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Preface

Despite decades of research, common neuropsychiatric diseases remain enigmatic
and debilitating disorders which are associated with significant human and econom-
ic costs. For example, autism and attention-deficit disorder blight the lives of the
young, and schizophrenia, with its profound functional impairments, often impacts
in early adulthood with devastating lifelong consequences. Major depressive disor-
der affects 5-9% of women and 2-3% of men and, according to the World Health
Organization (WHO), about 4% of the world’s population suffers from some form
of drug abuse disorder.

The development of more effective treatments for these and other neuropsychia-
tric disorders requires scientific progress on a broad front. Animal models have a
vital role to play in advancing the field. When deployed in conjunction with detailed
study of these diseases in man, they bring the power to make controlled experimen-
tal interventions, which allow the functional consequences of genetic variations and
polymorphisms to be understood in terms of their cellular systems and behavioural
effects. Further, they provide a means by which complex cognitive and behavioural
phenomena may be dissected and understood. Finally, they provide a bridge to
understanding the effects of drugs on the functioning of the central nervous system,
thereby improving our understanding of the actions of those drugs in man.

This volume discusses some of the latest and most exciting advances. The
selection of topics eschews the conventional approach of organizing material by
discipline, focusing instead on more eclectic, multidisciplinary approaches. It
reflects a personal perspective of those areas in which exciting and important new
developments are taking place. These span the established areas of study, reflecting
both technical and theoretical advances, but also encompass emergent areas such as
the use of MRI in the study of systems responses, epigenetic regulation and gene/
environment interactions, all topics which will surely play an increasing role in the
scientific discourse related to neuropsychiatric diseases.

It is over 60 years since Pauling (Pauling et al. 1949) elucidated the notion of
molecular medicine in the context of sickle cell anaemia. The coming decades must
see the concept firmly embedded in the practice of neuropsychiatric medicine if the
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viii Preface

much needed improvements in therapy are to be delivered. The work discussed in
this volume shows some of the ways in which this vision is being realized.

I am grateful to the authors, all leaders in their fields, who so willingly devoted
their time, energy and expertise to share their research perspectives and produce a
volume which I hope will inform and excite students and experts alike.

February 2011 Jim J. Hagan
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Abstract In this chapter, mutant mouse resources which have been developed
by classical genetics as well as by modern large-scale mutagenesis projects are
summarized. Various spontaneous and induced mouse mutations have been
archived since the rediscovery of Mendel’s genetics in 1900. Moreover, genome-
wide, large-scale mutagenesis efforts have recently been expanding the available
mutant mouse resources. Forward genetics projects using ENU mutagenesis in the
mouse were started in the mid-1990s. The widespread adoption of reverse genetics,
using knockouts and conditional mutagenesis based on gene-targeting technology,
followed. ENU mutagenesis has now evolved to provide a further resource for
reverse genetics, with multiple point mutations in a single gene and this new
approach is described. Researchers now have various options to obtain mutant
mice: point mutations, transgenic mouse strains, and constitutional or conditional
knockout mice. The established mutant strains have already contributed to model-
ing human diseases by elucidating the underlying molecular mechanisms as well
as by providing preclinical applications. Examples of mutant mice, focusing on
neurological and behavioral models for human diseases, are reviewed. Human
diseases caused by a single gene or a small number of major genes have been
well modeled by corresponding mutant mice. Current evidence suggests that
quantitative traits based on polygenes are likely to be associated with a range of
psychiatric diseases, and these are now coming within the range of modeling by
mouse mutagenesis.

Keywords ENU - Forward genetics - Functional genomics - Model mouse -
Mutagenesis - Neurological mutation - Reverse genetics

Abbreviations

AD Alzheimer’s disease

APP Amyloid precursor protein

CDh 2-Hydroxypropyl-b-cyclodextrin

CNS Central nervous system

DA Dopamine

DAAO D-amino acid oxidase

EA Episodic ataxia

EMMA European Mutant Mouse Archive

ENU N-ethyl-N-nitrosourea

EUCOMM European Conditional Mouse Mutagenesis
FST Forced swim test

FXTAS Fragile X tremor/ataxia syndrome

GO, G1, G2 Generation-0, Generation-1, Generation-2
GAG Glycosaminoglycan

GSL Glycosphingolipid

HD Huntington’s disease
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HRM High-resolution melting

IMSR International Mouse Strain Resource
KO Knockout

KOMP Knockout mouse mutagenesis project
L100P Leul00Pro

LI Latent inhibition

MEB Muscle—eye—brain disease

MPS Mucopolysaccharidosis

NMDAR N-methyl-p-aspartate receptor
NorCOMM North American Conditional Mouse Mutagenesis
NPC Niemann—Pick C disease

NSAID Nonsteroidal anti-inflammatory drug
OMIM Online Mendelian inheritance in man
PD Parkinson’s disease

PPI Prepulse inhibition

PS Presenilin

Q31L Glu31Leu

RIKEN BRC RIKEN BioResource Center

SCA Spinocerebellar ataxia

TAF TBP-associated factor

TBP TATA-binding protein

TFTC TBP-free TAF-containing complex
TGCE Temperature gradient capillary electrophoresis

1 Introduction

Classically, spontaneous mutations or polymorphic alleles were the only resource
available for mouse genetics. Fancy mice carrying various visible mutations provided
a good resource for genetic studies. Eye and coat-color mutations of agouti, brown,
albino, dilute, and pink-eyed dilution were originally designated as A, B, C, D, and E
loci by indicating their mutant alleles with lowercase letters. All the mutant allele
names (a, b, ¢, and d) still stand even now except for the pink-eyed dilution that
has been renamed as p. These loci and mutant alleles were contributed to advance the
study of Mendelian inheritance in the animal kingdom. The very first genetic linkage
in a mammal was indeed discovered between albino ¢ and pink-eyed dilution e (or p at
present) loci in 1915 (Haldane et al. 1915). At present, this linkage group is mapped
on chromosome 7. Efficient mutagens such as X-ray and various chemical mutagens
then accelerated the production of mutant alleles genome-wide. The mutagenic
activity of X-rays was originally discovered in the mouse (Little and Bagg 1923)
although the validation of Mendelian inheritance of the X-ray-induced mutation
was first accomplished in Drosophila melanogaster (Muller 1927).

Mouse genetics have not only pioneered the field of classical genetics but
are also on the frontier to develop modern genetics and functional genomics.
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Forward Genetics
Phenotype-driven mutagenesis

Biological function DNA sequence
Trait Gene
Phenome Genome

Gene-driven mutagenesis
Reverse Genetics

Fig. 1 Two basic schemes of mutagenesis for functional genomics. To conduct forward genetics,
the screening of a key mutant phenotype is crucial. Then, genetic mapping and positional cloning
identify the responsible mutation in the DNA sequence. In reverse genetics, the gene-targeting
technology introduces a mutation to a particular gene first, and then the embryonic engineering
system produces live mice carrying the mutation and allows the functional analysis of the gene

For instance, in 1982 the giant mouse was constructed using transgenic mouse
technology (Palmiter et al. 1982). Then, combining embryonic stem cells and gene-
targeting technology, the knockout (KO) mouse also became available (Thomas
et al. 1986; Doetschman et al. 1988; Robertson et al. 1986). The conventional
transgenic and KO mouse methods allow explorations of loss and gain of functions,
respectively, associated with particular DNA sequence. The KO mouse method also
made it possible to conduct site-directed mutagenesis for the first time in mammals.
As shown in Fig. 1, classic mutagenesis is now called “forward genetics” with a
phenotype-driven approach to elucidate the gene function. On the other hand, the
KO mouse approach is termed “reverse genetics” based on its gene-driven approach.

Systematic repositories provide an essential starting point for researchers seeking
mouse models. The first step for investigators wishing to develop new models may
be to check the International Mouse Strain Resource (IMSR; http://www.findmice.
org/) and other mutant mouse resources such as Jackson Laboratory (http://www.
informatics.jax.org/), RIKEN BioResource Center (RIKEN BRC; http://www.brc.
riken.jp/lab/animal/), and the European Mutant Mouse Archive (EMMA; http://
www.emmanet.org/). If appropriate mutant mice are unavailable, a variety of
methods are available to construct new models. In this chapter, the various construc-
tion methods of mutant mice are reviewed. Some examples of established mutant
mice are then discussed, particularly focusing on models of neurological disorders.

2 Forward Genetics with N-Ethyl-N-Nitrosourea

Genetics directly associates genes with traits. Classically, a mutant strain is estab-
lished by its heritable trait first, and then the causative gene is positionally cloned to
understand the biological function (phenotype) at the molecular level (DNA
sequence and gene expression). In this forward genetic approach, a mutant mouse


http://www.findmice.org/
http://www.findmice.org/
http://www.informatics.jax.org/
http://www.informatics.jax.org/
http://www.brc.riken.jp/lab/animal/
http://www.brc.riken.jp/lab/animal/
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strain may be obtained from a preexisting mutation in a natural population as
polymorphism. Alternatively mutant strains are generated using mutagenesis. In either
case, a large number of mice must be screened to obtain the necessary mutations.

