR was established (Reichardt et al.
1998). The mutation selectively abolishes homodimeric DNA binding of the re-
ceptor and thereby impairs binding of GR to DNA, while regulation of gene ac-
tivity by protein–protein interaction remains intact. Positive and negative tran-
scriptional activation responses resulting from DNA binding-independent
mechanism of the glucocorticoid receptor could be defined. GRdim are viable,
indicating that DNA binding of the receptor is not required to guarantee sur-
vival of the animals. DNA binding is not required for prevention of the atelectat-
ic lung phenotype. Important anti-inflammatory activities of the receptor are
maintained in this animal model. Inhibition of cytokine synthesis following
treatment with lipopolysaccharide (LPS) of thymocytes and macrophages de-
rived from GRdim could be achieved by glucocorticoids. Glucocorticoids repress
the pro-inflammatory activity of NF-kB even when the receptor is impaired for
DNA binding (Reichardt et al. 2001). Systemic and local inflammatory responses
could be repressed by glucocorticoids in GRdim. GRdim mice represent a very
useful model to determine the contribution of protein–protein interactions be-
tween GR and other transcription factors in anti-inflammatory responses in
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vivo. Many of the side effects of glucocorticoids like osteoporosis and steroid-
induced diabetes are mediated by DNA binding-dependent activities of the re-
ceptor. Selective glucocorticoid receptor modulators preventing receptor dimer-
ization and DNA binding can be expected to reduce osteoporotic and/or diabe-
togenic side effects, but to display full anti-inflammatory potential.

GRdim mice also represent a tool to study control mechanisms in the HPA axis
with respect to the steroid synthesis feedback loop. In the hypothalamus, CRH
levels do not differ in wildtype mice from GRdim, arguing for GR-mediated con-
trol of CRH synthesis at the level of protein–protein interaction. Expression of
the ACTH precursor gene pro-opiomelanocortin (POMC) is elevated by almost
an order of magnitude demonstrating loss of negative control of POMC tran-
scription in GRdim mice (Reichardt et al. 1998).

3.3
GRfloxed: Conditional Somatic Mutations of the Glucocorticoid Receptor Gene

Since mice without a functional GR are not viable and die shortly after birth,
cell-/tissue-specific mutations have been developed to analyze organ-/cell-spe-
cific functions of GR. To analyze the functions of GR in various cells/tissues,
exon 3 of the receptor gene was flanked by two loxP sites using homologous re-
combination in embryonic stem cells (Tronche et al. 1998). Expression of Cre
recombinase directs the specific mutation to the desired cells or tissues. The
penetrance of the somatic mutation depends on the expression pattern of the
recombinase. Yeast and bacterial artificial chromosomes have been employed to
guarantee the desired expression selectivity and to minimize mosaic expression.

3.3.1
Corticosteroid Receptor Function in Brain

Deletion of GR in neuronal precursor cells and consequently in the entire ner-
vous system was achieved by expressing the Cre recombinase under the control
of the nestin promoter (GRNesCre) (Tronche et al. 1999). Lack of the GR in the
nervous system is not lethal, but profoundly alters the HPA axis equilibrium.
GRNesCre mice allow the discrimination between receptor functions in the hypo-
thalamus and the anterior lobe of the pituitary, since the nestin promoter does
not lead to expression of the Cre recombinase in this part of the pituitary.
GRNesCre mice lack the central glucocorticoid feedback in the nucleus paraven-
tricularis of the hypothalamus, thereby releasing the inhibition of CRH produc-
tion. In consequence, POMC mRNA and ACTH immunoreactivity increased in
corticotroph cells of GRNesCre mice. GR-mediated repression of POMC gene ac-
tivity in the pituitary is not sufficient to counterbalance the increased levels of
CRH caused by the hypothalamic GR ablation.

Inactivation of the GR in the nervous system reduces anxiety-related behav-
ior. GRNesCre mice are less anxious in the elevated zero maze and the dark-light
box, two tasks which are exploiting the behavioral conflict between exploring
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and avoiding an aversive compartment. The reduced anxiety-related responses
reveal an important role of GR signaling in emotional behavior (Tronche et al.
1999).

Detailed characterization of mice carrying highly defined mutations in the
nervous system will provide a better understanding of the role of these recep-
tors in the development of psychiatric diseases such as depression and anxiety
disorders. Primary action of antidepressants could be the stimulation of cortico-
steroid receptor gene expression that renders the HPA system more susceptible
to feedback inhibition by cortisol. Brain-specific GR knockout mouse models
open up new insight into antidepressant drug action and suggest a line of ap-
proach to the development of new drugs by focusing on this action.

Brain functions leading to drug addiction are modulated by the glucocorti-
coid signaling system (Sillaber et al. 2002). In this context, the observation of
loss of sensitization after cocaine treatment in brain-specific GRKO mice is ex-
tremely stimulating (F. Tronche, unpublished). An important role for GR in con-
trol of circadian timing was recently established, since glucocorticoids are able
to phase shift peripheral oscillators in animals (Balsalobre et al. 2000).

3.3.2
Corticosteroid Receptor Function in Liver:
The Glucocorticoid Receptor�s Important Function in Postnatal Body Growth

Hepatocyte-specific deletion of the GR (GRAlfpCre) was achieved by employing
gene regulatory sequences of the albumin gene for controlling the expression of
the Cre recombinase in liver (Kellendonk et al. 2000). Mice with a hepatocyte-
specific GR mutation displayed a severe growth deficit after 4 weeks. Alterations
in serum glucocorticoid and growth hormone levels could not be detected; the
growth deficit seems to reside in hepatic growth hormone receptor signaling.
Growth hormone can affect growth through stimulation of IGF-1 by activating
the transcription factor signal transducer and activator of transcription 5
(STAT5) (Chow et al. 1996; Metcalf et al. 2000). mRNA levels of IGF-1 and other
growth hormone-regulated genes in the liver were drastically reduced in
GRAlfpCre mice. Glucocorticoid receptor function in hepatocytes is crucial for
body growth. Liver-specific deletion of the GR does not result in altered phos-
phorylation or expression levels of STAT5a and b, the transducers of growth
hormone receptor signaling in liver. Mice with the dimerization-defective muta-
tion are of normal size; the expression of IGF-1 and other growth hormone-reg-
ulated genes is unaltered. GRdim mice compared to GRAlfpCre mice provide strong
evidence that the growth-promoting activity of the receptor does not require
binding to a glucocorticoid-responsive element. GR rather functions as a coacti-
vator for STAT5-mediated transcription in vivo, along the same lines as suggest-
ed for GR and STAT5 in prolactin receptor signaling in cell culture (Stocklin et
al. 1996).
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Comparison of liver-specific mutations and function-selective mutations of
the glucocorticoid receptor with wildtype mice demonstrates the potential and
power of allelic series for understanding drug target functions in vivo.

3.4
YGR: Yeast Artificial Chromosome Transgenic Mice Overexpressing
the Glucocorticoid Receptor

Transgenic GR-overexpressing mice (YGR) were generated by adding copies of
the GR gene embedded in a 290-kb yeast artificial chromosome. Increased gene
dosage of the GR alters the basal regulation of the HPA axis, resulting in reduced
expression of both CRH and ACTH and a fourfold reduction in the level of cir-
culating glucocorticoids. Primary thymocytes isolated from YGR mice show an
enhanced sensitivity to glucocorticoid-induced apoptosis. When challenged by
restraint stress, overexpression of the glucocorticoid receptor leads to a weaker
response. Upon LPS-induced endotoxic shock, YGR mice display an increased
resistance to the endotoxin. Hence, tight regulation of glucocorticoid receptor
expression is important for the control of physiological and pathological pro-
cesses including the susceptibility to inflammatory diseases or stress (Reichardt
et al. 2000).

3.5
Allelic Series of the Glucocorticoid Receptor Gene

3.5.1
Studying Glucocorticoid Receptor-Mediated Anti-inflammatory Activities In Vivo

Cell-specific inactivation in thymocytes, monocytes/macrophages, dendritic
cells, mast cells, and eosinophiles and other cellular compartments of the im-
mune system leads to understanding the action and function of the glucocorti-
coid receptor in inflammation, in innate and acquired immunity. Both mice
lacking the receptor in monocytes/macrophages and overexpressing the gluco-
corticoid receptor reveal an important role for the receptor in the immune re-
sponse (Reichardt et al. 2000). Mice without a functional receptor in macro-
phages die within 36 h when challenged by LPS treatment, whereas wildtype
mice survived this challenge. In contrast, YGR mice with two additional copies
of the receptor showed enhanced resistance to this endotoxic shock paradigm
and reduced inflammatory responses.

3.5.2
Dissecting Molecular Mechanisms of Glucocorticoid Receptor Functions In Vivo

Artificial chromosome transgenesis and Cre/loxP technology were instrumental
to generate a series of alleles for the glucocorticoid receptor in mouse and to
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perform a comprehensive molecular genetic analysis of glucocorticoid receptor
functions in vivo. Besides tissue-specific functions of the GR, four different
modes of selective GR actions could be defined. The receptor is able to activate
gene transcription by binding as a dimer to a glucocorticoid response element
in the control region of a regulated gene. The receptor inhibits expression of
genes such as the POMC gene and the prolactin gene in the anterior pituitary by
binding to so-called negative GREs in the control regions of these genes. Elevat-
ed levels of the mRNAs encoding these proteins in mice with the dimerization-
defective and thus DNA binding-deficient GR support this hypothesis. GR can
modulate target gene activity by DNA binding-independent mechanism. Tran-
scriptional activity of the STAT5 proteins can be enhanced by GR acting as a
coactivator in vivo. GR can also inhibit the activity of AP-1- and NF-kB-depen-
dent transcription in vivo, thereby acting as a corepressor.

In general, comparative analyses of allelic series for drug targets are invalu-
able tools to guide the development of novel function-selective and organ-spe-
cific therapeutics with reduced side effects.

3.6
Transgenic Mice Expressing Glucocorticoid Receptor Antisense RNA

Transgenic mice with impaired glucocorticoid receptor (GR) function were pro-
duced by partially knocking down GR gene expression with antisense RNA.
When treated with increasing doses of dexamethasone, these mice require a ten-
fold higher dexamethasone dose to induce full suppression of plasma ACTH
and corticosterone than normal mice, although the transgenic mice showed bas-
al plasma ACTH and corticosterone levels similar to those of the normal control
animals. Exposure to a defective GR, through development, programs major
changes in endogenous neuroendocrine and immune mechanisms. These trans-
genic mice could serve as a model to study the negative feedback disturbance of
the HPA system in affective or autoimmune disorders (Marchetti et al. 1994; Stec
et al. 1994; Barden 1994; Barden 1999; Marchetti et al. 2001). Through expres-
sion of GR antisense RNA in brain, transgenic mice with a hyperactive hypotha-
lamic–pituitary–adrenocortical (HPA) system have been generated. This model
supports the hypothesis that disturbed corticosteroid receptor regulation could
lead to increased activity of the HPA system (Barden 1996; Barden et al. 1997)

4
Mineralocorticoid Receptor (NR3C2)

Mineralocorticoids control genes involved in transepithelial sodium transport
and thereby regulate sodium and potassium homeostasis and water balance. Al-
dosterone, the main circulating mineralocorticoid, has a major role in blood-
pressure volume regulation in normal subjects, and is thought to be involved in
the pathogenesis of hypertension and target-organ damage.
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Mineralocorticoids activate selectively the mineralocorticoid receptor (MR,
NR3C2), and glucocorticoids are able to activate both receptors—the mineralo-
corticoid and the glucocorticoid receptor (NR3C1) (Funder et al. 1988; Pearce
and Funder 1988). In tissues expressing both receptors, e.g., the brain, glucocor-
ticoids can affect gene expression by signaling through either receptor. Mineral-
ocorticoid-responsive cells such as the principal cells of the collecting duct in
kidney express the enzyme 11-beta-hydroxysteroid dehydrogenase 2. Conver-
sion of cortisol to cortisone constitutes a prereceptor control mechanism, pro-
tecting the mineralocorticoid receptor from binding glucocorticoids and ensur-
ing mineralocorticoid-specific effects.

4.1
MRKO: Germline Deletion of the Mineralocorticoid Receptor Gene

MR-deficient mice (MRKO) generated by gene targeting undergo a normal pre-
natal development. During the first week of life, MRKO mice developed symp-
toms of pseudohypoaldosteronism. At day 8, MRKO mice showed hyperkalemia,
hyponatremia, and a strong increase in renin, angiotensin II, and aldosterone
plasma concentrations. MRKO mice die mainly at day 9/10 after birth. Weight
loss precedes death of homozygous mutant mice and is correlated with an in-
crease in the hematocrit. Plasma levels of renin and aldosterone are elevated.
MRKO mice are not able to compensate renal Na+-loss and water uptake and
die 8.5 days after birth because of impaired Na+-reabsorption that results in se-
vere Na+ and water loss. Amiloride-sensitive Na+-reabsorption is reduced in
these mice but the abundance of transcripts encoding the Epithelial Sodium
Channel (ENaC) and Na+/K+-ATPase is unchanged in knockout mice. Control of
Na+ reabsorption is not achieved by transcriptional regulation of ENaC and
Na+/K+-ATPase but by the transcriptional control of yet unidentified genes
(Berger et al. 1996, 1998). Components of the renin–angiotensin–aldosterone
system (RAAS) that regulates blood pressure via aldosterone are upregulated in
MRKO, presenting a condition of extreme sodium depletion that is never ob-
served in wildtype animals. Renin was the most stimulated component in kid-
neys and adrenal glands of MRKO mice. Angiotensinogen and AT-I in the liver
were also increased, but the other elements of the RAAS are not affected (Hubert
et al. 1999).

