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Overview: Use of
Genetic Methods in
Vertebrate Biology

Scientists have been performing genetic manipula-
tions and analyses since Mendel first reported the
heritable nature of physical characteristics in pea
plants in 1865. With respect to rats, experimental
biologists who crossbred rat strains for a variety of
traits (Chapter 1) were occasionally rewarded by the
advent of an unexpected functional or structural
phenotype. Such serendipitously acquired mutant

lines, most of which result from a spontaneous
mutation to a single gene, were often expanded
and characterized to serve as animal models of
human diseases. However, a large-scale random
breeding program to produce new lines with novel
mutations would be very costly in rodents, even if
combined with treatments that accelerate the muta-
tion rate (e.g, Kasarkis e 4/, 1998). Furthermore,
random breeding schemes and mutagenic agents
cannot be employed effectively to produce defects
in specific genes of interest.

Fortunately, the revoludon in molecular biology
of the past few decades has made possible the
intentional engineering of rat models for many
human diseases (Heideman, 1991; Paul e &/, 1994,
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Charreau et 2/, 1996; Mullins and Mullins, 1994).
The introducrion of specific genes (and thereby new
physiological properties) into the well-characterized
biological backgrounds of common laboratory ani-
mals, including the rat, provides an in vive means of
examining the mechanisms by which the genes of
interest control, and are regulated by, other mole-
cules. The combined use of animals in which a gene
has been either overexpressed, suppressed or de-
leted offers unique oppormunites for basic research-
ers to dissect gene function at a fine level of detail.
In addirion, genetically engineered rats provide ap-
plied scientists with a new means of evaluating
innovative therapeutic agents for potential efficacy,
either by using rats in which human-like disease
models have been engineered (e.g. hvpertension
(Paul et af, 1994); myelinopathy {(Sereda & «f,
1996)) or by creating rats in which one or more
funcional human genes have been introduced
{arthrits (Hammer ¢ 2/, 1990); gene therapy (Jaffe
et al., 1992); lipoprotein metabolism (Swanson ef af,,
1992)). The trend in academia and industry is to
establish research teams in which scientists with
divergent fields of expertise collaborate in the pro-
duction and analyses of such models using many
different tools.

Regardless of the ultimate application, genetically
manipulated animals of any species are engineered
and analyzed using comparable molecular rechni-
ques. A detailed technical consideration of these
methods is beyond the scope of the current discus-
sion. Therefore, we have chosen to focus on con-
siderations that may affect the design, construction
and interpretation of experiments in which genetic-
ally engineered rat models are employed. Where
certain techniques have not yet been achieved in
rats {e.g. ‘knockouts’), we have extrapolated likely
strategies from protocols used currently in mouse
genetic engineering to provide background material
for understanding their eventual applicaton in rats,

Tools for Exploring
Interesting Genes

Genes of hiological interest that may be evaluated
using rat models can he classed into several catego-
res. First, a gene and its product may have an
endogenous and rat-specific funcdon, but this

normal rat expression may confound efforts to
understand certain aspecrs of human biology. An
example of such a gene is %,-microglobulin, 2
hepatic protein which collects in rat (but not
human) renal epithelium following exposures to
certain rat-specific chemical carcinogens, but only
in male rats of strains that express the gene (Dietrich
and Swenberg, 1991). Gene targeting (*knockout’)
technology can be employed to investigate the
nature of such rat genes by deleting the gene and
examining the effects (if any) resuldng from its
absence. Second, genes and their products may be
highly conserved across taxonomic groups so that
characterizadon in rats will provide relevant data
that can be extrapolated across many species. Many
vertehrate genes have such properties, including
growth hormone (Matsumoto ¢ g/, 1993), periph-
eral myelin protein 22 (Sereda ¢ 2/, 1996) and renin
(Mullins ¢f &/, 1990). Proteins derived from some
conserved genes may exhibit biological activity in
several species, while in other instances activity
exists only in the species of orgin {(Ganten & 4/,
1992). Finally, genes may be inactivated or missing
in rats but have an important function in anather
species. These latter two classes may be examined by
transgenic technology through ‘overexpression’ of a
foreign DNA fragment that has been incorporated
into the rat genome.