2.1 Phenotype-Driven Mutagenesis

Among the various mutagens discovered and studied in the mouse, N-ethyl-N-
nitrosourea (ENU) was found to be one of the most potent (Russell et al. 1979,
1982; Hitotsumachi et al. 1985). X-rays cause large deletions, often exceeding a
mega base of base pairs (Lyon et al. 1992). On the other hand, ENU induces mostly,
if not exclusively, base substitutions (Noveroske et al. 2000). These mutagens
randomly induce mutations genome-wide, and a phenotype-driven approach (forward
genetics) is usually necessary to identify causative gene by positional cloning.

The positional cloning of human genetic diseases started in late 1980s, followed
by initiation of the human genome sequencing project. The importance of developing
model animals had been anticipated. In particular, mutant mice were expected to be
one of the best model animals since the mouse is only the mammalian species in
which the various embryonic and genetic engineering technologies have been
established, has a short generation time, and is small in size. As a result, it has
been one of the main species used in genetic studies. In the mouse, numerous
genetic tools have also been furnished with many inbred strains and genetic
markers. To effectively produce human disease models, phenotype-driven mouse
mutagenesis studies with ENU have been carried out on a large scale from the mid-
1990s (reviewed by Gondo 2008). The basic scheme of ENU mouse mutagenesis is
depicted in Fig. 2.

In early 1990s, Dove and his colleagues had successfully developed a human
disease model using the ENU approach (Moser et al. 1990; Su et al. 1992). They
had found a mutant line that modeled human familial polyposis and positionally
identified an ENU-induced mutation in the responsible gene, Apc (Moser et al.
1990; Su et al. 1992). Takahashi’s group had also vindicated the power of ENU
mutagenesis by discovering a novel gene, clock, by the phenotype-driven approach
(Vitaterna et al. 1994; King et al. 1997). This was the first identification of a gene
controlling circadian rhythms in a mammalian species. Using running wheels to
continuously monitor locomotor activity, Vitaterna et al. (1994) discovered a domi-
nant mutant founder mouse which exhibited a circadian period approximately 1 h
longer than the 23.7-h period found in wild-type controls. These pioneering studies
gave the rationale and incentive to conduct ENU mouse mutagenesis on a large scale,
genome-wide. The overall scheme for an ENU mutagenesis study in the mouse is
summarized in Fig. 2. The generation-1 (G1) mice, which exhibit some phenotypic
anomaly compared to the littermates, are the mutant candidates. When the character-
istic phenotype identified in G1 is inherited in G2 offspring in a Mendelian fashion,
the G1 strain is established as a new mutant line.
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N ENU
G G0g" Strain A

4
U \utent Candicate

Strain B 'ﬁ
E G2 (F2)

Fig. 2 Large-scale mouse mutagenesis with ENU in the mouse. A large number of Generation-1
(G1) mice are produced from the ENU-treated GO mice. Gl1 traits are subjected to phenotypic
screening. Mutant candidate G1 is then mated to confirm the inheritance with respect to the
identified trait. When two different inbred strains are used in GO parents, this mating scheme also
directly provides the information for the mapping of the established mutant in G2. The tightly
linked molecular markers provide the genetic mapping of the mutation in the mouse genome. In
this schematic chromosome in G2 mice, the marker for locus 4 in strain A (4a) is tightly linked to
the mutant phenotype (“filled” trait); thus the causative gene (friangle) is very close to locus 4. See
Sect. 2.2 for details. It is noteworthy that completely recessive mutations cannot be identified in
this scheme

StrainB  G0?

G1 (F1)

2.2 Gene Mapping and Positional Cloning

Forward genetics with ENU efficiently provides model mice for human diseases.
An appropriate phenotyping platform, based on diagnostic systems of human
diseases, allows the establishment of mutant strains knowing neither the causative
genes nor the molecular pathways. Rather, mutant strains are established by the
identification of some phenotype(s) similar to the targeted human disease. The
pioneering work described in the previous section focused on a particular trait
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related to either tumorigenesis in the intestine (Moser et al. 1990; Su et al. 1992)
or circadian rhythms (Vitaterna et al. 1994; King et al. 1997). The subsequent large-
scale ENU mouse mutagenesis projects have conducted more comprehensive
phenotyping to established model mice more efficiently using, for example, a
battery of morphological, sensory, and behavioral measures known as SHIRPA
(Rogers et al. 2001), which incorporates hematological and biochemical analyses of
blood, blood pressure measurement, and/or funduscopy as part of a comprehensive
phenotyping battery.

Based on the indentified heritable trait, the causative gene is genetically mapped
and positionally cloned. As shown in Fig. 2, a G1 mouse carrying a mutant trait in
an F1 genetic background is mated to the strain B. At first, by analyzing ~50 F2
offspring (=G2) with ~100 genetic markers between strain A and B, the causative
gene is roughly mapped in an order of 5—-10 cM of the genetic distance between the
mutation and markers. After the rough mapping, the fine mapping analysis with
more genetic markers in the roughly mapped region and with 400 or more progeny
from the backcross narrows down the mutant locus in the mouse chromosome. In
these genetic mapping studies, it is necessary to produce 500 or more of the F2 (G2)
mice to pinpoint the candidate region within approximately 1 cM. Naturally, denser
genetic markers provide less experimental deviations as well as more concrete
landmarks to conduct the fine physical mapping. After narrowing the genetic
distance between the mutation and closest marker(s) down to ~1 ¢cM or less, the
physical mapping is conducted as follows. Genomic DNA clones covering all the
closest genetic marker(s) corresponding to the genetic mapping region are isolated
from a genomic DNA library prepared from the mutant mice. In the mouse genome,
1 cM corresponds to roughly 2 Mb. Thus, even if the genetic mapping narrows
the mutated genomic sequence down to 1 cM, the genomic clones should cover, at
least, a 2 Mb region. The resolution of the fine mapping is in the order of a
megabase pair. On the other hand, the standard size of a cloned genomic DNA
fragment even in the BAC library is an order of 100 kb. This tenfold gap between
the genetic mapping and the size of molecular clones renders positional cloning
time-consuming and painstaking.

2.3 Features of Phenotype-Driven ENU Mouse Mutagenesis

Large-scale ENU mouse mutagenesis does not require prior knowledge of genes and
genomic sequences as shown above. It is a classical forward genetics that necessarily
requires neither any recombinant DNA nor advanced embryonic engineering tech-
nologies but does require a large mouse facility and high-throughput phenotyping
platforms. Its comprehensiveness is basically dependent on how many G1 mice are
screened and how extensively their phenotypes are accessed. In a large-scale project,
usually thousands of G1 mice are systematically screened by phenotyping their size,
weight, color, morphology, behavior, neuromuscular coordination, vision, hearing,
hematology, clinical biochemistry, histopathology, and so on (e.g., German Research
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Center for Environmental Health ENU mutagenesis, http://www.helmholtz-muenchen.
de/en/ieg/group-functional-genetics/enu-screen/; MRC, http://www.har.mrc.ac.uk/
research/mutagenesis/phenotype_driven_screens.html; RIKEN, http://www.brc.
riken.go.jp/lab/gsc/mouse/AboutUs/screening.htm). However, there are some
drawbacks; for example, the approach is very effective for dominant but not for
recessive mutant phenotypes. Furthermore, identified mutant phenotype(s) may not
always be inherited in a simple Mendelian fashion. Some identified mutant mice
may also suffer sterility or even lethality depending on the mutant phenotype, and it
is too late to preserve such mutant strains after the onset of fatal phenotypes, since it
is a dominant phenotype-driven mutagenesis and the G1 founder mouse is only the
resource at the time of phenotypic screening. To maintain such disease models, all
the G1 sperm samples are surgically obtained and cryopreserved in liquid nitrogen
semipermanently before the onset of the fatal phenotypes (Inoue et al. 2004). This
frozen sperm archive has provided the key resource for the next-generation gene
targeting in the mouse (see Sect. 4.1).