MRKO mice can be rescued by timely and matched NaCl substitutions. This
enables the animals to develop through a critical phase of life, after which they
adapt their oral salt and water intake to match the elevated excretion rate; how-
ever, the renal salt-losing defect persists (Berger et al. 1998; Bleich et al. 1999).
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4.2
MRfloxed: Conditional Somatic Mutations of the Mineralocorticoid Receptor Gene

Mice harboring conditional MR alleles have been generated. Experimental data
on genetic dissection of corticosteroid signaling by glucocorticoid receptor and
mineralocorticoid receptor in brain will be published in the near future.

4.3
Transgenic Mice Expressing Mineralocorticoid Receptor Antisense RNA

Cardiac failure is a common feature in the evolution of cardiac disease. Among
the determinants of cardiac failure, the RAA-system has a central role, and an-
tagonism of the MR has been proposed as a therapeutic strategy. An inducible
and cardiac-specific transgenic mouse model was produced to address the role
of the MR, not of aldosterone, on heart function. In a conditional knock-down
model, an antisense mRNA directed against the MR, a transcription factor with
unknown targets in cardiomyocytes was expressed in heart under tetracycline
control. Within 2–3 months, mice developed severe heart failure and cardiac fi-
brosis in the absence of hypertension or chronic hyperaldosteronism. Moreover,
cardiac failure and fibrosis were fully reversible when MR antisense mRNA ex-
pression was subsequently suppressed (Jaisser 2000; Beggah et al. 2002). This
transgenic antisense model cannot be supported by data from rescued MR
knockout mice. Cardiac-specific MR knockout mice should clarify this impor-
tant pharmacological issue.

5
Progesterone Receptor (NR3C3)

Progesterone plays a central coordinating role in diverse reproductive events as-
sociated with establishment and maintenance of pregnancy. The progesterone
receptor (PR) exists as two functionally distinct isoforms, PR-A and PR-B that
arise from the same gene and function as progesterone activated transcription
factors. PR-A and PR-B exhibit different transcription regulatory activities and
elicit distinct, physiological responses to progesterone. Mouse models have been
established for both selective (PRAKO, PRBKO) and compound (PRKO) abla-
tion of PR isoforms (Conneely et al. 2001; Conneely and Jericevic 2002; Con-
neely et al. 2002). PR-A and PR-B knockout mice allow to discriminate distinct
functions of the receptors in progesterone action in vivo. These mouse models
could guide the identification of suitable targets for generation of tissue-selec-
tive progestins.
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5.1
PRKO: Germline Deletion of the Progesterone Receptor

Male and female mice homozygous for the PR mutation (PRKO) developed nor-
mally to adulthood. The adult female PRKO displayed significant defects in all
reproductive tissues. These included an inability to ovulate, uterine hyperplasia
and inflammation, severely limited mammary gland development, and an in-
ability to exhibit sexual behavior.

In PRAKO mice, the PR-B isoform functions in a tissue-specific manner to
mediate a subset of the reproductive functions of PRs. Selective ablation of PR-
A does not affect responses of the mammary gland or thymus to progesterone
but results in severe abnormalities in ovarian and uterine function, leading to
female infertility. PR-B could be demonstrated to modulate a subset of repro-
ductive functions of progesterone by regulation of a subset of progesterone-re-
sponsive target genes in reproductive tissues. Ablation of PR-B does not affect
ovarian, uterine, or thymic responses to progesterone but rather results in re-
duced mammary ductal morphogenesis. PR-A is both necessary and sufficient
to elicit the progesterone-dependent reproductive responses necessary for fe-
male fertility, while PR-B is required to elicit normal proliferative responses of
the mammary gland to progesterone (Mulac-Jericevic et al. 2000; Conneely et al.
2002).

The PRKO mice exhibit abnormal mammary gland development. The ductal
growth accompanying puberty is not compromised in these mice, but lateral
ductal branching and lobulo-alveolar growth characteristic of pregnancy do not
occur. These animals do not exhibit estrous cycles and fail to become pregnant,
so the full extent of the mammary gland defect cannot be studied. By trans-
planting PRKO breasts into wildtype mice, it was demonstrated that the primary
target for progesterone is the mammary epithelium and that the mammary stro-
ma is not required for the progesterone response (Brisken et al. 2000).

Recently, an interesting connection between the progesterone and the Wnt
signaling pathways was observed (Robinson et al. 2000). The defect in the mam-
mary gland development observed in PRKO animals can be overcome by ectopic
expression of the proto-oncogene Wnt1. In addition, PR and Wnt4, another
member of the Wnt family, are coexpressed in the luminal compartment of the
ductal epithelium. In accordance with this coexpression, progesterone regulates
Wnt4 expression in mammary epithelial cells. Wnt4 has an essential role in
side-branching of the mammary ducts early in pregnancy. This new model sug-
gests that progesterone induces Wnt4 production, which in turn induces the
branching of mammary ducts during puberty and pregnancy (Brisken et al.
2000)
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5.2
Transgenic Mice Overexpressing Progesterone Receptors

Mice with altered ratio of A and B forms of PR have been generated by trans-
genic overexpression of additional A or B form under the control of the mouse
mammary tumor virus (MMTV) promoter. In PR-A transgenic mice, mammary
glands exhibit increased ductal branching and hyperplasia (Shyamala et al.
1998). Transgenic mice carrying additional B form of PR also display abnormal
mammary development, characterized by limited ductal elongation and branch-
ing (Shyamala et al. 2000). PR transgenic mice do not mimic the effects of iso-
form-selective PR ablation on mammary glands (Conneely et al. 2002). Regulat-
ed expression of both PR isoforms seems to be critical for appropriate cellular
response to progesterone in mammary gland.

6
Androgen Receptor (NR3C4)

Male sex steroids testosterone and dihydrotestosterone bind and activate the an-
drogen receptor (AR). 17b-Estradiol can also induce AR transactivation in the
presence of selective coregulators in selective tissues. Initiation, maintenance,
and reinitiation of spermatogenesis are androgen-dependent processes. Besides
regulating male sex functions, androgen and AR also play important roles in fe-
male physiological processes, including folliculogenesis, bone metabolism, auto-
immune diseases, maintenance of brain functions, and several female cancers,
including breast, ovary, and endometrium.

For AR, the testicular feminization (Tfm) male mice and the patients with
the androgen-insensitive syndrome are the natural models for the study of the
loss of androgen function in males. Female models have been lacking, because
localization of the AR gene on the X chromosome, which is critical for male fer-
tility, impedes conventional gene targeting strategies. Female ARKO mice and
tissue-specific ARKO mice were generated by a Cre-loxP strategy for conditional
gene targeting The Cre-lox ARKO mouse provides a model to study androgen
functions in the selective androgen target tissues in female or male mice. In ad-
dition, androgen actions mediated by AR could be dissociated from effects
caused upon aromatase-mediated conversion of androgen to estradiol.

6.1
ARKO: Germline Deletion of the Androgen Receptor Gene

Two AR-null mutant (ARKO) mouse lines were generated from independent
groups by means of a Cre-loxP system (Sato et al. 2002; Yeh et al. 2002; Sato et
al. 2003). The male ARKO mice generated by Kato�s laboratory exhibited typical
features of Tfm disease in external reproductive organs with growth retardation.
Growth curves of the male ARKO mice do not differ from that of their wildtype
female littermates up to 10 weeks of age. Then a drastic increase in growth and
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development of obesity was observed. Clear increase in the wet weights of white
adipose tissues, but not of brown adipose tissue, was found in the 30-week-old
male ARKO mice. No significant alteration in serum lipid parameters and food
intake could be detected. Thus, AR may serve as a negative regulator of adipose
development in adult males.

Male ARKO mice produced by Yeh et al. (2002) have a female-like appearance
and body weight. All male sexual organs including penis, vas deferens, epididy-
mis, seminal vesicle, and prostate are hypoplastic or agenic. The scrotum is
poorly developed and resembles the female labia major. Testes are small in size
and cryptorchid similar to Tfm mice or humans with complete androgen-insen-
sitive syndrome. No vaginal opening and no fallopian tubes or uterus can be
found. Testes from ARKO mice are 80% smaller, less cellular, and thin in the tu-
bules. No round spermatids, elongated spermatids, or mature spermatozoa
could be detected in ARKO testis. Spermatogenesis is arrested at pachytene
spermatocytes. Sertoli cells show fibrillary degeneration and Leydig cells are hy-
pertrophic. Serum testosterone concentration in adult ARKO mice is lower than
in wildtype mice.

ARKO male mice have a reduced body weight when compared to that of age-
matched wildtype male mice, but it equals the body weight of age-matched wild-
type female mice. Number and size of adipocytes differ between wildtype and
ARKO mice. Besides these effects on adipogenesis, androgens have been report-
ed to mediate site-specific adipose distribution and metabolism. Brown tissue
is developed well and shows no obvious difference between wildtype and ARKO
mice.

Bone volumes of ARKO male mice are reduced compared to wildtype litter-
mates. Osteoclast numbers in the femoral metaphyses are higher in ARKO than
in wildtype mice. In the absence of the AR, mice develop osteopenia although
both mineral apposition and bone formation are increased in ARKO mice. In-
creased osteoclast numbers cause increased bone resorption and outbalance the
increase in bone formation, thereby resulting in an osteopenic phenotype.

Female ARKO mice were fertile, the average number of the pups per litter
from heterozygous and homologous ARKO females are reduced as compared to
wildtype female mice. Compared to wildtype mice, ARKO mice show no major
differences in breast morphology (Yeh et al. 2002).

6.2
ARfloxed: Conditional Somatic Mutations of the Androgen Receptor Gene

Floxed AR mice provide a base to generate tissue-specific ARKO in selective tis-
sues such as bone, breast, skeletal muscle, prostate, and liver. Several laborato-
ries are in the process of generating these tissue-specific ARKO mice to study
the roles of AR in these tissues. These mouse models could support the develop-
ment of tissue-specific androgens and anti-androgens.
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6.3
Transgenic Mice Overexpressing the Androgen Receptor

Overexpression of AR in liver and brain of transgenic mice has been reported.
Liver is an important target of androgens; mouse liver displays sexually dimor-
phic and temporally programmed expression of AR causing marked sex-depen-
dent changes in androgen sensitivity. Liver-specific overexpression of AR under
the control of the human phenylalanine hydroxylase (hPAH) gene promoter
leads to perturbation of the expression of androgen-controlled steroidogenic en-
zymes. These transgenic mice produce a 30-fold higher level of the AR in the
liver as compared to nontransgenic control animals. In the transgenic female,
the hepatic expression of the dehydroepiandrosterone sulfotransferase was ap-
proximately fourfold lower than in normal females, a level comparable to that
of normal males (Chatterjee et al. 1996)

The expansion of trinucleotide repeat sequences underlies a number of he-
reditary neurological disorders. X-linked spinal and bulbar muscular atrophy
(SBMA) is caused by a CAG repeat expansion in the first exon of the androgen
receptor (AR) gene encoding the AF-1 function. Disease-associated alleles
(37–66 CAGs) change in length when transmitted from parents to offspring. Un-
like the disease allele in humans, transgenic mice carrying human AR cDNAs
with 45 and 66 CAG repeats do not display repeat instability and show no
change in repeat length with transmission. Expression of the SBMA AR was
found in transgenic mice, but at a lower level than normal endogenous expres-
sion. The lack of a physiological pattern of expression may explain why no phe-
notypic effects of the transgene were observed (Bingham et al. 1995). Trinucle-
otide repeat instability was modeled by generating transgenic mice with yeast
artificial chromosomes (YACs) carrying AR CAG repeat expansions in their ge-
nomic context. Studies of independent lines of AR YAC transgenic mice with
CAG 45 alleles reveal intergenerational instability. The 45 CAG repeat tracts are
significantly more unstable with maternal transmission and as the transmitting
mother ages. Of all the CAG/CTG repeat transgenic mice produced to date, the
AR YAC CAG 45 mice are unstable with the smallest trinucleotide repeat muta-
tions (La Spada et al. 1998).

7
Summary

Functional genomic technologies, including artificial chromosome-based trans-
genesis and conditional gene inactivation, allow us to generate mouse models
harboring genes with loss-of-function mutations, gain-of-function mutations,
temporal restricted mutations, tissue-specific mutations, and function-selective
mutations. Such “allelic series” for drug targets in mouse models provide an un-
precedented resource towards understanding drug targets, drug target func-
tions, and therapeutic strategies, and they increase the probability of identifying
the optimal target function for therapeutic intervention.
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Mouse models provide opportunities for the identification of compounds that
regulate steroid receptors in a tissue-specific and function-selective manner.
These models will also support the identification of steroid receptor target
genes. Mouse models will guide and help to evaluate distinct steroid receptor
function for therapeutic intervention and conduct development of drugs specific
for distinct functions of steroid receptors exemplified by allelic series for the

• glucocorticoid receptor. Function-selective and/or tissue-specific mutations
of the glucocorticoid receptor dissect activating and inhibitory functions
and in turn will guide the search for dissociated glucocorticoids (selective
glucocorticoid response modulators) conferring a desired anti-inflammato-
ry activity without diabetogenic, osteoporotic, or deleterious skin side ef-
fects.

• estrogen receptors. Tissue-specific and/or function-selective mutations of
the estrogen receptors dissociate regulatory mechanisms exerted by estro-
gens and growth factors. Functional genomics of the estrogen receptor will
direct the development of dissociated estrogens (selective estrogen response
modulators SERMs) such as bone-specific estrogens that lack activity in re-
productive tissue and breast, or cardiovascular protective estrogens without
effects on the reproductive system and the breast. Specific efforts will help
to understand and exploit the ligand-independent activity of the estrogen
receptor.