The design of genetic engineering experiments in
rats will benefit from thorough background infor-
mation, which may be obrained from many sources.
Genotypic (including data regarding the DNA se-
quence and/or the distribution and extent of gene
expression at the mRINA and protein level) as well as
phenotypic data (such as /n vifra ot in vive functional
assays) is determined within the home laboratory or
is acquired through collaboration or from commer-
cial sources. Additional information often may be
located through citadon databases (eg. Medline
[www.ncbi.nlm.nih.gov/PubMed/])' by searching
with keywords relevant to the gene of imnterest. In
our experience, categories of keywords for which
citadon data may exist include the common and
abbreviated gene names, the gene or protein se-
quences, dssues in which the gene is expressed, and
diseases {amumal or human) in which the gene is
postulated to have a role. Comparable searches
performed on the Interner using a commercial

! For brevitythe prefix http://” has been omitted from all Internet
addresses (URLs) in the text. This prefix should be added when the
LURL is used to access the World Wide Web.




biology-based search engine (e.g BioMedNet®
[http:/biomednet.com], Yahoo [www.yahoo.com/
Science/Biology|) also may vield relevant informa-
ton. However, in our experience random searches
of the World Wide Web do not provide sufficient
information to warrant their routine use. An excep-
ton would be participation in certain discussion
groups (e.g. Embryo Mail [EmbryoMail@]Ipsi.
bare.usda.gov]; Transgenic List [wwwmed.ic.ac.uk/
db/dbbm/tglist.htm]) that allow ongoing, real-dme
exchanges of text and pictorial data berween
researchers working with rats.

Bioinformatics melds data acquired from such
diverse fields as biochemistry, experimental biology
(animal, cellular and molecular), crystallography, and
mathematics — to name a few — to find broad patterns
within and among species that idendfy genes of
interest. Specific branches of bioinformatc inquiry
include genomics and proteomics, or the study of
sequence and functional data for genes and proteins,
respectively. While some questons in bioinformatics
require formal training and very powerful (and ex-
pensive) computer platforms, a growing number of
~ commercial software packages are available which
- can provide assistance to the general scientist. Exam-

ples of such applicatons include programs to com-
pare a gene sequence with other gene sequences (e.g,
BLAST and dbEST [both at www.ncbi.nlm.nih.gov];
GcneQucst@ from DNASTAR, Madison, WI, USA),
software to select molecular probes for genetic
analyses (e.g. Oligo®, Natonal Biosciences, Ply-
mouth, MN, USA), and compilatons describing
protein structure and funcdon (e.g Swiss-PROT
[www.genebio.com/sprot.html]). Large collections
of molecular data representing the pooled efforts
of many laboratories are increasingly available for
comparison of gene and protein sequences both
within a species (e.,g Rat Genetic Database
[www.nih.gov/niams/scientific/ratgbase]; ‘RatMap’
Rat Genome Database [http:ratmap.gen.gu.se/])
and across several species (e.g. Whole Mouse
Catalog  [www.rodenda.com/wmc/]  GenBank
[www.ncbi.nlm.nih.gov/PubMed)]; Mouse Genome
Intormaucs {www.informatics.jax.org]; The Genome
Database [www.gdb.org]). These resources provide
cross-links to rat genetic data and provide an in-
valuable resource to researchers engaged in studies
of the normal and genedcally engineered rat ge-
nome. Finally, several databases are being com-
piled (chiefly for mice at present) that describe
the traits of genetically engineered animals (e.g
Induced Mutant Resource Database [www.jax.org/

resources/documents/imr/]; Mouse Knock-Out
and Mutation Database [http://biomednet.com/
db/mkmd}; Transgenic and Targeted Mutation
Database [www.jax.org/thase]). As more genetically
manipulated rat models are produced, we anticipate
that relevant genetic and phenotypic data will be
incorporated into these or comparable databases.