3 Reverse Genetics with Gene Targeting

The draft human genome project to sequence all human genomic DNA was
completed in 2001 (International Human Genome Sequencing Consortium 2001).
The completion of the human genome sequencing project showed, to the surprise of
the research community, that the human genome potentially coded less than 30,000
genes in the entire human genome, whereas it had been previously estimated to
code for over 100,000 genes (Chikaraishi et al. 1978). Immediately following the
whole human genome sequencing, the mouse became the second mammalian
species to have its genomic DNA fully sequenced (Mouse Genome Sequencing
Consortium 2002). The completion of human and mouse genome projects spurred
the initiation of large-scale mouse mutagenesis efforts to conduct gene targeting or
gene KO studies for all of the mouse genes. The downward revision of the estimated
number of genes in the human and mouse genomes improved the feasibility of these
projects and improved the chances of successful completion. The coding sequences
in the human and mouse genomes were estimated to be only 1-2%. In 2003, mouse
researchers gathered at the Banbury Center at the Cold Spring Harbor Laboratory,
USA, and proposed an international mouse KO/conditional mutagenesis projects
(Austin et al. 2004; Auwerx et al. 2004) and led, in 2006, to a 5-year international
collaborative effort with three major projects; the Knockout Mouse Project
(KOMP) in the USA, the European Conditional Mouse Mutagenesis (EUCOMM)
project in Europe, and the North American Conditional Mouse Mutagenesis
(NorCOMM) in Canada. To coordinate the projects, the International Mouse
Knockout Consortium was also organized (International Mouse Knockout Consor-
tium 2007). The basic scheme of gene targeting, KO/conditional mutagenesis, and
the features of the International Mouse Knockout Consortium are described in the
following section.
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3.1 Gene Targeting

In 2007, the Nobel Prize in physiology or medicine was awarded to Drs. M. R.
Capecchi and O. Smithies for gene targeting and Dr. M. J. Evans for ES cell
development, which made it possible for the first time to conduct site-directed
mutagenesis in the mouse. Briefly, a targeting vector containing genomic DNA
fragments of the targeting gene that is disrupted by a drug resistant gene, such as
the G418-resistant gene, is introduced into mouse ES cells. The rare event of
homologous recombination between the targeting vector and host genomic DNA
substitutes the corresponding endogenous genomic sequence in the target gene for
the disrupted sequence in the targeting vector. After establishing the homologous-
recombinant ES cell line, live mice carrying the disrupted allele in the targeted gene
may be generated by germline transmission through germline chimeric mice. The
approach primarily disrupts the targeted gene providing a null-type allele. KO mice
often result in recessive lethality during embryogenesis due to disruption of the
essential functions of the target gene during early development. Such developmen-
tally essential genes may often exert different functions in adulthood or may even
be dispensable in the adult, depending on the tissue type and/or phase in develop-
ment phase (Duyao et al. 1995; Nasir et al. 1995). To elucidate the functions gene
throughout in later developmental stages, it is therefore necessary to develop
mutant mice in which the essential function in the early embryogenesis remains
intact and deletion is targeted to the tissue and/or developmental time to be
disrupted. An alternative approach is to produce a hypomorph-type mutation rather
than a null-type by knock-in targeting (see Sect. 7).

3.2 Conditional KO Mouse Mutagenesis

The Cre—loxP system has widely been used to maintain expression of an essential
gene during embryogenesis and to turn it off in a particular tissue and/or at a
specific developmental time (for review, see Yu and Bradley 2001). The Cre
enzyme specifically and efficiently mediates homologous recombination between
two copies of the loxP sequence. When two copies of loxP reside in the same DNA
strand with a head-to-tail orientation, the intervening sequence between the two
loxP is excised out by the Cre recombinase. A basic procedure is as follows. In one
gene-targeting strain, two loxP sequences and the G418 gene are placed in two
introns by the gene-targeting method without disturbing the expression of the target
gene. Independently, a Cre-expressing transgenic mouse strain is generated with
the expression of Cre controlled by an appropriate promoter, so that it is expressed
in a specific tissue or at a specific developmental time in an inducible manner,
depending on where and when the target gene is to be knocked out. Finally, in the
offspring obtained by mating the two strains, the Cre expression conditionally
disrupts the target gene in a manner determined by the functional characteristics
of the promoter of the Cre recombinase.
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A hypomorph-type mutation is constructed using a similar strategy to the
Cre—loxP conditional mutagenesis described above. A point mutation(s) instead
of loxP sequences is introduced into the critical coding exon. The constructed
knock-in mouse thus carries, for instance, a single amino acid substitution and is
a suitable approach for evaluating human diseases associated with identified SNPs.

3.3 Features of the International KO Mouse Project

The International Mouse Knockout Consortium (2007) aims to collaboratively
establish targeted ES cell strains covering all the mouse genes. So that the research
community is able to freely obtain KO mice for any gene, thus avoiding redundant
efforts to target the same genes. In addition, the genetic background of ES cell lines,
targeting vectors, and constructed mutant mice may be standardized. Thus, it also
becomes possible to directly compare the results of analyses among various
researchers and laboratories. The targeting vector is designed to have a “KO first
and conditional ready” structure, so that users may apply the established mutant
stain for the conditional disruption of the target gene. This international effort
tremendously reduces the time, cost, and manpower necessary to construct every
mouse gene to be knocked out. However, there are some drawbacks. Users usually
have to derive live mutant mice from the established ES cell line(s), and various
transgenic strains that drive the Cre expression under variety of promoters must be
independently constructed to fully utilize the conditional mutagenesis option.
It must be noted that the KO mouse project aims to disrupt only the protein-coding
sequences that constitute about 1-2% of the mouse genome. However, mutations
and SNPs in noncoding sequences often give rise to altered biological functions and
may be responsible for some human diseases (Emison et al. 2010). Recently, it has
also been proposed to elucidate the biological functions of noncoding RNAs
(Mattick 2009). The functional analysis of noncoding sequences remains to be
elucidated by other approaches.

4 Next-Generation Gene Targeting with ENU

As shown in Sect. 3.2, point mutations constructed by knock-in mutagenesis
provide effective tools to elucidate the fine biological functions of target genes at
the level of each base pair. The conventional gene targeting method is, however,
not efficient enough to develop a variety of point mutations for even a single gene.
A new gene-targeting system to provide various point mutations in any target genes
(and any target genomic sequences including noncoding sequences) has been
developed, paradoxically using ENU mutagenesis. As described in Sect. 2, ENU
randomly induces point mutations without bias for particular base pairs, and when a
large enough collection of ENU-induced mutations are collected and archived, any
target genes or genomic sequences may contain sufficient allelic point mutations to
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enable their fine biological functions to be elucidated. The new reverse genetics,
ENU-based gene-driven mutagenesis, has become possible by archiving tens of
thousands of G1 mutant mouse strains as frozen sperm (Fig. 2) with high-throughput
mutation discovery systems. This “next-generation” gene-targeting approach pro-
vides an important additional mouse mutagenesis system to the research community
(Gondo 2008; Gondo et al. 2009). The schematic flow of the ENU-based gene-driven
mutagenesis is shown in Fig. 3.

G
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archive

]
G2 mice

Fig. 3 Next-generation gene targeting: ENU-based gene-driven mutagenesis. ENU mutant mouse
library consists of dual archives of G1 genomic DNA and sperm samples. PCR primers are
designed to amplify the target gene. The PCR products are then subjected to a high-throughput
mutation discovery system. The G1 strains, which are found to carry an ENU-induced mutation
(filled triangle) in the target gene, are revived by in vitro fertilization (IVF) and embryo transfer
technologies. G2 progeny are genotyped and a heterozygous pair is mated to produce G3 mice, one
quarter of which are expected to become homozygous for the discovered mutations. Since a G1
mouse carries 3,000 mutations, G3 mice still have many unidentified ENU-induced mutations
(shaded triangles)
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4.1 Mutant Mouse Library: G1 Mouse Archives by ENU
Mutagenesis

To make the ENU-based gene-driven mutagenesis possible, it was necessary to first
archive sufficient numbers of ENU-induced point mutations. As described in
Sect. 2.3, G1 mice carrying ENU-induced mutations have often been archived as
frozen sperm, providing the resource for the new reverse genetics. Summarizing the
pioneering analyses of ENU-induced mutations in the G1 archive, it was found that
each G1 mouse carried roughly 3,000 base substitutions (reviewed by Gondo et al.
2009). For instance, at RIKEN, approximately 10,000 G1 mice have been archived,
which implies that 3 x 107 point mutations are ready for functional analyses.
Considering that the size of the mouse genome is 3 x 10° bp, on average we may
find a point mutation every 100 bp across the genome. Hence, it is large enough to
be used as a mutant mouse library. To screen for ENU-induced mutations in the
target gene, the genomic DNA from each G1 mouse has also been archived. The
dual archives of G1 sperm and genomic DNA form the mutant mouse library
resource needed for the next-generation gene targeting. It is noteworthy that only
half of the G1 mice produced so far are currently archived as mutant mouse
libraries, since only the G1 males are preserved as frozen sperm. The establishment
of an efficient and reliable ovary cryopreservation method should, making the
G1 females available for the library, contribute significantly to the construction
of a complete mutant mouse library, Alternatively, cryopreservation of fertilized
G1-oocytes and/or clone mouse construction from G1 female cells with a quick and
cost-effective method may also make G1 females available for the construction of
the library.