• progesterone receptors. Selective mutations of progesterone receptor iso-
forms in mice could guide the generation of tissue-selective progestins.
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Abstract Reproduction differs from other physiological functions in the sense
that it is not essential for survival of an individual, only for that of the species.
However, the prevalence of infertility is on the rise, and it seriously affects the
quality of life of the couples affected. Since both contraception and infertility
problems concern young, otherwise healthy individuals, the possibilities to do
clinical research on human reproduction are limited. We therefore need novel
experimental approaches, for which gene-modified animals provide excellent
platforms. In the present chapter, we have summarized some of the key tech-
niques typically used to analyze reproductive physiology and pathophysiology
in gene-modified mouse models. The techniques involve, e.g., macroscopic
anatomy and histology of the reproductive organs at various ages, assessment of
reproductive capacity and behavior, analyses of hormones and their receptors
in circulation, endocrine glands and target organs, and analyses of expression
of specific gene transcription and translation products by various techniques.
As the reproductive system is under dynamic change during life, the analyses
should done with different age groups of animals, e.g., at fetal life, postnatally,



during puberty, at young adult age, and with aging mice. The different periods
of life, representing differentiation, development, maturation, and involution
present with different functional characteristics and pathologies, and allow us to
obtain a global view about the reproductive functions during an individual�s life
span.

Keywords Reproduction · Infertility · Gonad · Testis · Epididymis · Prostate ·
Ovary · Steroid hormone · Gonadotropin · Lipoprotein · Lipid metabolism ·
Atherosclerosis · Endocytosis · Lipase · Apoprotein · Cholesterol · Vascular wall

1
General Principles for Analyzing the Reproductive Tract Biology

A growing number of gene-modified (GM) animals, mainly mice, have been
produced providing novel information about the genes playing important role
in the reproductive tract biology, and several genes essential for gonadal differ-
entiation and function have been identified or their roles have been confirmed
using GM mice. In principle, any severe dysfunction in reproductive organs of
both sexes does lead to subfertility or infertility. This is readily detected in the
breeding colony of mice, by recording the litter sizes and time interval between
births. However, a lot of novel information about the reproductive tract biology
can also be obtained by analyzing in detail the reproductive tract of fertile mice.

The function of the reproductive system is regulated by a complex hormonal
network, involving the hypothalamus–pituitary–gonadal axis. Dysfunction in-
duced by a gene modification at any level of this regulatory cascade may result
in altered function of the reproductive organs, or vice versa; dysfunction in the
gonads resulting in altered hormone production affects the hypothalamic–pitui-
tary level through altered feedback regulation. As the reproductive system is
also tightly connected to the other endocrine regulatory systems, unbalanced se-
cretion of reproductive hormones has frequently wider consequences, such as
hyperstimulation of adrenocortical function, and unbalanced energy metabo-
lism associated with obesity (Kero et al. 2000, 2003; Li et al. 2001; Rulli et al.
2002), for example. Hence, manipulation of the reproductive hormones often re-
sults in secondary effects caused by multiple hormonal disturbances. Analyzing
the sequence of hormonal disturbances leading to the phenotypic features in
the GM mouse models is therefore a demanding task.

The generation of knockout (KO) mice applies a universal gene-targeting
technology, independent of the target tissues. However, the production of specif-
ic transgenic (TG) mouse models in the field of reproductive biology has been
hindered by the lack of efficient cell-specific promoters directing the transgenes
to different somatic cells present in gonads. Considering the limitations of the
present chapter, it is impossible to introduce all the outstanding work carried
out in the field of reproductive tract biology. Hence, we will focus on some basic
methodological aspects and experimental approaches typically used to analyze
reproductive tract phenotypes in GM mice, and several of the methods are in-
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troduced using examples of GM mice recently generated in our own laborato-
ries. Methods used to analyze the reproductive physiology in mice involve hor-
mone measurements, and morphological, histological, and physiological evalua-
tion of the basic features of the reproductive tract biology. However, as in other
organs systems, these methods do not necessary penetrate very deeply into the
mechanisms causing the altered phenotypes. Therefore, analyzing gene expres-
sion profiles of known key genes in the reproductive tissues is important. Fur-
thermore, also for a reproductive biologist, large-scale gene expression, and
protein and metabolic profiling systems are becoming methods of choice, in or-
der to screen for the signaling systems involved in the phenotypes obtained.

2
Fetal Development of the Reproductive Tract

The fetal development of both male and female reproductive organs shares sig-
nificant similarities between mouse and human (for reviews see, e.g., Nef and
Parada 2000; Hughes 2001). By following the morphology of the gonadal devel-
opment, several of the genes essential for development of the bipotential gonads
have been identified by KO mouse models. Mice presenting with gene disrup-
tion of, for example, the steroidogenic factor-1 (SF-1), Wilms tumor-associated
gene (WT-1), transcription factors Lhx1 and Lhx9 all lack gonads (Kreidberg et
al. 1993; Luo et al. 1994; Shawlot and Behringer 1995; Birk et al. 2000). Depend-
ing on the site of action, these mice also present some other dysfunctions: The
SF-1 KO mice lack adrenals, in WT-1 KO mice the kidneys do not develop, and
Lhx1 is also essential for the head development. The KO mouse models with to-
tal lack of gonads also show the power of simple macroscopic evaluation of the
organogenesis as part of the phenotype analyses in GM mice. SF-1 has been
shown to be involved in the regulation of gonadal and adrenal function and ste-
roidogenesis at multiple levels also in adults. The lack of gonads in SF-1 KO
mice hinders the use of this model for analyzing the role of SF-1 in adult go-
nads. To solve this problem, cell-specific deletion of SF-1 by the Cre/loxP tech-
nique has recently been developed (Zhao et al. 2001), and the studies showed
that the lack of SF-1 function in pituitary gonadotropes reduces severely
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion,
consequently leading to gonadal dysfunction.

Once the gonads are formed, the expression of a transcription factor, SRY, is
essential for initiating the male development. Many of the genetic factors and
signaling networks involved in differentiation of the various gonadal cell types
both in testis and ovaries are still unknown, but some of the genes involved have
been recently discovered. One of the most interesting recent findings is the iden-
tification of the Wnt family of proteins as essential signals for normal ovarian
development. According to the past dogma of mammalian sex development, no
specific signal is needed for ovarian development. However, the mice deficient
of the Wnt-4 signaling display masculinized ovaries, with the presence of testos-
terone-producing cells resembling testicular Leydig cells (Vainio et al. 1999).
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The data thus show the apparent need of Wnt-4 for suppression of Leydig cell
development in ovaries. Another signaling protein of the same family, Wnt-7a,
is needed to complete the development of M�llerian ducts into certain struc-
tures of the internal female genital tract (Parr and McMahon 1998).

3
Analyzing the Male Phenotype

3.1
General Principles

As mentioned above, analyzing fertility by setting up a mating colony is a pow-
erful way to measure reproductive functions. If the mating behavior is normal,
we can conclude that a lack or lowered number of sperm in the uterus after mat-
ing or a dysfunction in the sperm function is the final cause for the reduced fer-
tilization capacity in males. Mating behavior and sperm maturation are partially
regulated by the same hormonal factors, and infertility could involve both of

Table 1 The tests suggested for preliminary analysis of the reproductive phenotype in GM mice

Female

1. Measure birth weight and record weight gain (growth curve)
2. Measure anogenital distance in newborns
3. Record age of vaginal opening and appearance of nipples
4. Analyze mating: record mating plugs, pregnancies, litter size, birth weights and sex ratio
5. Analyze success of lactation and survival of offspring (weight gain of pups during lactation)
6. Analyze estrus cycle and ovulation
7. Analyze the weight and macroscopic anatomy of reproductive organs
8. Analyze the histology of ovary, oviduct, uterus, vagina, mammary gland (also whole-mounts),

pituitary gland
9. Analyze the hormonal levels in mice (testosterone, estradiol, progesterone, prolactin LH, FSH)

10. Analyze mRNA for a set of key genes for reproductive functions
11. Analyze possible secondary effects: adrenal function, obesity, insulin resistance
12. Use the data for generating the plan for more detailed analysis

Male

1. Measure birth weight and record weight gain (growth curve)
2. Measure anogenital distance in newborns
3. Analyze testicular descent/cryptorchidism
4. Analyze mating: calculate mating plugs, pregnancies, litter size and sex ratio
5. Analyze the weight and macroscopic anatomy of reproductive organs
6. Analyze the histology of testis, epididymis, vas deferens, seminal vesicles, urethro-prostatic block,

pituitary gland
7. Analyze the hormonal levels in mice (testosterone, estradiol, progesterone, prolactin LH, FSH)
8. Analyze number of spermatozoa in epididymis, and uterus after mating
9. Analyze sperm number, structure, motility

10. Analyze mRNA for a set of key genes for reproductive functions
11. Analyze possible secondary effects: adrenal function, obesity, insulin resistance
12. Use the data for generating the plan for more detailed analysis
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these components. The typical measures involved in the basic phenotype analy-
sis in the male reproductive tract are presented in Table 1.

3.2
Testicular Development and Function

Many of the key factors leading to differentiation of the two main testicular
structures, the interstitial space with the Leydig cells and the seminiferous tu-
bules with the Sertoli cells and developing germ cells, remain unknown. Once
the fetal testes are present they produce three main hormones essential for full
masculinization of the male during the fetal life (Fig. 1): testosterone (T), anti-
M�llerian hormone (AMH; also termed M�llerian inhibiting substance, MIS)
and insulin-like factor 3 (Insl3). The role of these hormones in male sex devel-
opment has also been confirmed by GM mouse models. The lack of AMH ex-
pression results to the presence of M�llerian duct-derived structures (upper va-
gina, uterus, and Fallopian tubes) also in the male (Behringer et al. 1994; for re-
view see Teixeira et al. 2001). The lack of functional androgen receptor in testic-
ular feminized male mice (TFM) leads to male pseudohermaphroditism: genetic
males with female external genitalia (Lyon and Hawkes 1970; He et al. 1991),
and mice deficient in Insl3 are cryptorchid (Nef and Parada 1999; Zimmermann
et al. 1999).

T is the main steroid produced by the Leydig cells, both in mice and humans,
and in addition to the masculinization of the external genitalia, proper androgen
action through high intratesticular T concentration is needed for the initiation

Fig. 1 The production of three different hormones from fetal testis is essential for the normal develop-
ment of male reproductive tract: anti-M�llerian hormone (AMH) is responsible for the regression of the
M�llerian duct in the males. Insulin-like factor 3 (Insl3) is essential for gubernaculum development, and
hence, is needed, together with androgens, for the normal testicular descent. Testosterone is known to
be essential for normal male sexual characteristics, including the normal development of the male ex-
ternal genitalia
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and maintenance of normal spermatogenesis. The usefulness of serum T (Huh-
taniemi et al. 1985) and LH (the main gonadotropin regulating T secretion)
measurements in the male mouse is hindered by the high normal variation ob-
served in their concentrations. However, in our laboratory we have successfully
measured mouse serum gonadotropin concentrations (LH and FSH) by using a
time-resolved fluoroimmunoassays developed for the corresponding rat go-
nadotropins (Haavisto et al. 1993; van Casteren et al. 2000). In addition, the
measurement of intratesticular T concentration is a good measure to evaluate
testicular androgen production in mice, and the variation is less than typically
detected in the serum samples. Using these methods, we were able to show that,
in contrast to that in human, LH receptor function is not essential for fetal T
production in mouse. This was confirmed by identification of normally differ-
entiated, but macroscopically hypoplastic, genitalia of the LH receptor knockout
(LuRKO) mice (Lei et al. 2001; Zhang et al. 2001). Interestingly, recent findings
also indicate that the conversion of T to DHT via 5a-reductase type II is not es-
sential for the development of male urogenital region in mice (Mahendroo et al
2001), being opposite to that shown in human patients with 5a-reductase type II
deficiencies.

Another marked difference between man and mouse in development of the
male urogenital organs is the fact that the scrotal phase of testicular descent in
the mice occurs postnatally, while in the human full testicular descent take place
in the fetal life. However, the process of testicular descent seems to be mechanis-
tically similar in both species. This process is divided in two distinguished
phases: the trans-abdominal descent and inguino-scrotal descent. Development
of the ligament mainly responsible for the testicular trans-abdominal descent,
gubernaculum, can be histologically analyzed in fetal mice, e.g., at the embryon-
ic day (E)17.5 (Zimmermann et al. 1999; Emmen et al 2000; Koskimies et al.
2003). In addition, scanning electron microscopy has been shown to be a power-
ful technique in analyzing the development of the ligament structures in fetal
mice (Nef and Parada 1999; Zimmermann et al. 1999). Recently, a novel hor-
mone involved in the development of gubernaculum, and hence, essential for
the intra-abdominal descent of testes, was discovered by KO technology. The re-
sults showed that mice deficient in Insl3 were lacking normal gubernaculum
structures, and were cryptorchid, with testes locating in the abdomen (Nef and
Parada 1999; Zimmermann et al. 1999). Insl3 KO mice are present with normal
androgen status, indicating that the cryptorchidism was not due to the lack of T
(Nef and Parada 2000). The second phase of testicular descent, the inguino-scro-
tal phase, is clearly androgen dependent. Thus, mice lacking postnatal and pu-
bertal androgen action (such as LuRKO males) lack normal scrotal develop-
ment, and are cryptorchid with the testes localized in the abdomen (Lei et al.
2001; Zhang et al. 2001). As expected, the phenotype of LuRKO mice showed
that LH receptor function is essential for the postnatal androgen production in
mice, similar to that in human. In male mice, the endocrine puberty occurs at
the age of around 45 days, and the seminal vesicle (SV) weight and size is a di-
rect, and easily measured, biomarker for androgen production in adult male
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mice. Mice with large SVs are likely to have high T production, while hypoan-
drogenic mice have small SV size, such as seen in LuRKO males (Lei et al. 2001;
Zhang et al. 2001). We have recently also produced hypo-androgenic/hyper-es-
trogenic male mice by expressing the human P450 aromatase in TG mice
(AROM+). These mice present with rudimentary SV and are cryptorchid
(Fig. 2A, B; Li et al. 2001). As fetal exposure to high concentrations of estrogens
also causes cryptorchidism in rodents by downregulating Insl3 gene expression
(Emmen et al. 2000; Nef et al. 2000), the lack of androgens and high exposure to
estrogens and consequent lack of Insl3 may cause cryptorchidism in AROM+
mice.