The Ri t as a Species
of Choice for Ger etic
En¢ ineering

The mouse remains a preferred species for many
transgenic applications. However, the rat is more
suitable for many research quesdons. Desirable
features of rat biology that would warrant their
selection rather than a mouse model include more
human-like physiological responses for some disease
processes (e.g. arthrids (Greenwald and Diamond,
1988); cancer (Dycaico et a/, 1994); hypertension
(Paul et al, 1994; Charreau ef a/,, 1996)), an extensive
behavioral darabase, and larger size (better suited to
surgical manipulation and repeated blood sampling;
Gill e al., 1989). Even so, the relatively small size of
rats removes many technical and financial draw-
backs associated with breeding larger transgenic
mammals, such as rabbits (Mullins and Mullins,
1996). Rats also share many useful traits with mice
that are lacking in other laboratory animals of inter-
mediate size (gerbil, guinea-pig, hamster, rabbit).
These qualides include the availability of many nor-
mal and mutant strains, the presence of relatively
homogeneous genetic backgrounds, and ‘high fecun-
dity (short gestadon periods and good response to
superovuladon protocols; Robl and Heideman,
1994).

The successful production of transgenic rats was
first described in the last decade (Hammer et 4/,
1990; Mullins e# 2/, 1990). Since this time, new lines
have been introduced rarely because few facilities
routinely perform this technique in rats. Neverthe-
less, transgenic rat models provide essential mecha-
nistic information that often assists in the
biochemical dissection of human disease (e.g; chron-
ic hypertension, autoimmune spondyloarthritides).
In fact, rat models have often proven to have a
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closer relationship to the human disease than do
transgenic mice in which similar genedc material was
inserted (reviewed in Charreau e a/, 1996). Genetc
manipulaton of rats will probably increase in the
future where patent provisions for engineered ani-
mals (Lesser, 1995) promote such intellectually and
economically profitable actvities.

Several strains have been used successfully in the
production of transgenic rats. Ideally, the use of
genetically homogeneous inbred rat strains is pre-
ferable since varadons in transgene expression or
physiology arising from differences in genetic back-
ground can complicate the subsequent phenotypic
analysis. Certain inbred strains, notably Fischer 344
(F-344) rats (Dycaico ¢f al., 1994; Veniant ¢ al., 1996;
Lefevre e/ al., 1997), have been used with success for
genetic engineering. However, in pracdce most
transgenic rats have been derived from outbred
strains (e.g. Sprague-Dawley, Wistar) due to the
ready availability of efficient superovulation proto-
cols (Chapter 10; Mukumoto e/ @/, 1995) and the
better reproducdve performance of outbred rats
(reviewed in Charreau ¢/ al,, 1996).

Genetic
Manipulation
of Rats

Equipment

A well-equipped molecular genetics facility contains
dedicated laboratory areas for a variety of functons.
The tasks to be performed in the producdon and
analysis of genedcally engineered rats will include
recombinant DNA techniques (for generaton of
the transgene or targedng sequence as well as for
analysis of the integration and expression of the
inserted gene), cell culture, in-life and post-mortem
assays of a transgene’s effects on funcdon and
structure at the whole-animal and tssue levels,
and photographic documentadon. All instruments,
reagents, and work areas for the molecular manip-
uladons and cell culture activides must be separate
from those used for in-life studies and post-mortem
ussue processing. The specialized injecdon equip-
ment used to transfer genetic material into single-
celled (zygotes) or muldcelled (blastocysts) embryos

Figure 29,1 Apparatus for pronuciear microinjection.
Introduction of transgenic DNA into rat zygotes (single-
celled embryos) requires a suitable microscope (top panel)
with servo-controlled pipettes for manipulating the ceills
(bottom panel). The layout of the injection station shown
in panel A includes the micromanipulator controls for
positioning the zygote (a), microliter pipette controls for
introducing the DNA solution into a zygote (b),
microscope stage (c), injector unit with keypad for
controlling the delivery rate of the DNA solution (d), and
microscope stand {e). In panel B, the microscope stage (a)
supports a fluid-filled chamber (b) that contains
suspended zygotes. The cells are immobilized with a
holding pipette (c) and injected using a microinjection
pipette {d). The placement of each pipette in three
dimensions is controlled using the micromanipulator
controls (e).