4.2 High-Throughput Mutation Discovery Systems

As shown in Fig. 3, PCR amplification of the target gene has been the first step in
finding ENU-induced mutations in target sequences. To identify the ENU-induced
mutation(s) in the amplified fragment, direct DNA sequencing with the Sanger
method would be the simplest and most straightforward method. However, each G1
genome has 3,000 mutations in 3 x 10° bp of the genome, implying that to find one
ENU-induced mutation, 1 Mb (=3 x 10° bp divided by 3,000 mutations) of G1
genomic DNA must be sequenced. Thus, it has not been practical to screen for
ENU-induced mutations by the direct DNA sequencing method. The heteroduplex
detection methods have been found to be a very effective and practical method to
discover the ENU-induced mutations in the G1 mutant mouse library. As shown in
Fig. 2, all the ENU-induced mutations in the Gl mice are heterozygous. The
heteroduplex formation and representative detection systems are schematically
drawn in Fig. 4. After the PCR amplification of target sequences, the PCR products
are denatured and then annealed back again. When an ENU-induced mutation
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Fig. 4 Heteroduplex formation and detection of ENU-induced point mutations. (a) All the G1
mice heterozygously carry the ENU-induced mutation. The PCR amplification of the target
sequence faithfully replicates the maternal and paternal sequences. The heteroduplex and homo-
duplex double-stranded DNA fragments are produced with equal molar ratio by denaturation and
annealing of such PCR products. (b)—(d) Samples containing heteroduplex fragments are then
efficiently detected by several methods. (b) Temperature gradient capillary electrophoresis
(TGCE) separates the heteroduplex from homoduplex by the mobility change of the electrophore-
sis due to the T}, difference between heteroduplex and homoduplex. (¢) TILLING/Cell digestion
method. The Cell endonuclease effectively cleaves a single-base-pair mismatch(es) in the double-
stranded DNA. The heteroduplex sample treated with Cell therefore exhibits two cleaved bands
in the electrophoresis, while the homoduplex shows the single band of the intact size. (d) High-
resolution melting (HRM) uses the optical density shift from the double-strand to single-stranded
conformation change of DNA fragments. When the temperature increases, the heteroduplex
fragments dissociate to single-stranded DNA faster than the homoduplex fragments. Accordingly,
the reduction in the optic density of the heteroduplex is faster than that of homoduplex. The red
arrows in (b), (c), and (d) indicate the signals of heteroduplex in each detection system

heterozygously exists in a G1 mouse, half of the PCR products contain the mutation.
Such PCR products form heteroduplex after reannealing (Fig. 4a). Temperature
gradient capillary electrophoresis (TGCE) (Gao and Yeung 2000; Li et al. 2002;
Murphy et al. 2003), TILLING/Cell digestion (Oleykowski et al. 1998; Till et al.
2003), and high-resolution melting (HRM) (Wittwer et al. 2003; Bennett et al.
2003) are sensitive and reproducible heteroduplex detection methods (see Fig. 4b—d,
respectively). Based on this principle, heteroduplex detection reveals which G1
mice carry an ENU-induced mutation in the target PCR products. After the primary
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screening by heteroduplex detection, only the PCR products containing the hetero-
duplex are subjected to direct DNA sequencing to identify the sites and types of
ENU-induced base substitutions.

4.3 Features of ENU-Based Gene-Driven Mutagenesis

ENU-induced mutations have indeed been found randomly in the whole genome
(Sakuraba et al. 2005). Mutation “cold” or “hot” spots have not been identified.
Therefore, it is statistically possible to estimate how many mutations would be
found by screening the target genes. For instance, the RIKEN mutant mouse library
encompasses ~3 x 10 mutations. The coding sequences are at least 1% in which
30,000 genes are coded at most. Therefore, more than 3 X 10° ENU-induced
mutations reside in the coding sequences; namely, ten mutations reside in each
gene on average. It also has been estimated that 60% and 10% of ENU-induced
mutations in the protein-coding sequences are missense and KO-type mutations,
respectively (Sakuraba et al. 2005). Here, KO-type mutations are defined as non-
sense mutations or splicing mutations which cause drastic peptide changes or even
have no mRNA products due to nonsense mediated decay. In summary, the RIKEN
mutant mouse library itself is able to provide 1.8 x 10° missense and ~3 x 10*
KO-type mutations. The RIKEN mutant mouse library has been open to the
research community since 2002 and is available by accessing http://www.brc.
riken.go.jp/lab/mutants/genedriven.htm. Briefly, users may simply design PCR
primers for their target genes and obtain allelic series of mutant strains for func-
tional analyses. As shown in Fig. 3, it is particularly a powerful way to analyze the
recessive effect of a single-base pair in the G3 mice. One of the drawbacks,
however, is that any X-linked genes cannot be targeted, since X chromosomes
carrying ENU-induced mutations in GO are not transmitted to G1 males (see Fig. 3).
With respect to the targeting of X-linked genes, the development of the G1 females
in the mutant mouse library as described in the previous section is also the key. The
G1 mice also carry many ENU-induced mutations in addition to the discovered
mutations, and to analyze the effect of the discovered mutation only, more than six
generations of backcrosses are usually conducted to eliminate other mutations. In
turn, modifiers, or gene—gene interactions, may be identified among 3,000 genes in
a G1 mouse.

5 Examples of Classic Neurological Mutant Mouse Strains

Large-scale mouse mutagenesis projects have been accelerating the development of
mutant mouse strains. In the best summary available, Lyon et al. (1996) listed 127
mutant loci in the “neurological and neuromuscular” category. Nineteen additional
loci were also added in the “other behavioral” category. In this section, some
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representative classic neurological and/or behavioral mutations established by
forward genetics are reviewed.

5.1 shi, Shiverer

This classic recessive spontaneous mutant exhibits generalized tremor when dis-
turbed from day 12 after birth and increases in severity with age (http://www.
informatics.jax.org/javawi2/servlet/WIFetch?page=alleleDetail&key=264). The
identification of the gene of shi was one of the pioneering works of positional
cloning in mammals. Roach et al. (1983) found that the myelin basic protein (Mbp)
was responsible for ski, using Southern hybridization methods with a rat Mbp
cDNA clone as a probe. Kimura et al. (1985) identified that the shi had a large
deletion from intron 1 to exon 1 of the Mbp gene in the mouse. The lack of myelin
resulted in the shivering phenotype. It is a loss-of-function type mutation by a large
spontaneous deletion.

5.2 pcd, Purkinje Cell Degeneration

In 1976, an autosomal recessive mutation, pcd, was identified by its moderate ataxia
with rapid degeneration of nearly all Purkinje cells in the cerebellum beginning at
15-18 days (Mullen et al. 1976). They also found a pleiotropic phenotype of male
sterility in pcd homozygotes. In 2002, the Nnal gene (Agtpbpl; ATP/GTP binding
protein 1) was identified from the pcd locus (Fernandez-Gonzalez et al. 2002)
by positional cloning. By fine mapping of the pcd region in the mouse genome
and syntenic analysis with the human genome, they nominated the Nnal gene as a
candidate. Then, they conducted northern blot analysis showing much reduced or
altered expression of Nnal mRNA of all the three tested pcd alleles (pca’”, pcdzj,
and pcd®). The difference in phenotypic severity among the three alleles was
reflected in the mRNA expression. The genomic sequences of pcd® and ped®’
had a ~12.2-kb deletion between introns 5 and 8 and an ~7.8-kb insertion in intron
13, respectively. The entire coding sequences of pcd’’ were the same as wild type,
and thus they suggested a regulatory mutation in the pcd”” allele. The expression of
the wild-type cDNA in the pcd homozygotes rescued the pcd phenotypes by the
transgenic mouse method (Wang et al. 2006), vindicating the finding that the Nnal
mutation alone is solely responsible for the pcd phenotype.

5.3 d, Dilute

This very old recessive coat-color mutation originated from fancy mice was not
primarily classified in the neurological category (Lyon et al. 1996). However, some
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d alleles have been well known by their pleiotropic traits encompassing a neurolog-
ical disorder and/or lethality. The molecular cloning of the old d allele revealed that
the mutation was caused by the insertion of an ecotropic murine leukemia virus
(called Emv3) into the Myo5a (myosin VA) gene (Jenkins et al. 1981, 1982; Mercer
et al. 1991). The MyoSa mutation hampered the formation of dendritic processes in
the melanocyte, causing the melanin granules to clump around the nucleus of the
melanocyte and give rise to the coat-color variation.

The neurological anomaly found in some d alleles was implicated in the “tail
region mutation” of the Myo5a gene (Huang et al. 1998). Among ten viable d alleles
collected from spontaneous, radiation, and ENU mutations, they found that three
alleles had not only a lightened coat color but also neurological impairment. Their
study strongly vindicated the importance of the functional analysis of the gene by
various allelic series. It is a good example of how studying only one mutation allele
may overlook and dismiss other significant functions of the gene.