Histological evaluation of the structure and number of Leydig cells in testicu-
lar interstitium belong to the basic testicular characterization in TG mice with
subfertility or infertility. By histological evaluation, both Leydig cell hyperplasia
and hypertrophy were detected, e.g., in the 4-month-old AROM+ males
(Fig. 2D, F; Li et al. 2001). Unlike the fetal Leydig cells that are able to produce

Fig. 2. A, B AROM+ mice are present with cryptorchid testes (arrows), located at the bottom of the
abdominal cavity. C Testis histology in wild type adult mice. D, E Testis histology of AROM+ mice, show-
ing Leydig cell hyperplasia (LeH) with disrupted spermatogenesis with degenerating germ cells within
the seminiferous epithelium (SE). No germ cells beyond the stage of pachytene spermatocytes (P) were
found, and numerous vacuoles (arrowheads) of different sizes are present. Also giant cells (Gi) are pres-
ent in the interstitium, and cells with intensively stained nuclei and eosinophilic cytoplasm (arrows) are
frequently present in the seminiferous epithelium of AROM+ mice. F, G Structure of the wildtype epi-
didymal spermatozoa (F), and spermatozoa with angulated tail caused by an epididymal dysfunction in
mice expressing SV-40 large T antigen in the epididymal epithelium
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physiologically significant levels of androgens without gonadotropin stimula-
tion, the adult-type Leydig cells are critically dependent on LH action. There-
fore, it was not a surprise that the number of adult type of Leydig cells was high-
ly reduced in LuRKO mice. This in turn resulted in lack of pubertal increase in
T, and resulted in arrested spermatogenesis (Zhang et al. 2001). In the testis, the
steroid biosynthetic pathway is present in Leydig cells, and together with the af-
fected histology of the testis, the putative changes in the expression of steroid
biosynthetic enzymes and their mRNAs are good indicators for altered Leydig
cell function. In addition to the Leydig cells, the interstitial tissue contains also
other cell types such as stromal cells and macrophages. The exact role of the lat-
ter in testicular function is not currently known, but they might well interact
with Leydig cells in T production (Lukyanenko et al. 2001). An alteration in the
relative proportion of the different cell types in the interstitium, e.g., the appear-
ance of a large amount of multinucleated giant cells (Fig. 2E), as detected in the
AROM+ mice (Li et al. 2001), is a good indicator of severely altered testicular
function.

Compared with the above-described relatively simple structural analyses of
the testicular interstitium, a detailed evaluation of the defects in spermatogene-
sis is a demanding task. Based on morphology of the seminiferous epithelium,
spermatogenesis in mice can be divided into 12 recognizable stages, and all the
stages have specific histological features for the germ cells of that stage, and sev-
eral gene disruptions are associated with a disruption of proper germ cell matu-
ration in the testis (Zirkin 1998; Plant and Marshall 2001). The weight of the tes-
tis, as such, is a good basic indicator of proper spermatogenesis and should be
routinely analyzed as part of the phenotype characterization of the reproductive
tract. Small testis could result from several reasons, such as a lack of germ cells,
lack of Leydig cells, or a dysfunction in the developmental period leading to a
reduced size of the seminiferous tubules. The development of germ cells in sem-
iniferous tubules is regulated mainly via two hormones: pituitary FSH and T
produced by the Leydig cells stimulated by LH. Hence, a direct or indirect affect
on the production of these hormones leads to disruption of spermatogenesis.
The LuRKO mouse model is a typical example with a cascade of events leading
to reproductive dysfunction. In these mice, the lack of pubertal LH action leads
into the lack of adult-type Leydig cells. This in turn results in the lack of puber-
tal androgens, which results in suppressed spermatid development, with sperms
developing to steps 7–8 at the age of 2–3 months (Zhang et al. 2001).

Spermatogenesis is disrupted also in AROM+ mice, present with low T and
elevated E2 concentration, and at the age of 4 months no germ cells beyond the
pachytene spermatocytes could be identified (Fig. 2D, E). Furthermore, both of
these mouse models are present with cryptorchidism, which as such also con-
tributes to the germ cell development. Hence, it is evident that the final testicu-
lar dysfunction in several GM mouse models is a result of several factors. Re-
duced testicular size in adulthood, without apparent disruption of the histologi-
cal picture, is a common finding with suppressed prepubertal secretion of go-
nadotropins, especially of FSH. This hormone is seminal for the prepubertal
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proliferation of Sertoli cells. Testis total volume correlates closely to the total
length of seminiferous tubules and thereby to total testicular size.

3.3
Epididymis

The spermatozoa produced in the testis are further maturating in the epididy-
mis, where they gain their motility and fertilizing capacity. The epididymis de-
velops from the Wolffian duct, and consists of enlarged head (caput), a central
body (corpus), and an interior pointed tail (cauda), and the different epididymal
regions are characterized by morphologically distinguishable epithelial cell
types. Figure 3 represents a histological view of the corpus epididymidis of wild-
type mice (A) and of mice with an oncogene-induced dysplasia (B). The well-
segmented tubular structure of the epididymis plays an active role in sperm de-
velopment, while the epididymal sperm maturation is dependent on the unique
luminal environment, including specific proteins synthesized and secreted by
the epididymal epithelium. During their transit through the epididymis, sper-
matozoa undergo biochemical remodeling of the acrosome, and the protein, gly-
coprotein, and lipid composition of their plasma membrane is altered. The most
consistent morphological change is the migration of the cytoplasmic droplet
from the neck region of the flagellum to the end of the midpiece. Also the sperm
tails become disulfide-bond stabilized during their epididymal transit (for a re-
view see Olson et al. 2002).

Only few TG models exist with a direct epididymal defect leading to disrupt-
ed sperm maturation. However, mice deficient of the c-ros tyrosine kinase re-
ceptor fail to undergo prepubertal differentiation of the proximal epididymal tu-
bule, and therefore lack structurally the initial segment of caput epididymides
(Sonnenberg-Rietmacher et al. 1996; Yeung et al. 1998). The data indicate an es-
sential role for this orphan receptor in proper development of the epididymal
segmentation. The defect in regionalized differentiation of epithelial cells in the
epididymis results to various extents in flagellar angulation of the sperm, which
can be readily analyzed in a squash preparation of caudal sperm (Fig. 2F, G; Ye-

Fig. 3. A Histology of a normal mouse epididymal epithelium at the corpus region. B Histological ap-
pearance of dysplastic epididymal epithelium (arrowheads) in mouse expressing a transforming onco-
gene in the epididymis. el, epididymal lumen
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ung et al. 1999; Sipil� et al. 2002). We have recently developed an epididymal de-
fect with angulated sperm in TG mice by specifically expressing the SV-40 T anti-
gen in epididymis (Sipil� et al. 2002). These mice do have histologically distin-
guishable initial segment, but it is not functionally normal. The sperm with bent
tails obtained both from the c-ros KO mice and T antigen-expressing TG mice
are able to move, but are not able to fertilize the oocyte in vivo. This is likely to
result from the failure of sperm to reach the oviduct during mating (Yeung et al.
2000). Kinematic parameters of mouse sperm can be monitored in vitro similar-
ly to that carried out for humans by using computer-assisted sperm analyses
(Yeung et al. 2000; Sipil� et al. 2002). Interestingly, in this type of analysis,
sperm from c-ros KO mice showed rather normal motility (Yeung et al. 1999),
but were still unable to pass the uterotubal junction (Yeung et al. 2000).

Furthermore, epididymal fluid can be collected from different epididymal re-
gions, and several physiological parameters can be monitored in the fluid, such
as pH and osmolality (Sipil� 2002). Also, the lack of ejaculation is to be consid-
ered a reason for infertility. Accordingly, recently a KO mouse model, deficient
in P2X1 receptor, was found to be infertile because a reduced contraction of the
vas deferens (Mulryan et al. 2000). Estrogen receptor a-deficient mice, (aERKO
mice) have been also shown to have an abnormal epididymal phenotype (for a
review see Hess et al 2002), revealing the importance of functional ERa for nor-
mal epididymal function. However, infertility in these animals is most likely
caused by an altered male sexual behavior and ejaculation (Ogawa et al. 1997).

3.4
Prostate and Seminal Vesicles

In rodents, the prostate consists of four paired lobes that are clearly distin-
guished from each other, and surrounded by a rich network of blood and lymph
vessels, autonomic nerves, autonomic ganglia, and a loose capsule of connective
and adipose tissue. The names of the prostatic lobes indicate their location
around the prostatic urethra: ventral, lateral, dorsal, and anterior. Histologically,
all lobes have their specific features, and differ from each other as regards the
epithelial folding, epithelial cell staining properties, and thickness of the stromal
layer. The collecting ducts from the dorsolateral and anterior lobes, seminal ves-
icles, and ejaculatory ducts all traverse the dorsolateral aspect of urethral wall,
forming a complex aggregation of ducts of varied sizes and histological appear-
ances. The distal end of vas deferens, prior entering the posterior urethral wall,
is surrounded by a small gland, the ampullary gland. The urethral wall consists
of a thick circular or C-shaped layer of striated muscle, called the rhabdosphinc-
ter, urethral mucosa, and between the mucosa and muscle, a thick layer of small
spheroid periurethral glands.

Typically, there is considerable variation in the prostatic weights of individual
mice of the same age and strain. The weight determined does not only represent
the amount of tissue itself, but also the amount of secretory fluid in the glands.
The organ weights correlate with body weight, and it is useful to use their rela-
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tive organ weights instead of the absolute weights. Furthermore, the accessory
sex glands continue to grow during the whole adult life, and the relative organ
weights are usually higher in older animals. In order to obtain high-quality mi-
croscopic sections it may be advisable to dissect a larger organ block which con-
tains the prostate, seminal vesicles, prostatic urethra, and urinary bladder, and
special attention must be paid to the orientation of the tissue block when cut-
ting the sections, in order to prepare comparable sections. By using serial sec-
tions and computer-aided morphometric analysis, it is possible to perform
quantitative analysis of tissue composition (e.g., to determine the relative vol-
umes of different tissue components), and reconstitute the three-dimensional
image of the organ (for example, see Timms et al. 1994 and VomSaal et al.
1997). Several specific markers for prostatic structure and function are avail-
able, and can be used for further characterization of the phenotype. These in-
clude markers of different cell types, hormone responsiveness, differentiation,
secretory activity, proliferative activity, and apoptosis.

Prostate development and growth is regulated by multiple hormonal factors,
most notably androgens, estrogens, and prolactin. As expected, GM mice with
altered hormone biosynthesis, and/or altered expression of hormone receptors,
display a wide variety of changes in prostate growth or function (Wennbo et al.
1997; Couse and Korach 1999; Li et al. 2001; Mcpherson et al. 2001; Stanborough
et al. 2001; Weihua et al. 2001; Zhang eta l. 2001; Jarred et al. 2002; summarized
in Table 2). However, the presence of prostatic phenotype does not necessarily
indicate that the genetic manipulation causes direct defects in prostatic cells. It
is clear that any alteration in the hormone profile (e.g., gonadotropin, androgen,
estrogen, prolactin) may induce pronounced changes in prostate, even though
the gland itself would have the capacity to function normally.

Several GM mouse models with altered expression of growth factors, proto-
oncogenes or tumor suppressor genes in the prostate, leading to the develop-
ment of prostatic epithelial hyperplasia and premalignant prostatic intraepithe-
lial neoplasia (PIN)-like lesions, have been characterized. These include overex-
pression of fibroblast growth factors 3 and 8 (Muller et al. 1990; Tutrone et al.
1993; Chua et al. 2002; Song et al. 2002), expression of myc or ras proto-onco-
genes (Thompson et al. 1989), disruption of p53, retinoblastoma (Rb) and pten
tumor suppressor genes (Colombel et al. 1995; Thompson et al. 1995; Wang et
al. 2000; Kim et al. 2002), disruption of Mxi1 gene (Schreiber-Agus et al. 1998),
and disruption of Nkx3.1 homeobox gene (Bhatia-Gaur et al. 1999; Abdulkadir
et al. 2002). However, only a few GM models that develop prostatic carcinoma
have been described. These include models with coexpression of ras and myc
proto-oncogenes in mouse prostate (Thompson et al. 1989), targeted overex-
pression of SV 40 T antigen in mouse and rat prostate (Greenberg et al. 1995;
Perez-Stable et al. 2002), deregulated expression of insulin-like growth factor 1
(Digiovanni et al. 2000), and disruption of Rb-gene (Wang et al. 2000).
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4
Analyzing the Female Phenotype

4.1
General Principles

As with the males, analyzing the fertility by setting up a mating colony is a pow-
erful tool to analyze reproductive function. Also in the GM female mice, a dis-
rupted reproductive tract function often results in subfertility or infertility, and
several tests are available for preliminary analysis of female reproductive tract
function (summarized in Table 1). The cyclic ovarian function (4- to 5-day-long
estrus cycle) is a feature to be taken into account in analyzing the female pheno-
type. During the different days of the cycle, there are significant changes in the
structure and function of the reproductive tract also in WT females.