(Figure 29.1) can be housed in any room with good
lighting. However, for the pracdcal purposes of
proximity to the animal rooms and cleanliness,
this equipment is often placed in a surgical suite
located within the transgenic animal facility. Tissue
harvests are typically performed in a room that is
outside the barrier that protects the animal colo-
nies. Deliberate physical isolaton of these i vitro
and in vive actvides — modeled after features of
facilides designed to perform the sensiuve DNA
amplificaton technique, polymerase chain reaction




(Dieftenbach and Devksler, 1993) — will help to
prevent spurious analvrical results in molecular
assays rhat result from contamination of samples
with exrraneous animal, microbial or recombinant
DINA.

‘Transgenic Technology

Transgenic technology is the science (and art!)
whereby foreign genetic material is introduced di-
rectly into the genome of an animal. In general, the
procedures used to generate transgenic rats (Robl
and Heidemann, 1994; Charreau ¢ af, 1996) are
comparable 1o those used in making transgenic mice
(Hogan et af, 1994; Wassarman and DePamphilis,
1993). Two methods, pronuclear microinjection and
svstemic gene delivery, have been emploved in the
production of rransgenic rat models.

Theory

Narive rat genes contain alternating amino acid-
encoding (exon) and noncoding (intron) regions con-
trolled by various regulatory sequences {Figure 29.2),
A typical transgene construct (Figure 29.3) consists
ofa gene’s exons — ofren derived as a complimentary
DNA (cDINA) sequence — flanked by a promoter (to
control gene transcripdon) and a polyadenylanon
sequence (to enhance the stability of transgene mes-
senger RINA), These three molecular elements need
not be of rat origin, partculatly where the structure
and acovity of the encoded protein products are
conserved across species. Depending upon the
nature of the scientdfic question, promoters are
chosen based on their capacity to drive gene ex-
pression at high levels (Schmidr & 44, 1990) or their
ability to regulate gene expression in many tissues
(e.g. acun; Qin and Gunning, 1997) or at specific
sites (e.g. casein or lactalbumin in mammary gland;
Hicabavashi et al, 1997).

During rnicroinjecnon (see below), a few pico-
liters of soluton containing about 100-200 copies
of the transgene are introduced into a zygote (single-
celled embryo, ie. a fertlized ovum). Generally,
integrarion of the transgenic DNA occurs randomly
at a single site in the genome. Integradon of the
DNA may occur prior to DNA replicaton so that all
cells of the rat, including the germline cells, will
contain copies of the transgene. Alternatively, inte-
gradon may occur after DNA replication is com-
pleted, resulting in the presence of the transgene in