5.4 p, Pink-Eyed Dilution

Another very old coat-color mutation derived from various fancy mice, p, is the
Oca?2 gene, which is the homolog for human oculocutaneous albinism type
II (http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&
key=12123). Some X-ray-induced p alleles exhibited pleiotropic phenotypes in
addition to the albino eye and coat colors; for instance, neurological, cleft palate,
reproductive, or endocrine disorders were concomitantly found in some X-ray-
induced mutations (summarized by Lyon et al. 1996). Some pleiotropic phenotypes
belong to different complementary groups, suggesting that the X-ray deleted a large
fragment encompassing not only the p gene but also a flanking gene(s). Brilliant
et al. (1991) conducted the molecular cloning of p without mapping as follows.
They focused on one of the p alleles, p™”, since it spontaneously reverts to the wild
type with a very high frequency. Using a part of IAP, a retroposon-like mobile
element, as a probe they conducted a large southern blot analysis and found a
uniquely enhanced 2.9-kb signal only in the p"" genome compared to the wild or
revertant genomes. Based on the molecular cloning of the 2.9-kb fragment, the
structure and mechanisms of the high reversion rate of the p"” allele were revealed
as a large direct duplication and an unequal homologous recombination between the
direct repeat, respectively (Gondo et al. 1993). The 2.9-kb fragment also allowed
the cloning of the full-length cDNA clone (Gardner et al. 1992) as well as flanking
molecular clones to the p locus (Lyon et al. 1992). Based on the molecular analysis
of several mega base pairs of genomic region in and around the p locus, several new
neurological loci were implicated (Lyon et al. 1992). It has lead to the molecular
identification of new loci and genes close to the p locus; e.g., the GABA, gene
(Nakatsu et al. 1993) and the Prader—Willi chromosomal region (Nakatsu et al.
1992; Gardner et al. 1992).


http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&key=12123
http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&key=12123
http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&key=12123
http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&key=12123

Mouse Mutagenesis and Disease Models for Neuropsychiatric Disorders 17

6 Mouse Models for Human Neurological Diseases

Advances in DNA-cloning and genomic-engineering technologies have enabled
identification of the causative genes for human genetic diseases by positional
cloning since mid-1980s. The completion of human genome sequencing has further
enhanced the identification of various genetic risk factors in the human genome.
The HapMap Project (International HapMap Consortium 2003; http://hapmap.ncbi.
nlm.nih.gov/) was the first large-scale survey of causative genes and genetic risk
factors for human diseases. The identified genes and loci are summarized in Online
Mendelian Inheritance of Man (OMIM; http://www.ncbi.nlm.nih.gov/omim/). To
validate and elucidate the molecular cause and function of the candidate genes,
various mouse models have been developed.

6.1 Neurodegenerative Diseases

The term neurodegenerative disease encompasses Parkinson’s disease (PD),
Alzheimer’s disease (AD), and other disorders characterized by progressive
neuronal cell death. They are usually caused by heterogeneous genetic muta-
tions, and many candidate genes have been identified by genetic analyses of the
patients’ families (e.g., AD, OMIM #104300; PD, OMIM #168600). Mouse
models have been generated by reverse genetics.

Parkinson’s disease (PD) is one of three main classes of basal ganglia disorders
(the others being Huntington’s disease and the dystonias) and affects approximately
1% of the population over age 50. The clinical diagnosis is severe motor distur-
bances characterized mainly by the resting tremor accompanied by bradykinesia,
muscular rigidity, and postural instability. Neuronal degeneration is found in sub-
stantia nigra, locus ceruleus, nucleus basalis, hypothalamus, cerebral cortex, cranial
nerve motor nuclei, and the central and peripheral portion of the autonomic nervous
system. Mouse models have been constructed based on the two different
approaches. One approach is to focus on the development and maintenance of the
dopaminergic (DAergic) neurons, because DAergic neurons are severely affected
in most of the PD patients. Based on this approach, the KO mouse of a nuclear
receptor superfamily gene, Nr4a2 (Nurrl), seems to be a good model for PD because
aged heterozygotes exhibited loss of DAergic neurons, leading to the progressive loss
of DAergic functions. These animals show decreased rotarod and locomotor perfor-
mance, suggesting a motor impairment that is analogous to Parkinsonian deficits
(Jiang et al. 2005). Allelic variants for the human NR4A2 gene, such as a —291
deletion of T and a —245 substitution from T to G, were reported in the familial PD
patients (Le et al. 2002).

The other approach is derived from the neuropathological observations that most
PD patients present intracellular eosinophillic inclusions, known as Lewy bodies,
consisting of ubiquitin, a-synuclein, and other components. It is noteworthy that
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inclusion bodies have been observed in other neurological disorders as well, such as
AD and Huntington’s disease (HD). The double KO mouse strain for the ubiquitin
pathway genes, Uch-LI and Uch-L3, was developed (Kurihara et al. 2001). Double
homozygous KO mice for Uch-L1%“/ and Uch™”' displayed earlier lethality due to
dysphasia. Axonal degeneration of the nucleus tractus solitarius, area postrema of
the medulla, and gracile tract of the medulla and spinal cord were observed in these
mice. Besides, degeneration of dorsal root ganglia cell bodies was detected. Allelic
variants for the human UCHLI gene, such as [le93Met and Ser18Tyr amino acid
substitutions, were found in familial PD patients (Leroy et al. 1998). Regarding
the association between PD and the ubiquitin pathway, many allelic variants
for the Parkin ubiquitin ligase (PARK2) gene have been reported in PD patients
(Nuytemans et al. 2010). Park2 mutant mice (Itier et al. 2003) also showed a loss of
catecholaminergic neurons in the locus ceruleus and an accompanying loss
of norepinephrine in discrete regions of the central nervous system (CNS) but
not accompanied by the loss of the nigrostriatal dopaminergic system that is
characteristic of patients with Parkinson’s disease. However, the level of dopamine
transporter protein was reduced in the mutant, suggesting a decreased density
of dopaminergic nerve terminals or other adaptative changes in the nigrostriatal
dopamine system.

LRRK?2 was identified as a causative gene of PD in the PARKS locus (Paisan-Ruiz
et al. 2004), which contains 51 exons spanning 144 kb and encodes a 2,527 amino
acid protein (~250-kDa) with a leucine-rich repeat, a kinase domain, an RAS domain,
and a WD40 domain (Zimprich et al. 2004). Mouse models of KO and knock-in
(Argl441Gly, Argl44Cys) have been generated; however, no significant gross
neuropathological abnormalities have yet been found (Li et al. 2009; Tong et al.
2009). In the case of Caenorhabditis elegans and Drosophila expressing mutant
human LRRK?2, degeneration of DA neurons and behavioral abnormalities were
reported by Yao et al. (2010) and Liu et al. (2008), respectively. Recently, human
Ala53Thr o-synuclein transgenic mice have been combined with a knockdown
of LRRK2 which has been reported to cause synergistic toxicity to neurons and
accelerate the progression of a-synuclein-mediated neuropathology (Lin et al.
2009). The Ala53Thr a-synuclein transgenic mouse had originally been reported to
develop a severe and complex motor impairment leading to paralysis and death,
correlating with the formation of neuronal inclusions (Giasson et al. 2002).

Spinocerebellar ataxias (SCAs) and HD are typical triplet repeat diseases exhibit-
ing neurodegeneration of particular neurons. SCAs refer to the autosomal dominant
cerebellar degenerative disorders, which are defined as cerebellar ataxias with vari-
able involvement of the brainstem and spinal cord. The clinical features of the
disorders are caused by degeneration of the cerebellum and its afferent and efferent
connections. Clinical and later molecular diagnosis by chromosomal mapping have
identified and classified several SCAs. Some of the SCA subtypes, such as SCAL, 2,
3, 6, 7, and 17, were shown to result from the expansion of the CAG repeat
expansions on the specific locus on the different autosome. The causative genes
were named as Ataxin (ATXN)- 1,2, 3, 6,7, and 17, respectively, although there are
no structurally common properties among these proteins. Like HD, the CAG triplet
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encodes a polyglutamine stretch. In the case of SCA1, the mutant ataxin-1 protein
predominantly caused degeneration of cerebellar Purkinje cells and neurons within
the brain stem and spinal cord, producing a progressive ataxia and bulbar dysfunc-
tion. Of these subtypes, Atxnl, 7, and 17 have been reported as SCA model mice
(Watase et al. 2002; Helmlinger et al. 2006; La Spada et al. 2001).

The knock-in compound-heterozygous mutant mice of the Atxn/ (= Scal) gene,
Scal*??? showed a severe SCAIl-like neurological phenotype (Watase et al.
2002). Scal’**2? mice developed a complex, slowly progressive neurodegenera-
tion resembling that seen in SCA1 patients. Although general function of Ataxin-1
(ATXN1) protein has not been fully revealed, ATXN7 acts as a subunit of TFTC,
the TATA-binding protein (TBP)-free TBP-associated factor (TAF)-containing
complex. Both knock-in (Helmlinger et al. 2006) and transgenic mice (La Spada
et al. 2001) of the Atxn7 (=Sca7) gene have been reported. For example,
Sca7?%%2C mice (Helmlinger et al. 2006) showed the salient features of infantile
SCA7, such as selective neuronal vulnerability and the functional consequences of
the mutant protein on the retina, cerebellum, and hippocampus. ATXN17 encodes
TBP, which is also one of the basal transcription factors. The transgenic mice, in
which TBP-71Q and TBP-105Q were expressed under the mouse prion promoter,
were generated (Friedman et al. 2007). While both transgenic lines exhibited a
neurodegenerative phenotype with aggregated mutant proteins inside of the
nucleus, TBP-105Q exhibited a more severe phenotype than TBE-71Q.