4.2
Ovarian Function

Ovarian folliculogenesis is under similar control of the gonadotropins in mice
and humans, and circulating estradiol (E2) and progesterone levels are good in-
dicators of ovarian function. Our analyses of LuRKO mice confirmed that no
ovulation in mice occurred without LH action, and no significant pubertal E2
production was found in these mice (Zhang et al. 2001). Basic ovarian pheno-
type analysis involves histological evaluation of the two central ovarian struc-
tures: the presence of ovarian follicles with different maturation stages (with the
presence of theca cells and granulosa cells), and the corpora lutea (CL). Dramat-
ic histological changes in these ovarian structures are readily detectable (Fig. 4).
For example in LuRKO mice no corpora lutea are formed, as their folliculogene-
sis never reach the pre-ovulatory stage, and no ovulations occur without LH ac-
tion (Zhang et al. 2001). Another example of a well-distinguishable phenotype is
the presence of large cystic follicles in LH/hCG overexpressing mice with highly
increased production of both T and E2 (Risma et al 1995; Rulli et al. 2002). How-
ever, the analysis of a possible imbalance in proportion of follicles at the differ-
ent follicular stages is a demanding task. Durlinger et al. (1999) divided the fol-
licles in different classes based on the mean follicular diameter. This was deter-
mined by measuring two diameters in the section in which the nucleolus of the
oocyte was present, and the growing follicles were divided into two classes, i.e.,
small and large follicles. However, also more detailed grading have been used
(Morita et al. 1999). Nonatretic and atretic follicles are also detectable in sec-
tions with standard histological staining. The criteria for atresia typically in-
volve the presence of pyknotic nuclei in the granulosa cells and/or degeneration
of the nucleus of the oocyte (Durlinger et al. 1999).

The CL with typical morphological features are easily detectable ovarian
structures, and fresh CL can be distinguished from the older ones by their
smaller size of luteal cells. The lack of CL in LuRKO mice ovaries evidently indi-
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cates a failure of luteinization and ovulation in these mice. However, the forma-
tion of CL-like structures is not necessary an indicator of normal ovulation of
the oocyte, while several GM mice exist with abnormal luteinization process.
One of the indicators of an abnormal luteinization process is the presence oo-
cyte trapped inside the luteal cell mass. Such a phenotype has been reported,
e.g., in mice with disrupted function of progestin receptor (Lydon et al 1995)
and the RIP140 (White et al 2000), a co-regulator of ERa, and recently we found
an identical feature in TG mice constitutively expressing high levels of the
hCGb-subunit with elevated LH bioactivity (Rulli et al. 2002).

4.3
Onset of Puberty in Females, Estrous Cycle, and Mating Frequency

Fertility is dependent on regulation by a complex network of endocrine and
paracrine factors, and targeted disturbance of their function frequently results
in reduced reproductive performance in GM mice. The onset of puberty in fe-
male mice is determined by daily examination of vaginal opening, e.g., from
day 21 onwards, and puberty is defined as the day of vaginal opening. It normal-
ly occurs at around the age of 26–30 days. However, the hormonal imbalance in
GM mice can also cause precocious puberty: e.g., at 21–22 days of age, as found
for the hCG overexpressing mice (Rulli et al. 2002). In contrast, in LuRKO mice
the vaginal opening was delayed to 35–38 days (Zhang et al. 2001), as an indica-
tor of a delayed pubertal development.

Fig. 4A–D Histological appearance of various ovarian phenotypes: A Normal wild type ovary, B En-
larged, highly luteinized ovary with large corpora lutea (CL) and hemorrhagic cysts (c). C Ovary present
with large hemorrhagic cycts (hc). D Histology of a luteal structure (L) with an trapped oocyte (O), as
an indicator of the ovulation failure in the mice
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After puberty, the estrous cycle is regulated by the hormonal influences with-
in the hypothalamic–pituitary–ovarian axis. The estrous cycle and its regularity
are analyzed by daily vaginal smears for a continuous period of time. Dried vag-
inal smears can be examined microscopically, and the stage of the estrous cycle
can be determined on the basis of the cell types present. Mating behavior in
mice is regulated by the cyclic hormonal changes and mating normally occurs
only at estrous, which is entered on average every 4–5 days. If fertilization is un-
successful after mating, the coital stimuli alone trigger pseudopregnancy in
healthy normal female mice, in which case new mating will resume only after
about 12 days. Ovarian dysfunction in GM mice frequently results in disrupted
estrus cycle, resulting in frequent mating without pseudopregnancy, or in the
lack of mating. Because of the lack of ovulatory LH peak, LuRKO females never
ovulate. Hence, they do not show cyclic periodicity in estrus cycle, and totally
lack estrus type of pattern of vaginal smear, and do not mate (Zhang et al.
2001). Hence, the altered mating behavior of LuRKO mice is connected with
ovarian dysfunction in the form of the lack of the luteal phase. As another exam-
ple: after vaginal opening during the precocious puberty, a period of constant
estrus-type pattern with cornified epithelial cells was present in hCG overex-
pressing mice, followed by a constant diestrus-type (luteal) pattern with persis-
tent leucocyte infiltration (Rulli et al. 2002).

4.4
Analyzing Ovulation and Implantation

After ovulation, the oocytes can be recovered from the oviduct using standard
embryo manipulation techniques (Hogan et al. 1986), and the number of oo-
cytes can be calculated to determine successful ovulations and to analyze num-
ber of oocytes ovulated. The number of ovulated oocytes per mouse is strain-
dependent, and hence, proper controls with identical genetic background are
important. Ovulation can also be induced by gonadotropin stimulation consist-
ing of one injection of PMSG (2–10 IU), followed by an injection of 2–5 IU of
hCG, 46–48 h after the PMSG injection (Hogan et al. 1986). The procedure gives
proper information about the gonadotropin responsiveness of the ovaries. In a
severe case of luteal dysfunction, ovulation does not occur even with high doses
of gonadotropins. As expected, this is the case in the LuRKO mice lacking the
functional LH receptor.

The inability of a female mouse to carry out pregnancy may be caused by
problems in implantation or in restoring the hormonal environment essential
for pregnancy. The putative reasons for infertility can be addressed experimen-
tally. For example, oocytes collected from the oviduct of a GM female mouse af-
ter normal, or gonadotropin-stimulated, ovulation could be transferred into
pseudopregnant WT females using routine embryo transfer techniques used
also in TG mouse production (Hogan et al. 1986). The ability of the GM oocytes
to develop in WT females indicates a putative defect in the uterine implantation
or in pregnancy of the GM females (Mikola et al. 2003). To further address
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whether the ovarian failure in GM mice is caused by defects in the ovary or sys-
temic causes, ovary transfer experiments can be performed. If pregnancies oc-
cur after implanting WT ovaries into mutant females, the study demonstrates
that the uterus, hypothalamus, and pituitary are able to support reproductive
functions of the mutant ovary. Similarly, GM ovaries can be implanted into WT
females to further analyze the role of local and endocrine factors as a cause of
the infertility. The ability of the sperm to fertilize oocytes in vitro is also fre-
quently analyzed.

5
Promoters Available for Expressing Transgenes in Reproductive Axis

Searching for tissue-specific promoters to drive transgenes to specific target or-
gans of interest is of key importance for the development of specific disease
models and models for drug development. The efficient use of transgenic tech-
nology in analyzing the reproductive function has been hindered by the limited
amount of gene-regulatory regions efficiently targeting transgene expression
into gonadal somatic cells. However, certain options are available, and more are
likely to be developed in the near future. One of the most widely used promoters
is that of the mouse mammary tumor virus (MMTV). In female mice, the pro-
moter is especially useful for directing transgene expression to the mammary
gland epithelial cells (Hennighausen 2000), but expression is frequently seen
also in the ovary (Daphna-Iken et al 1998). In male mice, MMTV promoter di-
rects TG expression to the urogenital region including testis, epididymis, semi-
nal vesicles, and prostate epithelium (Kitsberg and Leder 1996; Korpelainen et
al 1998).

For gonad-specific expression, a 6.0-kb and 2.1-kb fragments of the mouse
inhibin-a subunit promoter has been successfully used to express genes in sev-
eral cell types of the ovary (theca and granulosa cells and interstitial cells) and
testis (Sertoli cells, Leydig cells; Hsu et al. 1995; Kananen et al. 1995). Hence, the
inhibin-a promoter is relative broadly activated in different gonadal cell types
of male and female mice. Furthermore, we have evaluated the possible use of
the mouse LH receptor promoter to direct TG expression to testicular Leydig
cells, and to ovarian granulosa luteal and theca cells. In these studies 7.0-kb,
2.1-kb, and 173-bp 50-fragments were tested. In the testis the two shortest LH
receptor promoter fragments directed weak TG expression in adult-type Leydig
cells. However, the promoter was also activated during the germ cell develop-
ment and is not considered optimal for targeted transgene expression in Leydig
cells (H�m�l�inen et al. 1999, 2000, 2002). Furthermore, the regulatory regions
involved in ovary-specific expression were not identified. Hence, there is an on-
going active search for more efficient promoters to be used for expressing trans-
genes specifically in the somatic cells of gonads. The recent development in the
use of large bacterial artificial chromosome (BAC) fragments in TG mice pro-
duction should give new tools for identifying such promoters.
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Interestingly, relatively large number of promoters have been shown to be ac-
tive at certain stages of spermatocyte development (Venables and Cooke 2000),
and there are several options for expressing a transgene in the male germ cells.
Some of these include promoters for: (1) mouse acrosomal protein SP10, direct-
ing the transgene expression into round spermatids (Reddi et al. 1999); (2) prot-
amine 1 (Prm-1), directing transgene expression into round and elongated sper-
matids (Fajardo et al. 1997); (3) phosphoglycerate kinase 2 promoter (Pgk-2),
directing gene expression into spermatocytes and spermatids (Higgy et al.
1995). Recently, we found that a 3.8-kb 50-flanking region of mouse cysteine-rich
secretory protein 1 (CRISP-1) gene is a new useful tool for expressing genes in
the late meiotic and post-meiotic spermatogenic cells (Lahti et al. 2001). It
should also be emphasized that a large number of endogenous and TG genes are
expressed in the various developmental stages of spermatogenic cells without
clear physiological function (endogenous genes). In addition, several TG pro-
moters are expressed during the germ cell development for an unknown reason.
Therefore, the reason for TG expression in spermatogenic cells should be in-
spected with caution.

Targeted transgene expression in the epididymis has been impossible until
very recently when two different promoters were found to efficiently direct gene
expression to this organ. These are the murine epididymal retinoic acid-binding
protein (mE-RABP) promoter (Lareyre et al 1999), and mouse glutathione per-
oxidase 5 (GPX5) promoter (Lahti et al. 2001). However, the GPX5 and mE-
RABP promoters seem to direct transgene expression differentially in the caput
epididymidis. The 5-kb 50-fragment of the mE-RABP gene directs transgene ex-
pression into segments 2 to 5, while the 5-kb GPX5 promoter directs transgene
expression especially into segment 4 of the caput epididymidis, but the trans-
gene is also expressed at low level in other epididymal areas and in various oth-
er tissues (Sipil� et al. 2002).

In addition to the MMTV promoter mentioned above, at least two other pro-
moters are useful for expressing transgenes in the prostate, namely a 5.7-bp 50-
fragment of the prostatic steroid binding protein [C3(1)] gene (Maroulakou et
al. 1994) and a modified probasin promoter (Zhang et al. 2000a) have been used
successfully. Furthermore, in addition to the MMTV promoter, especially the
whey acidic protein (WAP) promoter (Andres et al. 1987; Zhang et al. 2000b)
has been used for targeted overexpression in mammary gland.

6
Manipulating Reproductive Hormone Concentrations by TG Technology

Generating TG mouse models with enhanced levels of polypeptide hormones
consisting of one gene product is a straightforward approach. Basically, any tis-
sue capable of the polypeptide processing, post-translational modification need-
ed and secretion could be used for effective hormone production. For efficient
over-production of a heterodimeric hormone or paracrine factor of interest usu-
ally needs a bi-TG model with two transgenes expressed in the same cell. How-
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ever, if one of the monomers is expressed endogenously in excess, TG mice
overexpressing only one subunit also lead to highly elevated hormone produc-
tion. This was nicely demonstrated by a model overexpressing the bovine LH b-
subunit under the mouse a-subunit promoter (Risma et al. 1995). In these TG
mice, enhanced production of dimeric LH (consisting of a a/b-heterodimers)
was obtained by overexpressing the b-subunit only. The endogenous a-subunit
is produced in excess in the pituitary, and overexpressing the LH b-subunit by a
transgene resulted in highly enhanced hormone secretion from the pituitary. In-
terestingly, there is a sex difference in the feedback regulation of the a-subunit
promoter used for the b-subunit expression, resulting in the finding that gona-
dotropin concentrations were highly induced in females only. We recently pro-
duced TG mice expressing the hCG b-subunit under the human ubiquitin-C
promoter, which is expressed in a broad range of tissues including the pituitary
gland. In this model where the transgene expression was not affected by hor-
monal changes, even higher levels of circulating LH/hCG bioactivity was detect-
ed (Rulli et al. 2002). Hence, by using TG technology, any promoter leading to
increased b-subunit expression in pituitary (FSH, LH, TSH) will distinctly in-
crease the production of the corresponding hormone.