some but not all of rthe rat’s cells (yielding a mosaic
patrern of gene expression). Because each integra-
ton site is different, the resulting genedc back-
ground ot each founder rat is unique. Transgene
copies often aggregate into repeating linear arrays
known as concatemers (Brinster ¢ af, 1985) either
prior to injection of the foreign DNA or inside the
rat pronucleus. Neither the number of copies in
these concatemers nor their orientation during in-
sertion can be controlled, and the number of copies
often does not correlate with the degree of trans-
gene expression. Instead, the extent of expression
depends upon regulatory elements within the trans-
gene construct; the locadon of transgene inserrion
(e.g. Clark er af,, 1994) — partdcularly with respect to
enhancer or repressor sequences in the genome
(Blackwood and Kadonga, 1998; Ogbourne and
Antalis, 1998); and the proper orientation of the
open reading frame for transcripdon. Levels of
expression will vary greatly between different lines
that contain the same transgenic construct.
Addidonal factors have been described that may
affect the presentation and complicate the analysis
of phenotypes in transgenic rats. First, transgene
integrarion into a cridcal locus of the genome can
cause an insertonal mutadon that disrupts the not-
mal function of one or more essendal genes (e.g.
Woychik et al, 1985). In such cases, the resulting
effects of the induced mutation are superimposed
on any changes associated with the expression of the
transgene, and addidonal expenments will be
required to fully separate the aspects of the generic
events. These unintended insertional mutadons may
have value as a guide to the genetc locus of an
essendal endogenous gene and, in some instances, as
a novel model of a genedc disease. Insertional
mutagons are unique and occur in only a single
animal line, while true transgenic phenotvpes are
comparable berween all lines of transgenic mice
established from different founders. Therefore, gen-
esis of muldple lines derved from several different
founder animals is a common research pracdce in
order to confirm the presence of a true transgene-
induced phenotype. Second, care must be given to
controlling a variety of potential confounding con-
ditons that may affect the severty of transgene-
induced lesions. For example, the extent of arthrtis
and inflammatory bowel disease in rats transgenic
for the human major histocompanbility complex
antigen HLA-B27 is exacerbated by infecdon with
intesdnal or genitourinary tract bactenma but is
ameliorated by preservanon of a germ-free habitat
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Figure 29.2 Composition of a eukaryotic gene. Mammalian genes often contain several regions including regufatory (R),
promoter (P), signal (S), gene (G), and mRNA-stabilizing (A) sequences. Regulatory and promoter elements control gene
transcription, the signal sequence indicates where transcription should be initiated, and the stabilizing sequence
encodes the addition of a poly-adenosine (polyA) tail. {a) Most genes are divided into alternating amino acid-encoding
regions: exon (Ex) sequences which are included in the mature RNA product, and intron (In) sequences that are
transcribed but removed from the transcript as the exons are spliced together. (b) In some instances, alternative splicing
during transcription of the exons yields different proteins. The lengths of the various genetic elements dencte their
relative number of nucleotides to indicate that not all exons are of the same size.
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Figure 29.3 Creating a transgenic construct. (a) The DNA sequence of the gene of interest, or the complementary DNA
(cDNA) representing the spliced exons (Ex) of the gene cloned from cellular mRNA, is the backbone on which the
transgene is designed. In a series of steps, short sequences of linker nucleotides (L) containing sites for the action of a
restriction enzyme (RE) are added to the ends of the DNA (b); different RE sites may be added to each end. When the
DNA and the RE are mixed with a circular bacterial plasmid (the vector, V) containing a multiple cloning site (MCS; a
region with cutting sites for several RE), the plasmid is cut and the DNA is inserted into the gap (c). Application of a ligase
seals the DNA into the plasmid. Promoter (P) and mRNA stabilizing (A) sequences to direct the strength and location of
transgene expression are added to (or already present in) the vector. The circular plasmid containing the transgene is
introduced into bacteria to allow exponential amplification of the transgenic DNA. The bacteria are collected and treated
with detergents to disrupt their membranes, and the plasmids are isolated by centrifugation. The plasmid is linearized
using a different RE (d), and the vector (V) sequences are pruned with an additional RE to prevent possible deleterious
effects of the vector sequences on expression of the transgene (e). The linearized construct is purified (f) prior to use.
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(Taurog ez al., 1994). These confounding effects may
require the investigation of apparent transgenic
phenotypes under a variety of conditons.

Pronuclear microinjection

Most transgenic animals are created using pro-
nuclear microinjection (Figure 29.4), a technique in

which foreign DNA contained in a vector is injected
into the pronucleus of a zygote isolated shortly after
ferdlizaton. The injected embryos are reimplanted
in the oviduct of a recipient rat to yield potendally
transgenic offspring (founders). For technical details
of the superovuladon and embryo transfer proce-
dures in rats, see Chapter 10 or other reference
materials (Pinkert, 1994).