Alzheimer’s disease is characterized by progressive impairments in memory,
behavior, language, and visuospatial skills. Hallmark pathologies within vulnera-
ble brain regions include extracellular-amyloid deposits, intracellular neurofibril-
lary tangles, synaptic loss, and neuronal cell loss. The most prominent mouse
models for this disorder model abnormalities of amyloid precursor protein (APP)
and presenilin (PS) (reviewed by McGowan et al. 2006). Many transgenic mice
have been generated and reported to develop amyloid plaque pathology. The
Tg2576 model (Lys670Met/Asn671Leu) showed reduced spontaneous alternation
performance in “Y”-maze testing, which was enhanced in a double transgenic
mouse with mutated PS1 (Holcomb et al. 1998). TgCRNDS carrying mutated
APP (Lys670Met/Asn671Leu, Val717Phe) was shown to have correlative mem-
ory deficits by Morris water-maze testing (Chishti et al. 2001). Recent progress
and prospective have also been reviewed by Gotz and Ittner (2008) and Ashe and
Zahs (2010).

6.2 Mental Retardation, Ataxia, and Other Neurological
Disorders

Fragile X syndrome and fragile X tremor/ataxia syndrome (FXTAS) are caused by
the same gene, FMR1, with extended CGG repeats in the 5’-UTR. In patients with
Fragile X syndrome, more than 200 units of CGG repeat are found. FXTAS appears
in a subgroup of premutation carriers of fragile X syndrome with 55-200 CGG
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units. The first mouse model was developed by targeting the Fmrl gene (Dutch-
Belgian Fragile X Consortium 1994), as fragile X syndrome patients lacked FMR1
protein due to the silencing of the FMR1 gene by amplification of a CGG repeat and
subsequent methylation of the promoter region. The Fmrl KO mice showed
macroorchidism, learning deficits, and hyperactivity. A (CGG)og knock-in mouse
model was generated to model FXTAS (Van Dam et al. 2005). The knock-in mutant
mouse exhibited elevated Fmrl mRNA levels and ubiquitin-positive intranuclear
neuronal inclusions as described in the patients. FXTAS has the clinical features of
progressive intention tremor and ataxia. They also assessed the (CGG)ogg knock-in
mutant mice for cognitive, behavioral, and neuromotor performance at different
ages. Visual-spatial memory and rotarod performance declined with age, and the
older mice tended to avoid the center area during open field tests, potentially
indicating the elevated anxiety. These age-related disturbances may reflect the
progressive cognitive and behavioral difficulties observed in FXTAS patients.

Muscle—eye—brain (MEB) disease was mapped to 1p34-33, and protein O-linked
mannose betal ,2-N-acetylglucosaminyltransferase (POMGNTI) was found to be a
causative gene. The common clinical features of MEB patients are severe muscular
dystrophy, ocular defects, and mental retardation. A gene-trapped mutant mouse
was identified in which a retroviral vector was inserted into the second exon of
the Pomgntl gene (Liu et al. 2006). They found that a retroviral insertion in front of
the initiation codon abolished the expression of the Pomgnt] mRNA, and the
glycosylation of o-dystroglycan was also reduced. The Pomgnt/ mutant mice
were viable, exhibiting multiple developmental defects in muscle, eye, and brain,
similar to the clinical features of MEB.

Episodic ataxia (EA) is an autosomal dominant channelopathy that manifests as
attacks of imbalance and in-coordination (reviewed by Jen et al. 2007). A responsi-
ble gene was mapped to the potassium channel gene, KCNAI, and affected indivi-
duals are heterozygous. KO mice for the Kcnal gene displayed frequent
spontaneous seizures that correlated on the cellular level with alterations in hippo-
campal excitability and nerve conduction (Smart et al. 1998). Later, a knock-in
mouse carrying the Val408Ala amino acid substitution, which had been found in a
patient’s family on the KCNAI gene, was also constructed (Herson et al. 2003).
In contrast to the Kcnal KO mice, the Val408Ala knock-in homozygous mice were
embryonic lethal. The heterozygotes showed stress-induced loss of motor coordi-
nation that was ameliorated by acetazolamide, a carbonic anhydrase inhibitor that
minimizes EA1 symptoms in human patients.

7 Mouse Models for Neurodegenerative Lysosomal Disorders

Lysosomal storage diseases are a group of inherited disorders caused by dysfunc-
tion of synthesis and processing of lysosomal enzymes (Beck 2007; Jakobkiewicz-
Banecka et al. 2007). A lysosomal defect results in accumulation of undegraded
substrates and leads to dysfunction of tissues and organs, including neurons.
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Although most of these diseases are fatal, new therapies have been developed with
recent intensive studies using mouse models.

7.1 Niemann-Pick C Disease

Niemann—Pick C (NPC) disease is a neurodegenerative lysosomal storage disorder
characterized by an accumulation of lipids including cholesterol and glycosphin-
golipids (GSLs) within a cell. Clinically identical diseases, NPC type 1 and type 2,
are caused by mutations in two different proteins: NPC1, a lysosomal-endosomal
transmembrane glycoprotein, and NPC2, soluble lysosomal protein with cholesterol-
binding properties, respectively. To address the functions of these two genes, the
genetic interaction between Npcl and Npc2 was studied using mouse models (Sleat
et al. 2004). They generated an NPC2 hypomorphic allele by gene targeting and
crossed with a previously established Npcl spontaneous null allele (Loftus et al.
1997) to obtain Npcl;Npc2 double KO mutants. The results showed that the pheno-
types of Npcl and Npc2 single mutants and an NPC1;NPC2 double mutant are almost
identical in terms of disease onset and progression.

Using model mice, pharmacological approaches to NPC have been studied.
Recent biochemical work (Kwon et al. 2009) has shown that both Npc1 and Npc2
proteins function in concert to facilitate the exit of cholesterol from lysosomes to
other sites in the cell. One of the possible treatment strategies for NPC is substrate
deprivation therapy. To reduce the synthesis of the metabolic products GSLs,
N-butyldeoxynojirimycin, which is an inhibitor of glucosylceramide synthase, a
pivotal enzyme in the ganglioside synthesis pathway, was tested in the Npc/ mutant
mice (Zervas et al. 2001). In this experiment, treated animals showed delayed onset
of neurological dysfunction, increased average life span, and reduced GSL accu-
mulation, suggesting that inhibitors for GSL synthesis could have a similar ameli-
orating effect on the human disorder. More recently, a second therapeutic agent,
2-hydroxypropyl-b-cyclodextrin (CD), was tested in Npcl and Npc2 mutant mice.
The result demonstrated that treatment with CD delayed clinical disease onset,
reduced intraneuronal storage and secondary markers of neurodegeneration, and
significantly increased lifespan of both Npcl and Npc2 mutant mice (Davidson
et al. 2009).

In addition to the effective substrate deprivation therapy, potential second/
adjunctive treatments were reported using model mice. In NPC-1-mutant cells,
lysosomal calcium was substantially decreased as a result of sphingosine storage,
which then resulted in accumulation of lipids including sphingosine and GSL in the
acidic compartment of the cell (Lloyd-Evans et al. 2008). Taking advantage of this
finding, it was demonstrated that elevation of cytosolic calcium with a pharmaco-
logical agent, curcumin, normalized NPC1 disease cellular phenotype and pro-
longed survival of the NPC mouse (Lloyd-Evans et al. 2008). In common with other
neurodegenerative disease, brain inflammation is observed in the NPC1 mouse with
activation of microglia before the neuronal degeneration (Baudry et al. 2003).
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In order to evaluate the contribution of the inflammation to the pathology of NPC
disease, nonsteroidal anti-inflammatory drugs (NSAIDs) were administrated to the
NPC1 mouse (Smith et al. 2009). The results showed that NSAIDs significantly
prolonged the lifespan and slowed the onset of clinical signs, indicating that anti-
inflammatory therapy may be a useful adjunctive treatment.

7.2 Mucopolysaccharidosis

Mucopolysaccharidosis (MPS) is a lysosomal storage disease, which is character-
ized by an inability to degrade glycosaminoglycans (GAGs). Accumulation of
undegraded GAGs in many tissues leads to severe symptoms including CNS
deterioration. In this section, model mice for MPS II, MPS IIIA, and MPS IIIB
are reviewed.

MPHSII, also called Hunter syndrome, is an X-linked lysosomal storage disorder
caused by a deficiency in the enzyme iduronate 2-sulfatase (IDS). MPSII is
characterized by progressive somatic and neurological pathologies, including facial
features, hepatosplenomegaly, skeletal deformities, severe retinal degeneration,
hearing impairment, and mental impairment. A model mouse for MPSII was
generated by targeting the ids gene (Muenzer et al. 2002). Hemizygous mice
displayed a progressive accumulation of GAGs in many organs, skeleton deformi-
ties, and neuropathological defects. Furthermore, the affected mice performed
poorly in open-field tests and showed a severely compromised walking pattern
(Cardone et al. 2006). To design an efficient gene therapy approach for the
treatment of MPSII disease, the adeno-associated virus vector carrying ids was
administered to MPSII adult mice (Cardone et al. 2006) and pups (Polito and
Cosma 2009). Treatment with this viral vector resulted in the rescue of GAG
accumulation in visceral organs as well as the CNS. Remarkably, this CNS correc-
tion arose from the crossing of the blood-brain barrier by the IDS enzyme itself,
indicating that early treatment of MPSII mice with adeno-associated virus carrying
ids resulted in prolonged and high levels of circulating the IDS protein that could
efficiently and simultaneously rescue both visceral and CNS defects.