The human ubiquitin-C promoter is one of the options for constitutive ex-
pression in multiple tissues. The other option is to use CMV-enhanced chicken
b-actin promoter. Of these two universal promoters, in our experience, the
CMV-enhanced chicken b-actin promoter is far stronger than that of the ubiqui-
tin-C. However, for highly elevated circulating hormone production, a weaker
promoter is suitable as well. This was demonstrated by the TG mice overex-
pressing the hCG b-subunit under the ubiquitin-C promoter, which resulted
into microgram per milliliter concentration of circulating b-subunit, being
about 10,000-fold higher than the normal serum value (Rulli 2002). By the TG
technology we can also enforce basically any tissue of interest to be the major
endocrine organ responsible for the secretion of reproductive peptide hor-
mones. For example, we recently generated a mouse model with enhanced ex-
pression of the hCG subunits in the liver by using a 700-bp-long PEPCK-pro-
moter (S. Rulli et al., unpublished results). In these mice we could demonstrate
a similar hCG b-subunit concentration to those produced by applying the ubiq-
uitin-C promoter. In contrast to the straightforward approach for expressing at
high-level peptide hormones or growth factors in TG mice, a direct manipula-
tion of hormones consisting of small organic molecules such as steroids, for ex-
ample, is a more complex issue. Any steroid hormone produced results from a
steroid biosynthetic machinery involving several biosynthetic enzymes, and the
biosynthesis is under a feed back regulation via gonadotropins. Overexpressing
a certain enzyme in the pathway does not necessary lead into enhanced forma-
tion of the end product. However, certain manipulations of the steroidogenic
pathway have also been successful, such as the AROM+ males present with en-
hanced estrogen-to-androgen ratio. In addition, hormonal manipulation of the
gonadotropins often leads into over-stimulation of the steroid biosynthetic ma-
chinery, and to enhanced sex steroid production. This has been evidently shown
in TG mice with high LH bioactivity (Risma et al. 1995; Rulli et al. 2002).
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Abstract An exponential increase of new chemical agents came with the indus-
trial revolution. Since then, thousands of new compounds have been released to
the environment with an important negative impact on human health. Under-
standing the mechanisms by which xenobiotics induce toxicity is crucial to pre-
vent potential health hazards. However, the complex mechanism of action of
chemical toxins has made it extremely difficult to evaluate the precise toxic
mechanism as well as the role of specific genes in either potentiating or amelio-
rating toxicity. Among the different strategies, the problem can be addressed



with genetically engineered animal models where genes have been manipulated
to study their roles in chemical toxicity. Xenobiotic-metabolizing enzymes and
xenobiotic receptors are considered the interface between chemicals and the en-
vironment. In particular, the cytochromes P450 (P450) have an important role
in metabolic activation and detoxification of xenobiotics through oxidative me-
tabolism. P450s can activate inert compounds to electrophilic derivatives that
are capable of damaging and transforming cells. Other enzymes such as the var-
ious transferases can inactivate reactive intermediates. Xenobiotic receptors in-
cluding the aryl hydrocarbon receptor (AHR), peroxisome proliferator-activated
receptor a (PPARa), pregnane X receptor (PXR), and constitutively androstane
receptor (CAR), which bind to foreign chemicals and induce enzymes, including
P450s, responsible for metabolizing xenobiotics. The study of the roles of P450s
and receptors in toxicity and carcinogenicity has been complicated by the
marked species differences in these enzymes, making the prediction of human
toxicity based on rodent data difficult. During the past seven years, several lines
of xenobiotic metabolism-null mice have been produced to address the role of
P450s and xenobiotic receptors in whole animal carcinogenesis and toxicity.
More recently, humanized mouse models have been developed to aid in human
risk assessment to toxic chemicals. The use of transgenic models should lead to
a much greater understanding of potential risks associated with exposure to
xenobiotics.

Keywords Cytochrome P450s · Nuclear receptors · Peroxisome
proliferator-activated receptor (PPAR) · Gene knockout mice · Humanized mice ·
Drug and carcinogen metabolism

1
Introduction

With the large and growing number of chemical compounds found in the envi-
ronment, the study of molecular mechanisms of chemical toxicity is essential to
develop reasonable human risk assessment guidelines. Cytochromes P450
(P450s) comprise a large superfamily of proteins that are of central importance
in the activation and detoxification of a wide variety of foreign compounds, in-
cluding many therapeutic drugs, chemical carcinogens, and environmental pol-
lutants. In most cases, toxins and carcinogens are inert chemicals and require
P450s for conversion to electrophilic derivatives capable of binding to cellular
nucleophiles (DNA, RNA and protein) and causing damage. Other xenobiotic-
metabolizing enzymes can conjugate and inactivate metabolites produced by
P450s.

Many strategies have been used in an attempt to understand the role of P450s
in toxicity and carcinogenicity. In vitro systems have established that metabo-
lism is, in most cases, required to convert chemicals to electrophilic metabolites
that are capable of binding to cellular nucleophiles (Miller 1998). Recombinant
enzymes have proved to be of great value in determining enzyme specificity to-
ward specific classes of chemical agents (Gonzalez and Korzekwa 1995). Animal
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models, particularly rats and mice, have been widely used to understand the re-
lationship between metabolism of xenobiotics and their toxic and carcinogenic
effects in vivo. However, there are marked species differences in the way animals
activate or inactivate chemicals, and thus rodents are not always the most suit-
able models to understand the molecular mechanisms of chemical toxicity in
humans (Gonzalez and Nebert 1990). Despite the large amount of data generat-
ed using in vitro systems and correlative studies in animal models, the role of
xenobiotic metabolism in toxicity and carcinogenicity in intact animals has not
been demonstrated using genetically defined models.

Transgenic and gene knockout mouse models have been developed in an at-
tempt to understand the role of xenobiotic-metabolizing enzymes and xenobiot-
ic receptors in modulating chemical toxicity and carcinogenicity in an intact
mouse model. The present review summarizes the most important results de-
rived from these models.

2
Knockout Mouse Models

2.1
The Xenobiotic Receptors

2.1.1
The Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AHR) is a member of the basic helix-loop-he-
lix/PAS transcription factor superfamily that is ligand activated and induces
gene expression through dimerization with the AHR nuclear translocator
(ARNT) (Hankinson 1995; Safe 2001). AHR mediates the transcriptional activa-
tion of genes encoding xenobiotic-metabolizing enzymes such as P450s
(CYP1A1, CYP1A2, and CYP1B1), nicotinamide adenine dinucleotide phos-
phate, reduced [NAD(P)H]:quinone oxidoreductase, and uridine diphosphate
(UDP)-glucuronosyl-transferase 6. It also mediates most of the toxicological ef-
fects of the halogenated aromatic hydrocarbons such as polychlorinated diben-
zo-p-dioxins, polychlorinated dibenzofurans, and polychlorinated biphenyls, all
of which are widely present in the environment and are known to cause toxicity
and birth defects in humans.

To examine the role of AHR in toxicity and cancer, the AHR-null mouse was
developed. Inactivation of the AHR yielded a mouse line that was reproductively
viable but suffered from a number of abnormalities (Fernandez-Salguero et al.
1995; Schmidt et al. 1996; Mimura et al. 1997). Induction of CYP1A1, CYP1A2,
CYP1B1, and other xenobiotic-metabolizing enzymes by 2,3,7,8-tetra-
chlorodibenzo-p-diozin (TCDD) is abolished in AHR-null mice, demonstrating
that AHR is required for induction of these gene products in liver. The absence
of AHR is also associated with decreases in the constitutive expression of
CYP1A2 and Ugt*06 mRNA in liver, indicating that AHR controls basal gene ex-
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pression. The AHR-null mouse model was used to establish that the toxic effects
of TCDD are mediated by the AHR (Fernandez-Salguero et al. 1995) and that
TCDD-induced teratogenicity is due to the AHR (Mimura et al. 1997; Peters et
al. 1999) as well as the carcinogenic effects of benzo[a]pyrene (Shimizu et al.
2000).

In addition to these results, new insights for the role of AHR in cellular ho-
meostasis were discovered. AHR-null mice have pronounced liver fibrosis and a
highly reduced liver-body weight ratio. This is due in part to an alteration in
vascular structure in the developing AHR-null mouse where the embryonic vas-
cular structure persist to adulthood (Lahvis et al. 2000). High levels of retinoic
acid and retinyl esters are also found in AHR-null mouse liver, suggesting that
the mechanism by which AHR controls transforming growth factor (TGF)-b
levels may be through increasing retinoic acid-responsive genes such as trans-
glutaminase II, which activates TGF-b (Andreola et al. 1997). This may con-
tribute to the lower cell proliferation and elevated apoptosis rates observed in
AHR-null mouse embryonic fibroblasts (Elizondo et al. 2000) leading to liver fi-
brosis and smaller liver size (Fernandez-Salguero et al. 1995). Furthermore, the
immune system of the AHR-null mice displayed a lower population of splenic
lymphocytes (Fernandez-Salguero et al. 1996) that also could be due to elevated
rated of spontaneous apoptosis. These abnormalities suggest that AHR is in-
volved in liver and immune system development.

Other AHR-null mouse lines have been generated (Schmidt et al. 1996; Mimu-
ra et al. 1997). All lines exhibit consistent similarities such as small livers, and
some differences in phenotype such as neonatal lethality and immune cell dys-
function have been described; however, no explanation for these differences is
immediately apparent. It has been proposed that different gene-targeting strate-
gies can result in altered products with unexpected function or can alter the
function of neighboring genes (Lahvis and Bradfield 1998). In addition, the phe-
notype may be acutely sensitive to environmental variables, such as pathogen
and chemical exposure. Further, genetic background can have an influence on
phenotype due to the type of embryonic stem cells and mouse lines used for
propagation of the null alleles. Therefore, design of the targeting construct and,
most importantly, genetic background can be viewed as critical steps in generat-
ing and characterizing genetically engineered animal models.

2.1.2
Peroxisome Proliferator-Activated Receptor a

The peroxisome proliferator-activated receptor (PPAR) family includes three re-
ceptors designated PPARa, PPARb(d), and PPARg. This family of receptors ap-
pears to be involved in regulating metabolism, transport, and storage of fatty
acids and cholesterol. PPARa activates target genes that encode enzymes in-
volved in mitochondrial and peroxisomal fatty acid w and w-1 oxidation. PPARg
is required for the differentiation and function of adipocytes and is the cellular
target for the thiazolidinedione anti type 2 diabetes drugs (Fajas et al. 2001;
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Kliewer et al. 2001; Rosen and Spiegelman 2001). It is also involved in macro-
phage function where it mediates fatty acid and cholesterol transport (Moore et
al. 2001). The precise function of PPARb(d) has not been established, although
it is ubiquitously expressed and appears to modulate differentiation of the epi-
dermis during phorbol ester treatment (Peters et al. 2000). This is probably due
to the presence of an activator protein (AP)-1 site upstream of the PPARb(d)
promoter (Tan et al. 2001). In this regard PPARb(d) was found to modulate
would healing (Michalik et al. 2001).

PPARa is responsible for mediating the effects of peroxisome proliferators
(Gonzalez et al. 1998; Devchand et al. 1999). These compounds include hypolip-
idemic drugs (chlofibrate and fenofibrate), plasticizers (diethylheylpthalate),
solvents (trichloroethylene), and endogenous hormones (dehydroepiandroster-
one sulfate, leukotriene B4). In susceptible species of rodents, peroxisome pro-
liferators, as the name implies, cause peroxisome proliferation, and when ad-
ministered chronically in the diet, they induce marked hepatomegaly and the
development of hepatocellular carcinomas. However, humans are resistant to
the carcinogenic effects of fibrate drugs (Choudhury et al. 2000). This reflects
the known species differences between humans and rodents. Despite years of
study of peroxisome proliferators, the mechanism of species difference is not
known. Introduction of human PPARa into PPARa-null mice restores target
gene induction, indicating that the human receptor is functional (Yu et al.
2001). However, human liver PPARa levels are 1/10 of that found in susceptible
mouse and rat species (Palmer et al. 1998). In order to determine the mecha-
nism of action of peroxisome proliferators, PPARa-null mice were developed.
PPARa-null animals are resistant to peroxisome proliferation and hepatocellular
carcinomas, demonstrating that PPARa is required for the toxic and carcino-
genic effects of these chemicals (Peters et al. 1997). This is due in part to a lack
of peroxisome proliferator-induced cell proliferation (Peters et al. 1998). These
mice should be of use in uncovering the mechanism of action of peroxisome
proliferator and the dissection of the species differences in response to these
chemicals.

2.1.3
Pregnane X Receptor

Pregnane X receptor (PXR) is a member of the nuclear receptor superfamily
and mediates the action of pregnanolone 16a-carbonitrile (PCN), dexametha-
sone, and other lipophilic xenobiotics that induce transcriptional activation of
the CYP3A family of P450s (Kliewer et al. 1998). Similar to the retinoic acid re-
ceptor, PXR requires the retinoid X receptor (RXR) as an obligate heterodimer-
ization partner in order to activate target genes having PXR response elements.
The human counterpart of the mouse receptor, designated steroid X receptor
(SXR) (Blumberg et al. 1998), exhibits distinct and overlapping ligand specifici-
ty with mouse PXR (Jones et al. 2000). Mice lacking PXR are viable and exhibit
no deleterious phenotypes but are unresponsive to induction by pregnenolone
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16a-carbonitrile (PCN), dexamethasone, and probably all other PXR ligands
(Xie et al. 2000; Staudinger et al. 2001). These observations suggest that PXR
serves no role in mammalian development or physiological homeostasis and is
only present to respond to dietary signals to elevate rates of xenobiotic metabo-
lism. The null mouse models were used to establish that PXR is a sensor for bile
acids; upon superphysiological levels of toxic bile acid lithocholate, PXR is acti-
vated resulting in induction of a P450 that metabolizes the bile acid (Staudinger
et al. 2001; Xie et al. 2001).