(a) Embryo donation

/- Osmonc minipump
\ filled with FSH

Injection
o
LH or HCG
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Figure 29.4 Pronuclear microinjection technology. The steps employed in microinjection protocols are superovulation,
Zygote isolation, microinjection, reimplantation and genotypic analysis of founders. First, embryo-donor females are

treated with gonadotropic hormones to induce superovulation and then mated overnight with fertile males to produce ’

fertilized ova (a). The oviducts are removed and flushed to gather the zygotes (single-celled embryos) (b). The outer
cumulus layer is removed from each zygote by incubation in a protease solution (c). Zygotes with paired pronuclei are
restrained with a holding pipette and then pierced with a microinjection pipette that contains the DNA solution (d).
A few picoliters of DNA solution is introduced into one pronucleus, where one or more copies of the transgenic construct
may be inserted at random into a break in the rat's genome. The embryos are reimplanted in the oviduct of a recipient
female (e) to yield potentially transgenic offspring (founders). The genotype of each rat is determined by dissolving a
tissue sample to isolate total genomic DNA, cutting the DNA with restriction enzymes, and then separating the DNA by
electrophoresis (f). The probe detects a DNA sequence that is unique to the transgene. Once founder animals are
established, PCR is often used to rapidly identify transgenic offspring.
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Briefly, the sequential steps used in microinjection
are superovulation, isoladon of fertilized ova, micro-
injection and reimplantadon. First, large numbers of
rat zygotes are obuained by imed admimstradon of
pituitary- or placenta-derived gonadotropic hor-
mones to young adult, embryo-donor rats. Common
inducing agents include mixtures of follicle-samulat-
ing hormone (FSH) and luteinizing hormone (LH),
human choronic gonadotropin (HCG), and preg-
nane mare serum gonadotropin (PMSG; a single
molecule with both FSH and LH acdvides). In rats,
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to gather ova

~

‘® | Naked
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’Fg’/f

injection
°® pipette

-

the usual protocol is continuous infusion of FSH
{using a subcutaneously implanted minipump) fol-
lowed by injection of LH ot HCG (Chapter 10; James
McCabe, personal communication). Ovulation will
occur about 12 hours after the LH or HCG bolus.
Treated donor females are mated overnight with
fertile males to produce zygotes (fertlized ova).
More zygotes per rat may be obtained if older animals
(greater than 10 weeks of age) are used as donors
(Mukumoto et af, 1995). In addition, the efficiency of
ferdle pairings may be increased by selecting female
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rats in estrus based on the presence of cornified
epithelial cells in vaginal swabs (Waynforth and
Flecknell, 1992) or by measuring electrical conduc-
tivity from the vaginal mucosa using an impedance
probe (e.g., Rat Estrus Cycle Monitor; Fine Science
Tools, Foster City, CA, USA). Zygotes are gathered

Genotype by
gel electrophoresis

by flushing both oviducts (removed terminally
under general anesthesia from copulation plug- or
sperm-positive donor females) about 24 hours after
the hormone injection. In outbred rats, typical
superovulation protocols release from 20 to 80
ova per animal {Chapter 10; Robl and Heideman,
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1994; Charreau e a4/, 1996). Enough donor
temales are treated {usually 8~12) so that batches
of at least 200 ova are available for microinjec-
tion. Barch processing increases the efficiency of
the laborious microinjection srep.

Next, zvgotes are prepared for microinjection.
These steps are conducted in a sterile environment,
Zvpores are incubated in a protease soluton to re-
move the associated cumulus cell layer and are then
washed in culture medium. Zygotes with paired
pronuclei are selected for microinjection, restrained
with a holding piperte and then pierced with a micro-
injection pipette that contains the DNA soludon
(Figures 29.4 and 29.5). The perforatons will reseal
themscives after the pipette is withdrawn. A good
operator can inject 80—1350 rar zygotes per hour. The
proporrion of rat zygotes that disintegrate soon after
injection varies greatly between batches of ova, with
ranges of between 10% and 50% reported for the
Sprague-Dawlev (SD) strain {Charreau ¢f 2/, 1996).