MPS 111, also called Sanfilippo syndrome, is a lysosomal storage disease, which
is characterized by inability to degrade heparan sulfate, one of the GAGs. Accumu-
lation of undegraded heparan sulfate in many tissues leads to severe symptoms
including CNS deterioration. The causative gene for MPS IIIA is the N-sulfoglu-
cosamine sulfohydrolase (sulfamidase, Sgsh) gene. A mouse model for MPSIIIA
carried a point mutation in the Sgsh gene, which altered the corresponding amino
acid from Asp to Asn (Bhattacharyya et al. 2001) and exhibited biochemical,
pathological, and clinical features observed in MPSIIIA patients (Bhaumik et al.
1999). To find a potential therapy option for MPSIIIA, inhibition of GAG synthesis
with rthodamine B, a nonspecific inhibitor for GAG biosynthetic pathway, was
tested in the MPS IIIA model mice. Treatment of rhodamine B altered several
clinical parameters of the disease pathology, including reduction in urinary GAG
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excretion, total liver GAG, and lysosomal GAG content in liver and brain in MPS
IITA mice (Roberts et al. 2006). Furthermore, the thodamine B treatment was
demonstrated to improve the behavior in MPSIIIA mice (Roberts et al. 2007).
Although substrate reduction therapy is an effective option, inhibition of GAG
synthesis by rhodamine B is not specific. To overcome this problem, other potential
treatments have been developed including transplantation of ES cell-derived glial
precursor cells expressing sulfamidase (Robinson et al. 2010), Sgsh gene transfer by
canine adenovirus vectors (Lau et al. 2010), and intracerebrospinal fluid injection of
the sulfamidase protein (Hemsley et al. 2008, 2009) to the MPSIIIA model mice.

MPSIIIB is caused by the alpha-N-acetylglucosaminidase (Naglu) gene, which
is a lysosomal enzyme required for the stepwise degradation of heparan sulfate. To
generate a mouse model for MPSIIIB, the Naglu gene was disrupted by gene
targeting (Li et al. 1999). This MPSIIIB model mouse showed massive accumula-
tion of heparan sulfate as well as secondary changes in the activity of several other
lysosomal enzymes and elevation of gangliosides in brain. In addition, alterations in
circadian rhythm, activity level, motor function, vision, and hearing, which are
similar to the human disease, were observed (Heldermon et al. 2007). Although
MPSIIIB results in severe progressive neurological defects with high mortality, no
treatment is currently available because of the difficulty in delivering therapeutic
materials to globally affected tissue in the CNS. To develop a new treatment for
this disease, the feasibility of gene-based therapy was addressed in the MPSIIIB
mouse model. Vectors derived from adeno-associated virus coding for Naglu were
transferred by injection into striatum (Cressant et al. 2004) or via an intravenous
and an intracisternal injection following mannitol infusion (Fu et al. 2007) into the
affected MPSIIIB mice. Improved behavior, efficient Naglu delivery to the brain,
and the correction of lysosomal storage with prolonged lifespan suggested that adeno-
associated virus injections might represent an effective treatment for MPSIIIB.
A lentivirus Naglu vector also restored the normal enzyme activity throughout the
large portion of the brain, and the treated animals showed a significantly improved
behavioral performance (Di Domenico et al. 2009). Gene therapy with viral vectors is
a promising treatment for lethal conditions such as MPS, but there are major issues
for clinical application, including carcinogenesis following virus integration into the
host genome, uncontrolled overexpression of the enzyme, and inappropriate immune
responses to the introduced virus (Sands and Davidson 2006).

7.3 Other Neurodegenerative Lysosomal Storage Disorders

GMI1 gangliosidosis is an incurable GSL lysosomal storage disease caused by a
genetic deficiency in B-galactosidase (f-gal) and leads to the accumulation of
ganglioside GM1 and its derivative GA1 in the CNS. A mouse model lacking a
functional B-gal gene was generated by homologous recombination (Hahn et al.
1997; Matsuda et al. 1997). Abnormal accumulation of GM1-ganglioside was
progressively observed in the mutant brain and tremor, ataxia and abnormal gait
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become apparent in older mice, thus mimicking the pathological, biochemical, and
clinical abnormalities of the human disease.

Tay-Sachs disease and Sandhoff disease are progressive neurodegenerative
disorders characterized by an accumulation of GM2 gangliosides, particularly in
neurons. These two diseases are clinically indistinguishable and caused by a
mutation in the alpha and beta subunit of hexosaminidase (Hex), respectively.
Targeted KO lines of the Hexa gene were independently generated by three groups
(Yamanaka et al. 1994; Cohen-Tannoudji et al. 1995; Phaneuf et al. 1996). All three
mutant lines exhibited consistent results; the ganglioside was accumulated in
neurons as membranous cytoplasmic bodies characteristically found in the neurons
of Tay-Sachs disease patients. However, the mutant mice showed no apparent
defects in motor or memory function. On the other hand, targeted KO mice of the
Hexb gene resulted in accumulation of both GM2 ganglioside and glycolipid GA2
throughout the CNS. Furthermore, Hexb-deficient mice developed a fatal neurode-
generative disease, with spasticity, muscle weakness, rigidity, tremor, and ataxia
(Sango et al. 1995; Phaneuf et al. 1996).

To develop potential treatment methods for gangliosidosis, one of the used
strategies is to enhance the lysosomal enzyme levels. This method is aimed to
remove ganglioside accumulating within the lysosome and includes enzyme
replacement, bone marrow transplantation, chemical chaperon therapy, and gene
therapy (Lacorazza et al. 1996; Norflus et al. 1998; Matsuda et al. 2003; Takaura et al.
2003). Alternatively, substrate reduction therapy aims to reduce GSL synthesis to
counterbalance the impaired rate of catabolism, using small compounds, which
inhibits the GSL biosynthesis (Kasperzyk et al. 2005; Lee et al. 2007; Baek et al.
2008; Elliot-Smith et al. 2008).

8 Mouse Models for Neuropsychiatric Diseases

Psychiatric diseases such as schizophrenia, bipolar disorder, and autism spectrum
disorders each have a prevalence of about 1% (see O’Tuathaigh et al. (2011);
reviewed by Burmeister et al. 2008), and approximately 17% of the population
experience major depressive disorder (see Krishnan and Nestler 2011). In addition
to the striking population prevalence, psychiatric diseases often have extremely
high heritability; e.g., schizophrenia, bipolar disorder, autism spectrum disorders,
and major depressive disorder with 70-85%, 60-85%, 90%, and 40%, respectively
(Burmeister et al. 2008). Thus, mutant mice might effectively provide good models
for human psychiatric diseases. On the other hand, psychiatric diseases appear to be
mostly quantitative traits governed by polygenes and current mouse mutagenesis
approaches, particularly transgenic and KO/conditional approaches, usually manip-
ulate only one gene at a time. In this section, recent examples of mouse Disc/ and
Srr mutations are reviewed with respect to human psychiatric disease models
(discussed in O’Tuathaigh et al. 2011).
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8.1 Disrupted in Schizophrenia 1 Gene

Genetic epidemiological analyses from family and twin studies have consistently
implicated genetic factors in the development of schizophrenia, although Mende-
lian heredity has not been confirmed (Thaker and Carpenter 2001). Therefore,
Schizophrenia is a common and genetically complex psychiatric disorder. Indeed,
summarizing intensive genetic association studies with schizophrenia, the Online
Mendelian Inheritance in Man (OMIM; http://www.ncbi.nlm.nih.gov/omim) has
listed 35 candidate genes as genetic risk factors from 25 genomic regions in 13
human chromosomes.

Among them, the disrupted in schizophrenia I (DISC1) was initially identified at
translocation (1;11)(q42.1;q14.3) that was linked to major mental illness, including
schizophrenia, depression, and bipolar disorder, in a large Scottish family (St Clair
et al. 1990). The DISCI gene was then positionally cloned in human (Millar et al.
2000), and subsequently the mouse homolog, Discl, was also cloned (Ma et al.
2002). The positional cloning of the human DISC/ gene revealed that the full length
of the DISC1 consisted of 854 amino acid residues, and the Scottish translocation
truncated DISC1 after the 597th amino acid residue (Millar et al. 2000). DISCI,
which has been found to interact with over 50 proteins, was expressed in multiple
isoforms in a cell-type-specific manner (reviewed by Porteous and Millar 2006).