2.1.4
Constitutive Androstane Receptor

Constitutive androstane receptor (CAR), originally characterized based on its li-
gand independent binding to retinoic acid response elements (Baes et al. 1994),
was subsequently found to mediate the action of phenobarbital (Honkakoski et
al. 1998). The mechanism of action of CAR in activating gene transcription is
unique from other nuclear receptors (Sueyoshi and Negishi 2001). While it re-
quires RXR for activity, inducers such as phenobarbital apparently do not di-
rectly bind the receptor and, unlike other RXR partners, CAR is located in the
cytoplasm. Phenobarbital appears to stimulate nuclear translocation of CAR.
Mice lacking CAR do not respond to this inducer and another more potent in-
ducer 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) (Wei et al. 2000).
They are resistant to phenobarbital-induced cocaine toxicity and do not exhibit
typical hyperplastic responses to phenobarbital and the potent inducer TCPO-
BOP. Otherwise, the CAR-null mice appear normal. It is interesting to note that
the cis-acting elements in the CYP2B1 (direct repeat 4) and CYP3A1 (direct re-
peat 3) genes in rats are activated by both PXR and CAR (Smirlis et al. 2001).
Thus, these nuclear receptors have distinct ligand-binding specificities but
promiscuous DNA binding properties.

2.1.5
Farnesoid X Receptor

Farnesoid X receptor (FXR) was isolated as an RXR partner (Seol et al. 1995)
and then designated the farnesoid X receptor because it is activated by farne-
soids, precursors in the pathway of cholesterol synthesis (Forman et al. 1995).
However, the concentrations required for induction by these chemicals are su-
perphysiological. The natural high-affinity ligands for FXR are bile acids
(Makishima et al. 1999; Parks et al. 1999; Wang et al. 1999). The FXR might be a
suitable target for new generation low-density lipoprotein (LDL)-cholesterol
lowering drugs, since it is the cellular target for the cholesterol-lowering effects
of the natural product guggulsterone, a plant sterol from the guggul tree (Com-
miphora mukul) (Urizar et al. 2002). The FXR-null mouse was used to establish
that FXR is a bile acid sensor in vivo that controls both bile acid and lipid ho-
meostasis through regulation of genes that encode bile acid biosynthesis and
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transport in the liver and gut (Sinal et al. 2000). Interestingly, mice lacking FXR
have a marked increase in expression of CYP3A P450s, suggesting the possibility
that they are producing endogenous ligands for other nuclear receptors such as
PXR and CAR (Schuetz et al. 2001).

3
Cytochromes P450

While there are a large number of P450s, it is not practical to attempt to disrupt
most P450 genes. Many are present in subfamilies containing up to five mem-
bers. P450s in the CYP2 family exhibit a high degree of species differences in
catalytic activity and regulation. Only a limited number of P450s are conserved
in catalytic activity between mice and humans. These were chosen for gene dis-
ruption experiments. To date, four lines of P450-null mice have been developed,
CYP1A1 (Dalton et al. 2000), CYP1A2 (Pineau et al. 1995; Liang et al. 1996),
CYP1B1 (Buters et al. 1999), and CYP2E1 (Lee et al. 1996). All lines are repro-
ductively viable and physiologically normal, indicating that these P450s play no
role in mammalian development and physiological homeostasis. This is surpris-
ing since the CYP1A P450s and CYP1B1 are all conserved in mammals and ex-
hibit no polymorphisms in which the enzymes are not expressed or inactive.

3.1
CYP1A2

CYP1A2 is constitutively expressed in liver and is induced by ligands of the
AHR. This P450 is involved in the metabolic activation of arylamines, heterocy-
clic amine carcinogens, and aflatoxin B1 (Guengerich and Shimada 1998). It is
also able to produce catechol estrogens (Aoyama et al. 1990). To define more
clearly the role of CYP1A2 in toxicity and carcinogenesis in an intact animal
model, the CYP1A2-null mouse was developed. The CYP1A2-null mice exhibit
altered metabolism of CYP1A2 substrates such as caffeine. Pharmacokinetic
analysis revealed that caffeine had an eightfold longer plasma half-life in
CYP1A2-null mice compared to wild-type; 87% of the elimination of caffeine is
due to CYP1A2 (Buters et al. 1996). These data support the use of caffeine me-
tabolism to estimate human CYP1A2 activity and the individual capacity to ac-
tivate carcinogens (Kadlubar et al. 1992; Tang and Kalow 1996). CYP1A2 is also
a major regulator of clozapine pharmacokinetics and pharmacodynamics
(Aitchison et al. 2000). Clearance of clozapine is slower in mice lacking CYP1A2
when compared to wild-type, having exaggerated responses when administered
the drug.

Mouse bioassays have been performed to assess the role of CYP1A2 in chem-
ical carcinogenesis and toxicity using CYP1A2-null mice. The potent carcinogen
4-aminobiphenyl (4-ABP) is a constituent of tobacco smoke and in vitro studies
have shown that CYP1A2 is responsible for the metabolic activation of 4-ABP
(Eaton et al. 1995). However, in a neonatal carcinogen bioassay using 4-ABP, the
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incidence of adenomas and carcinomas is not different between CYP1A2-null
and wild-type mice (Kimura et al. 1999). This study demonstrated that the
CYP1A2 is not the only enzyme involved in activation of 4-ABP in mice.
CYP1A2 is also the major enzyme required for PhIP N2-hydroxylation in
mouse, the initial metabolic activation of PhIP that is thought to lead to tumor
formation. However, there is no significant difference in cancer incidence when
PhIP was applied in the neonatal mouse bioassay (Kimura et al. 2003). Thus, al-
though the metabolic activation of PhIP is carried out primarily by CYP1A2, an
unknown pathway unrelated to CYP1A2 appears to be responsible for PhIP car-
cinogenesis in mouse when examined in the neonatal bioassay. Similarly para-
doxical results were obtained when phenacetin was tested. Phenacetin is an an-
algesic, commonly used between 1970 and 1980, that causes renal and urinary
tract tumors in experimental animal models (Johansson 1981; Nakanishi et al.
1982). Although CYP1A2 has been implicated in phenacetin detoxification (Se-
sardic et al. 1990), no evidence was found supporting the hypothesis that phen-
acetin is more carcinogenic in CYP1A2-null mice (Peters et al. 1999). However,
phenacetin-induced toxicity in liver, kidney, and spleen is exacerbated in the
null mouse, indicating that metabolism of the drug by CYP1A2 reduces its tox-
icity.

Based on in vitro studies, CYP1A2 has been postulated to have a role in uro-
porphyrin accumulation (Sinclair et al. 1987; De Matteis et al. 1988), a disease
usually associated with hepatic cirrhosis and a mild increase in body iron
stores. As a model to study this disease, treatment with iron and 5-aminolae-
vulinic acid has been used to induce hepatic uroporphyrin accumulation in
mice (Constantin et al. 1996). After prolonged treatment, CYP1A2-null mice do
not develop uroporphyria, indicating that CYP1A2 is essential in the develop-
ment of this disease (Sinclair et al. 2000; Smith et al. 2001).

3.2
CYP1B1

CYP1B1 is expressed constitutively in steroidogenic tissues like the adrenal,
ovary, and testes. CYP1B1 is also expressed in steroid-responsive tissue such as
the uterus, breast, and prostate and is inducible by adrenocorticotropin, cyclic
adenosine monophosphate (cAMP), peptide hormones, and aryl hydrocarbon
receptor ligands (Murray et al. 2001). CYP1B1 metabolically activates polycyclic
aromatic hydrocarbon carcinogens, such as 7,12-dimethylbenzo[a]anthracene
(DMBA) and benzo[a]pyrene. The pathway for DMBA metabolism by CYP1A1
and CYP1B1 is shown in Fig. 1. CYP1B1 carries out the critical epoxidation step
at the DMBA-3,4 position. In addition to its metabolic activation of carcinogens,
autosomal recessive mutations in CYP1B1 have been linked with the human
congenital glaucoma (Stoilov et al. 1997).

The CYP1B1-null mice are fertile and produce normal-size litters (Buters et
al. 1999). Histopathological analysis revealed no abnormalities, showing that
CYP1B1 is not required for mammalian development and physiological homeo-
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stasis, contrary to what was expected based on the conserved nature of this
P450, its inducibility by hormones, and its role in development of glaucoma.
CYP1B1 expression is absent in the lung, liver, kidney, uterus, and embryo fi-
broblast cells from CYP1B1-null mice. CYP1B1-null embryo fibroblasts are
more resistant to DMBA toxicity than cells from wild-type mice, and CYP1B1-
null mice are protected against DMBA-induced tumors, while wild-type mice
develop malignant lymphomas, suggesting that CYP1B1 is an essential enzyme
for metabolic activation of DMBA (Buters et al. 1999, 2002). DNA-binding stud-
ies using embryonic fibroblasts isolated from these animals provided further ev-
idence that CYP1B1-catalyzed formation of fjord region DB[a,l]PDE-DNA ad-
ducts is the critical step in DB[a,l]P-mediated carcinogenesis in mice (Buters et
al. 2002). Through the use of this mouse line, it was also demonstrated that bone
marrow CYP1B1 is required for DMBA-induced pre-B cell apoptosis (Heidel et
al. 1999) and a preleukemic effect (Heidel et al. 2000). Because human CYP1B1
activates many precarcinogens to mutagenic metabolites, it is thus possible that
human bone marrow cytotoxicity is dependent on CYP1B1-mediated metabo-
lism of polycyclic aromatic hydrocarbons.

An autosomal recessive mutation in CYP1B1 has been associated with devel-
opment of primary congenital glaucoma in humans (Stoilov et al. 1997). Inter-
estingly, examination of the CYP1B1-null mice revealed no evidence of glauco-
ma. However, these mice have drainage structure abnormalities matching those
reported in human patients. When CYP1B1-null mice that are genetically identi-
cal except for their tyrosinase genotypes were analyzed, the protective role of
tyrosinase activity against ocular defects caused by CYP1B1 deficiency was un-

Fig. 1 Metabolic activation of DMBA. DMBA is metabolized by CYP1A1, CYP1B1, and mEH. CYP1B1 has
a higher activity toward oxidation at the 3,4 position of DMBA than does CYP1A1. Both P450s have
similar capacity to oxidize the 1,2 position of the DMBA-3,4 trans dihydrodiol
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covered (Libby et al. 2003). These data indicate that lack of CYP1B1 is only one
factor required for development of glaucoma and suggest that additional genes
may contribute to the progression of the disease.

3.3
CYP2E1

CYP2E1 is highly conserved in mammals, and is constitutively expressed in var-
ious tissues with the liver having the highest level (Tanaka et al. 2000). It is the
principal P450 responsible for the metabolism of many low-molecular weight
compounds including alcohols, nitrosamines, and industrial solvents. In vitro
data have indicated that many of these chemicals, some of them toxins and car-
cinogens, are metabolized by CYP2E1. To investigate the in vivo role of CYP2E1
in these toxic processes, a CYP2E1-null mouse line was produced (Lee et al.
1996). CYP2E1-null mice reproduce normally with no differences in litter size
and growth rates as compared to wild-type animals, indicating that CYP2E1 is
not required for mammalian development or physiological homeostasis. Initial-
ly the CYP2E1-null model was characterized by treating mice with acetamino-
phen (APAP). APAP is a widely used analgesic and antipyretic drug that in rare
instances can lead to severe centrilobular hepatic necrosis in humans. The main
P450s thought to be responsible for APAP bioactivation and hepatotoxicities in-
clude CYP2E1, CYP1A2, and CYP3A4. Using CYP1A2-null, CYP2E1-null, and
CYP1A2/CYP2E1 double null- mice, it was established that CYP2E1 is the main
P450 that mediates the hepatotoxicity of APAP at low doses, while CYP1A2 does
at high doses (Zaher et al. 1998). All three null mice were resistant to APAP tox-
icity when compared to wild-type mouse with the order of sensitivity wild-
type>CYP1A2-null>CYP2E1-null>CYP1A2/2E1-null mice (Fig. 2). These find-

Fig. 2 Hepatotoxicity of acetaminophen. APAP was administered intraperitoneally at various doses and
the survival of mice after 48 h was determined. Mice lacking CYP1A2 were partially resistant and mice
lacking CYP2E1 were very resistant. Double-null mice not expressing CYP1A2 and CYP2E1 were almost
totally resistant to the lethal affects of APAP
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ings demonstrate the utility of the double-null mouse in assessing the overall
role of P450 in xenobiotic-induced toxicity.

CYP2E1 also modulates benzene metabolism and toxicity. Benzene is an in-
dustrial chemical and environmental contaminant. In humans, benzene expo-
sure has been associated with an increased incidence of aplastic anemia and
acute myelogenous leukemia. It is generally agreed that benzene toxicity results
from the biotransformation of the parent compound to a reactive species. Im-
munoinhibition studies of in vitro microsomal metabolism suggest that CYP2E1
is the major oxidative enzyme involved in benzene metabolism (Gut et al. 1996).
The in vivo role of CYP2E1 on benzene metabolism and toxicity was investigat-
ed using the CYP2E1-null mouse. Benzene metabolism is significantly reduced
in CYP2E1-null mice, demonstrating that CYP2E1 is responsible for benzene
metabolism and the in vivo conversions to hydroquinone, muconic acid, and
catechol (Valentine et al. 1996). In addition, the lack of benzene-induced cyto-
toxicity and genotoxicity in bone marrow, blood, and lymphoid tissues from
CYP2E1-null mice indicates that benzene biotransformation by CYP2E1 is re-
quired for benzene-induced toxicity.