After rransgene injecton, zygotes are reimplanted
into the oviducts of female rats. Typically, females
from outbred strains are chosen for their good
marernal care and ready acceptance of cross-fostered
pups. Embryo recipient females are often pseudo-
pregnant animals obtained by marting with a vasec-
omized male (Chaprer 10). As an alternarive,
pregnant females from a strain with pigmented hair
(e.g hooded rar) may be used as recipients for
microinjected embryos from an albino strain (e.g
SD or F-344); at birth, the nontransgenic (colored)
pups are culled (James McCabe, personal communi-
caton). Some investgators culrure the microinjected
zvgotes overnight at 37°C to allow more accurate
selecion of viable (two-celled) embryos for reim-
plantarion. Almost 80% of viable rac zvgotes are
reported to achieve the two-cell stage of embryonic
development after this overnight incubation (Char-
reau e af, 1996). However, other workers have
artained up to a three-fold higher rate of pregnancy
when embryo transfer is completed immediately
after microinjection (Charreau & 2/, 1996; James
McCabe, personal communication).

Zygotes are reimplanced in batches of 20-25 into
one oviduct of each pseudopregnant female, neces-
siraning about 8—10 recipient fernales for each day of
transfer. Again, some researchers (Charreau e a4/,
1996) describe a three-fold higher pregnancy rate for
bilateral transfer procedures (using 10-12 zygortes
per side}, presumably because the embryos do not
have to migrate from one uterine horn to the other,
The transfer of uninjected (‘carrier’) zygotes along

with microinjected ones, while a common practice
in mice to ensure larger litter sizes and sustainable
pregnancies, may result in large litters with fewer
rransgenic pups in rats (Canseco et al, 1994). The
transfer of only microinjected zygotes rournely
produces litters of normal size (e.g 8-15 pups;
Charreau et g/, 1996).

The tvpical survival rate for microinjected rat
zvgotes in culture (as reviewed by Charceau e o/,
1996) ranges berween 30% and 40%, although high-
er rates of aboutr 60% have been reported (Dvcaico
et al,, 1994), This etficiency is about half of that (70—
90%) reported for comparably derived mouse
zygotes (Brinster of 2/, 1985; Taketo e af, 1991;
Canseco ¢f g/, 1994). However, the propordon of
microinjected rat zygotes that, upon return ro a
recipient rars uterus, undergo implantadon and
vield live pups ranges berween 13% and 30% for
outbred donors and is about 4% in inbred strains
(reviewed in Charreau ef 2/, 1996). This outcome in
raes is higher than the reimplantadon efficiencies
recorded for most inbred and outbred mice (5-8%;
Brinster ¢f af, 1985; Canseco ¢f 4/, 1994) except for
the favored FVB /N strain (23%; Taketo et a4, 1991).

In special instances, /# ritro fertilizaton and/or
cryogenic storage may be used to contnue or retain
imporrant rat lines (Chapter 10).- The advantage of
these two techniques is that the useful ‘lifespan’ of
aging transgenic rats from poorly reproducing lines
can be extended. This ability is pardcularly useful if
the rtransgenic animal is male, due to the large
number of ova that can be ferulized /n witro using
sperm from a-single individual. Typically the tech-
nique is emploved only for cridcal lines because of
the technical difficuldes. Briefly, rats are treated with
hormones o induce superovuladon, and the unter-
tilized ova are collected. Ova are mixed with epi-
didymal (mature) sperm and cultured for a variable
length of time before being grouped in cryopreser-
vation straws and frozen rapidly in liquid nitrogen.
After thawing, fertlized ova are transferred into
pseudopregnant recipient females. About 10% of
the ova will vield living pups (Nakagara, 1993; Anzat
et al, 1994). Another recent advance, intracytoplas-
mi¢ injection of freeze-dried and water-reconstituted
sperm nuclei (Wakavama and Yanagimachi, 1998),
may provide a much less expensive means of retain-
ing importanc lines as it avoids the need for liquid
nitrogen and low-temperature storage facilivies.

Any or all of these genedc engineering proce-
dures may be obtained as services from commercial
vendors of transgenic rats.
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Systemic gene delivery

The first genedcally engineered animals were created
by conveyance of transgenes using modified viral
vectors. For this method, the vectors were engi-
neered so that the host cells could not manufacture
intact, infectious virus particles. The advantage of
using viral vectors to deliver transgenes is that only a
single transgene copy is integrated into the genome
without the occurrence of transgene rearrangements
or deledons that often arise during microinjecdon.
The major disadvantage is that systemic gene delivery
to multicelled organisms (adults or older embryos)
typically does not lead to transgene integration in all
cells, resulting in mosaic expression of the new gene.
One of the most critical factors resulting from mo-
saic expression is the potendal loss of a unique
phenotype if the transgene is not transmitted to the
germline cells of the transgenic animal. The lack of
control over these essendal factors is responsible for
the shift to microinjection technology to produce
transgenic animals in most facilites.