A 25-bp deletion of the mouse Disc/ gene was found originally in the 129S6/
SvEv inbred strain (Koike et al. 2006) and later in all the tested 129 derived inbred
strains (Clapcote and Roder 2006). This deletion caused a frameshift mutation,
resulting in 13 novel amino acids followed by a premature stop codon in exon 7.
Neither full-length nor the predicted partial N-terminal protein was detected
in brain, and thus the deletion allele seemed to be null type (Koike et al. 2006).
They also found that both heterozygotes and homozygotes for the deletion allele
exhibited an impaired working memory performance in the C57BL/6 genetic
background, suggesting haploinsufficiency. However, one of the typical pheno-
types of schizophrenia, the reduction in prepulse inhibition (PPI) was not detected
even in homozygotes (Koike et al. 2006).

Two independent missense mutant strains were discovered in exon 2 of the
Discl gene from the RIKEN mutant mouse library (Clapcote et al. 2007; also
Sect. 4). Disc1®¢¢13%3 and Disc1%4°"?° had an amino acid substitution of Glu31-
Leu (Q31L) and LeulOOPro (L100P) in the mouse Discl protein, respectively.
Exon 2 of the Discl gene encoded the interaction domain with PDE4B, suggesting
that the interaction between Discl and PDE4B was a genetic factor contributing
to the development of psychiatric disorders mediated through cAMP signaling
(Millar et al. 2005). Using G1 cryopreserved sperm, the identified Disc/ mutant
strains were revived and backcrossed to the C57BL/6 strain to eliminate other
ENU-induced mutations. At the N6 backcross generation, heterozygotes were
intercrossed to generate each genotype of +/+, Q31L/+, Q31L/Q31L, L100P/+,
L100P/L100P, and Q31L/L100P. These mice were subjected to various behavioral
tests with or without antipsychotic drugs and antidepressants. In addition, anatomical
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and biochemical studies were conducted for each genotype. In summary, two
mutations exhibited quite distinctive characteristics. The L100P allele gave rise
to dominant schizophrenia-like phenotype, while the Q31L allele showed rather
recessive depression-like behavior (Clapcote et al. 2007). For instance, both the
homozygous and heterozygous L100P mice showed lower PPI. Antipsychotic
treatments with clozapine and haloperidol restored their PPI phenotype. Latent
inhibition (LI) tests and working memory tests also detected the schizophrenic
phenotypes in the L100P mice. The Q31L homozygous mice also showed mild
reduction in PPI but did not respond to antipsychotic drugs. Rather, depression-like
behaviors were more prominent in Q31L homozygous mice as suggested by find-
ings in the forced swim test (FST), social interaction test, and by their reward
responsiveness (Clapcote et al. 2007). An antidepressant, bupropion, reversed the
depressive traits in the Q31L mice.

A dominant-negative Discl transgenic mouse was also constructed (Hikida et al.
2007). The translocation (1;11)(q42.1;q14.3) found in the Scottish family indicated
that the mental illness was inherited in a dominant fashion. Originally a haploin-
sufficiency model was proposed (reviewed by Porteous and Millar 2006), but a
dominant-negative function of the truncated DISC1 protein was also shown in the
cell culture system (Kamiya et al. 2005). To test the dominant-negative effect of the
truncated DISC1 in vivo, transgenic mice expressing the N-terminal 597 amino acid
residues of the human DISC1 were constructed with the aCaMKII promoter
(Hikida et al. 2007). They found neurodevelopmental anomalies as reported in
schizophrenia patients, and they also found that the transgenic mice exhibited
several behavioral abnormalities such as hyperactivity, disturbance in sensorimotor
gating, olfactory-associated behavior, and depression-like deficits (anhedonia)
(Hikida et al. 2007).

8.2 Serine Racemace Gene

N-methyl-p-aspartate receptors (NMDAR) may be involved in the pathophysiology
of schizophrenia, implicated by the association of the reduction in NMDAR-
mediated signaling pathways, particularly p-serine deficiency, with the disorder
(Coyle 2006). The level of p-serine in vivo is regulated by the synthetic enzyme,
serine racemace (srr; Wolosker et al. 1999a, b), and the degradatory enzyme,
p-amino acid oxidase (DAAOQO; Mothet et al. 2000). Genetic studies in human
populations showed that SNPs found in the srr and DAAO genes are associated
with schizophrenia (Chumakov et al. 2002; Schumacher et al. 2004; Morita et al.
2007). To investigate the molecular association of the srr gene, several mutant mice
for the srr gene have been developed (Basu et al. 2009; Labrie et al. 2009).

The KO mouse for the srr gene was constructed by Basu et al. (2009). They first
confirmed that the s KO mice expressed neither protein products nor enzymatic
activities. The cortical p-serine levels in the +/+, heterozygotes, and homozygotes
were 3.6, 2.5, and 0.4 pumoles/g protein, respectively. Electrophysiological studies
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showed impaired glutamatergic neurotransmission and attenuated synaptic plasticity
in the s77 homozygous KO mice compared to that of wild type. Finally, the battery
of behavioral tests revealed mild hyperactivity, impaired spatial memory, and a subtle
elevation of anxiety. These findings are consistent with schizophrenia traits. The PPI
test, however, did not detect any differences between the KO homozygotes and the
wild type (Basu et al. 2009).

The next-generation gene-targeting system with ENU mutagenesis (Sect. 4) inde-
pendently provided allelic series of s7r mutant mice (Labrie et al. 2009). Eight mutant
mouse strains carrying a base substitution in the srr gene were identified in the
RIKEN mutant mouse library (all the srr mutant strains are available from RIKEN
BioResource Center; http://www.brc.riken.go.jp/lab/mutants/jp/genedriven.htm).
One of the eight strains had a nonsense mutation of Tyr269Stop in the last exon
of the srr gene, predicting a truncated srr product. The Tyr269Stop mice were
revived from frozen sperm and subjected to biochemical, behavioral, and pharma-
cological studies (Labrie et al. 2009). In the Tyr269Stop homozygotes, the tran-
scription of s7r mRNA was reduced ~50% of that of wild type. Western blotting
analysis exhibited no s7r protein products including the predicted truncated coun-
terpart. No sr7 enzymatic activities were detected in the brain of Tyr269Stop
homozygotes. Thus, the next-generation gene targeting with ENU mutagenesis
indeed provides an authentic null allele that is equivalent to the KO allele. The
Tyr269Stop mutant mice exhibited schizophrenia-like behaviors, for instance,
reduced sociability, impaired object recognition, spatial learning and memory
deficits, and impaired PPI. These behaviors were restored by clozapine, an antipsy-
chotic drug, and by p-serine for which some preliminary findings suggest antipsy-
chotic activity (Heresco-Levy et al. 2005; Coyle 2006). A striking difference was
the finding of the PPI impairment in Tyr269Stop null mutant mice (Labrie et al.
2009) that was not observed in the above-described KO mice (Basu et al. 2009),
although both of them were analyzed in the same genetic background of C57BL/6.
The schizophrenia-like features seem to be more prominent in the Tyr269Stop
srr mice than in the conventional srr KO mice, a difference that requires further
elucidation.

9 Concluding Remarks

Various mutant mouse resources and mutagenesis systems are reviewed in this
chapter. Many ENU-induced mutant mouse strains established by the phenotype-
driven approach are currently undergoing positional cloning to identify the causa-
tive genes. The next-generation resequencing system should enhance the pace of
positional cloning. The phenotype-driven approaches may also be combined with
sensitized screening to detect modifiers, namely gene—gene interactions or epistatic
interactions (see Bountra et al. 2011).

Conditional-ready KO mice for every mouse gene will be available as ES cell
lines in a year or so by the international collaborative efforts (Sect. 3). In these


http://www.brc.riken.go.jp/lab/mutants/jp/genedriven.htm

28 Y. Gondo et al.

efforts, the KO/conditional mice are constructed in the standardized C57BL/6N
genetic background, therefore eliminating the potentially confounding effects of
segregating genetic factors in different genetic backgrounds. To effectively use the
conditional resource, however, the batteries of Cre—zoo transgenic strains must be
developed (Sect. 3).

Next-generation gene-targeting generates allelic series of ENU-induced point
mutations of the target gene and is already available to the research community
(Sect. 4). In addition, all the ENU-induced mutations in the mutant mouse library
will be cataloged and analyzed using next-generation resequencing technology. The
power of such multiple mutant alleles in the target gene was shown in the case for
the dilute gene (Sect. 5.3) as well as for the Discl gene (Sect. 8.1).

The next challenge for modeling human diseases is to develop mutant mice
exhibiting a quantitative trait by combining multiple mutations. The effects of
individual genetic risk factors in human psychiatric diseases are very weak (Pulver
2000), although overall heritability is very high and the diagnoses often overlap
each other (Burmeister et al. 2008). Thus, psychiatric diseases appear to be typical
quantitative traits governed by many weak polygenes with pleiotropy. KO/conditional
mice have provided powerful models to elucidate human diseases with monogenic
traits and those caused by several major genes by constructing double- or triple KO
mice. ENU mutant mice and various inbred strains should give rise to model systems
to dissect more complicated quantitative traits and genetic factors that are associated
with human diseases.
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