CYP2E1-null mice have also been useful to determine the role of this P450 in
the biotransformation of several toxic compounds such as carbon tetrachloride
(CCL4). In animals, CCL4 has been shown to produce liver damage and fatty de-
generation (Recknagel et al. 1989). In humans, many cases of acute CCL4 poi-
soning have been documented, mostly following occupational exposure to the
solvent. The in vivo role of CYP2E1 in CCL4 hepatotoxicity was investigated us-
ing the CYP2E1-null mouse. Mice lacking CYP2E1 are resistant to liver damage
after exposure to CCL4 (Wong et al. 1998). This indicates that CYP2E1 is the ma-
jor factor involved in CCL4-induced hepatotoxicity and that the CYP2E1-null
mouse model will be useful to study the role of CYP2E1 in CCL4-induced lipid
peroxidation. CYP2E1, through the CYP2E1-null mouse, was also used to deter-
mine that CYP2E1 is involved in the bioactivation of several toxic compounds
such as methacrylonitrile (Ghanayem et al. 1999), chloroform (Constan et al.
1999), and gasoline ethers (Hong et al. 1999).

Under fasting conditions or diabetes, acetone is produced and used in mam-
malian glucose metabolism. In vitro, acetone is metabolized by CYP2E1 to ace-
tol and then to methylglyoxal, both intermediates in the gluconeogenesis path-
way (Casazza et al. 1984). Consistent with the reports that acetone oxidation is
catalyzed by CYP2E1 in vitro, a significant elevation of blood acetone was found
in CYP2E1-null mice, suggesting an inability of these animals to catabolize the
excess acetone produced during fasting (Bondoc et al. 1999). These results
demonstrate that CYP2E1 plays an important role in the catabolism of acetone
under fasting conditions where acetone metabolites and ketone bodies are used
as source of energy, particularly in the brain.
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4
Microsomal Epoxide Hydrolase

Microsomal epoxide hydrolase (mEH) catalyzes the reduction of reactive epox-
ides, most of which are formed by P450s (Fretland and Omiecinski 2000). In
most cases, mEH inactivates epoxides that could cause cellular damage. Howev-
er, it is required for the metabolic activation of polycyclic aromatic hydrocar-
bons to the bay region diol epoxides that are considered to be the ultimate reac-
tive carcinogenic form of compounds such as benzo[a]pyrene and DMBA
(Fig. 1). mEH catalyzes the hydrolysis of DMBA to the DMBA trans-3,4-diol. To
study the function of mEH and its role in cancer and toxicity, mEH-null mice
were produced. Mice lacking mEH reproduce normally and show no deleterious
phenotype, thus establishing that this enzyme is not essential for mammalian
development and physiological homeostasis (Miyata et al. 1999). This result is
surprising, since mEH is widely expressed in mammals and no polymorphism
resulting in lack of enzyme activity is known to exist, although there is a ther-
mal stability polymorphism in mice (Lyman et al. 1980) and an allele with two
amino acid substitution polymorphism in humans that produces an enzyme
with only modest differences in catalytic activity compared to the wild-type al-
lele (Omiecinski et al. 2000). Since mEH is required for the formation of diol
epoxides of polycyclic aromatic hydrocarbons, a skin carcinogenesis bioassay
was carried out. Mice lacking mEH show resistance to the experimental DMBA
exposure (Miyata et al. 1999). In the initiation-promotion protocol using the 12-
O-tetradecanoylphorbol-13-acetate (TPA) as a tumor promoter, mEH-null get
papillomas but a lower frequency than wild-type mice. However, in the complete
carcinogenesis assay, mEH-null mice are totally resistant to tumors. These data
indicate that (1) the DMBA diol epoxide may be required for tumor promotion
in the complete carcinogenesis assay and (2) other metabolites can function as
initiators when TPA is used as a promoter. mEH had also been implicated in
benzene myelotoxicity. mEH converts benzene oxide, produced by CYP2E1, to
benzene dihydrodiol, which is then converted to a catechol by a dehydrogenase
(Ross 2000). Male mice deficient in mEH exhibit resistance to benzene-induced
toxicity (Bauer et al. 2003b).

5
NADPH: Quinone Oxidoreductase 1

NADPH: quinone oxidoreductase 1 (NQO1) is involved in the two-electron re-
duction of potentially toxic quinines, many of which are produced by P450s, to
hydroquinones. Thus, this enzyme offers protection against cellular nucle-
ophiles that can cause toxicity. Mice lacking NQO1 reproduce and appear nor-
mal, indicating that this enzyme while conserved in mammals is not required
for development and physiological homeostasis (Radjendirane et al. 1998).
NQO1-null mice exhibit increased susceptibility to menadione and benzo[a]py-
rene-3,6-quinone toxicity as measured by lipid peroxidation, thus demonstrat-
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ing an important role for NQO1 in toxicity derived from quinone metabolites
(Joseph et al. 2000). Skin cancer bioassays were used to establish a role for
NQO1 in the inactivation of polycyclic aromatic hydrocarbons. Mice lacking
NQO1 were more susceptible to benzo[a]pyrene (Long et al. 2000) and DMBA
(Long et al. 2001) induced papilloma formation. These data indicate that the
quinones of these compounds may be efficient initiators of carcinogenesis. Al-
ternatively, NQO1 may serve to alter the oxidative stress induced by polycyclic
aromatic hydrocarbon carcinogen treatment. NQO1 deficiency in humans is as-
sociated with an increased risk of leukemia, specifically acute myelogenous leu-
kemia, and benzene poisoning (Rothman et al. 1997). The benzene metabolites
hydroquinone and catechol are converted by bone marrow myeloperoxidase to
reactive quinones. However, 1,4- and 1,2-bezoquinones can each be readily con-
verted to hydroquinone and catechol by NQO1; these metabolites are substrates
for conjugating enzymes (Ross 2000). The role of NQO1 in benzene-induced
myelotoxicity was confirmed by analysis of the NQO1-null mice which were
found to be more susceptible to benzene-induced toxicity than wild-type mice.
However, the specific patterns of toxicity differed between the male and female
mice (Bauer et al. 2003a). It should be noted that the role of NQO1 in protection
against cancer may be non-metabolic. NQO1 can bind to and stabilize p53 as
demonstrated in cell-free systems (Anwar et al. 2003). Whether this occurs in
vivo remains to be investigated.

6
Glutathione S-Transferase Pi

Glutathione S-transferase pi (GSTP1) and GSTP2 expression was abolished
without serious consequence (Henderson et al. 1998). GSTP1 is the most active-
ly expressed between two tandemly arranged genes. When the GSTP-null mice
were subjected to DMBA skin cancer bioassay, they exhibited an increase in
papilloma frequency, suggesting that GSTP1 is involved in hydrolysis of DMBA
epoxides that lead to the ultimate carcinogenic form of DMBA.

Analysis of acetaminophen toxicity led to paradoxical results; GSTP-null mice
were more susceptible to the drug than wild-type mice (Henderson et al. 2000).
This result is surprising given the known role of the GST enzymes and its sub-
strate (glutathione) in inactivating quinines that are the activated form of acet-
aminophen. Glutathione depletion was similar in both lines of mice treated with
the drug, indicating that GSTP1 is not involved in acetaminophen conjugation.
However, the rate of recovery of glutathione levels was greater in the null mice.
A role for GST in acetaminophen toxicity was suggested in studies with the
CAR-null mice (Zhang et al. 2002). CAR-null mice were resistant to acetamino-
phen toxicity, and this resistance was correlated with the lack of induction of
GSTP1. Inhibition of CAR in wild-type mice also reduced acetaminophen-in-
duced hepatotoxicity, suggesting a possible mechanism for therapeutic inter-
vention of acute acetaminophen toxicity.
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7
Humanized Mouse Models

P450 studies are essential to understand the mechanisms of toxicity. However,
there are important species differences in the regulation, expression, and activi-
ties of P450s that may have an impact when using animal models to assess the
potential risks of xenobiotics in humans. Transgenic mice can be produced that
express human P450s (humanized mouse transgenic models). The main prob-
lem with this strategy is the presence of endogenous mouse P450s. However, in-
troducing human P450 genes into P450-null mice can circumvent this disadvan-
tage. Alternatively, the P450 expression could be generated using a construct
containing the P450 cDNA under the control of a tissue-specific promoter. Such
is the case of the CYP1A2 humanized mouse model (Ueno et al. 2000). The hu-
man CYP1A2 gene was introduced into mice under the control of the mouse
elastase I promoter. This promoter was chosen to express CYP1A2 because is
not expressed naturally in the pancreas, thus establishing a transgenic mouse
model by the introduction of human CYP1A2 into a tissue-null background.
Pancreatic microsomes from this transgenic model can be used to study the me-
tabolism of chemicals by human CYP1A2, but more importantly to study hu-
man CYP1A2-mediated chemical toxicity and carcinogenesis in vivo.

Others used a similar strategy to produce a CYP3A7 transgenic mouse (Li et
al. 1996). CYP3A7 is expressed specifically in human fetal liver and catalyzes the
16a-hydroxylation of dehydroepiandrosterone 3-sulfate, a precursor of estriol. It
also activates mycotoxins as well as some mutagens produced by protein pyrol-
ysis. Since CYP3A7 is the major form of P450 in human fetal liver, and to eluci-
date its toxicological significance, a human CYP3A7 transgenic mouse line was
produced. This was accomplished by introducing a construct containing the
CYP3A7 cDNA under the control of mouse metallothionein promoter. CYP3A7
protein was expressed in various organs including the liver, kidney, and testis.
Through mating CYP3A7 transgenic mice with p53 knockout mice, the authors
produced immortalized hepatocytes expressing CYP3A7 (Shimoji et al. 1995).
This cell line, together with the CYP3A7 transgenic mouse, will be useful to
study fetal toxicities of chemicals in humans.

The human CYP4B1 cDNA was expressed in mouse liver using the liver spe-
cific apoE gene promoter (Imaoka et al. 2001). These mice catalyzed lauric acid
w-hydroxylase activity and were able to activate 2-aminofluorene, showing that
they may be a useful tool to study human CYP4B1 and its relation to chemical
toxicity and carcinogenesis.

Human P450 genes can be also introduced into mice with their own regulato-
ry elements. This has recently been accomplished using a l phage clone contain-
ing the wild-type CYP2D6 gene. Wild-type mice do not significantly metabolize
the prototypical CYP2D6 substrate debrisoquine, while humanized CYP2D6
mice readily metabolize this substrate as indicated by pharmacokinetic and ur-
ine metabolite analysis (Corchero et al. 2001) (Fig. 3). Additional breeding was
done with the hepatocyte nuclear factor-a (HNF)-4a conditional liver-null mice
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(Hayhurst et al. 2001). HNF-4 liver-null/humanized CYP2D6 mice expressed
lower levels of CYP2D6 than the control transgenics, thus establishing, in an in-
tact animal model, that this transcription factor controls CYP2D6 gene expres-
sion. These mice should prove to be of great value in the study of the pharmaco-
kinetics and pharmacodynamics of CYP2D6 substrates. For example, the hu-
manized CYP2D6 was used to determine that CYP2D6 converts 5-methoxytryp-
tamine, a metabolite and precursor of melatonin, to serotonin (Yu et al. 2003).

Humanized mice have also been produced for xenobiotic receptors. Since
mouse PXR has different ligand specificity than its human counterpart, a PXR
humanized mouse was produced from the PXR-null mouse (Xie et al. 2000). For
example, mice do not respond to the CYP3A4 inducer rifampicin. Mice express-
ing human PXR in place of the mouse receptor respond to rifampicin and other
ligands to human PXR.

8
Conclusions

The power of transgenic animals in understanding the mechanisms of chemical
toxicity as well as identifying the enzymes involved in mediating toxic response
have been illustrated. However, potential problems such as background activity,
overlapping substrate specificities between gene families, species differences in
gene regulation and toxicological response should be taken into consideration.
Finding solutions to the above problems is important in order to avoid con-
founding the process of risk assessment. It is also critical not to ignore the com-
plexity of mammalian organ systems in the interpretation of data collected from
transgenic animals, because animals do not passively receive the experimenter�s
manipulation, and endogenous gene activities may be altered in response to the
introduction of exogenous DNA sequences. Therefore, in addition to the techni-
cal advancement, a greater amount of basic information about the control of
specific gene expression in animals is required to achieve the highest level of
specificity in transgenic animals experiments.

Fig. 3 Percentage of a single oral dose of DEB
(2.5 mg/kg) excreted in urine over 24 h from
wild-type, CYP2D6 humanized heterozygous, and
CYP2D6 humanized homozygous mice. Columns
represent the mean and standard error of mean
(SEM) of debrisoquine and 4-OH- debrisoquine
from 3–4 mice. *, Values of 4-OH-debrisoquine
levels from CYP2D6 humanized mice that are dif-
ferent (p<0.05) from wild-type mice; **, values of
debrisoquine levels from CYP2D6 humanized mice
that are significantly different (p<0.05) from wild-
type mice
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Transgenic mouse models have proved to be a powerful tool in delineating
and understanding the mechanism of chemical toxicity and carcinogenesis as
well as identifying the role of P450s in these processes. The use of transgenic
mice should lead to a much greater understanding of potential risks associated
with exposure to xenobiotics and will provide new tools to facilitate preclinical
drug development.
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