Nevertheless, systemic delivery systemns may still
have relevance in the exploration of those questions
in which transgene expression in alf cells is undesir-
able. For example, pronuclear microinjection with
foreign DNA can induce a lethal phenotype in
which the transgenic animal dies at some early
stage of development, commonly before or shortly
after birth. While such lethal events are interesting in
and of themselves, the resulting inability to repro-
duce an adult disease model or establish a breeding
colony may limit the udlity of microinjection for
such ‘embryonic lethal’ genes, In these cases, an
alternadve method is to introduce the transgene into
the adult animal using a chemical (Simoes e 4f,
1998) or, more commonly, a viral vector (Robbins
et al., 1998). In this manner, deleterious effects of the
transgene to the developing embryo may be avoid-
ed. To our knowledge, this procedure has been
reported only in mice (e.g. Sanes ef af, 1986; Hol-
zinger et al,, 1995; Tsukui & 2£, 1996; Baldwin ef 4/,
1997); however, implementation in the rat is feasible.
Viral vector technology is described in more detail
below in the secton on Gene therapy.

Special methods in
transgenic research
Modificadons in the design of transgenic constructs

have engendered several innovative ways to produce
new and more finely controlled transgenic models.

While many of these techniques have been validated
in mice, there is no theoredeal barrier to their use in
Iats.

One exciting approach is the advent of condi-
donal gene expression in transgenics (Figure 29.6).
This tool regulates the onset of expression, provid-
ing another means of avoiding the adverse effects
associated with constitutive transgene overexpres-
sion during early development. In addidon to the
usual elements (promoter, transgene, polyadenyla-
tion sequence), the construct for a condidonal
transgene includes a ligand-inducible control system
{Kithn ef af, 1995; Fishman, 1995). In this manner,
gene expression will be essentally absent until acti-
vated by either the introduction (Passman and Fish-
man, 1994; Wang ¢ /., 1997) or withdrawal (Gossen
et al., 1995; Kistner e af, 1996) of an exogenous
ligand. For example, in one system, the metaliothio-
nein (MT) promoter directs basal expression of cer-
rain endogenous genes at low levels in many dssues.
If the MT promoter is joined to a transgene, addi-
ton of heavy metals to the animal’s diet induces the
MT promoter and drives an increase in hepatic ex-
pression of the transgene of up to 100-fold (Palmiter
et al, 1983).

The main characteristics of an ideal conditional
transgenic system would be low basal (no ‘leakiness’)
and high peak activides, rapid induction upon ad-
ministration of the ligand, and a single control pro-
tein (i.e. a simple signal transducton pathway). Some
condidonal gene expression systems require the en-
gineering of two lines of transgenic animals: one
carrying the gene of interest under the control of an
inducible promoter and another expressing a -acting
control protein (Byrne and Ruddles, 1989; Gardner
et al., 1996). Mating of the two lines results in progeny
that contain both constructs, allowing the -acdng
control protein to act as the inducing ligand for the
promoter that controls the transgene of interest. An
alternative is to create double transgenic animals in
which both the transgene and control protein have
been introduced in the same construct (Schultze et a,
1996). The best conditional gene expression systems
have been engineered using nonmammalian control
elements (e.g. Gossen ¢ 4/, 1993) since promoters of
mammalian origin {e.g. MT) can react in a physio-
logical manner and, therefore, are both leaky and
subject to endogenous regulatory systems (Yarran-
ton, 1992; Fishman, 1995). Ligands that have been
validated in transgenic mice produced by microinjec-
don include tetracycline (Furth e/ @/, 1994; Kistner
et al, 1996; Schultze et al, 1996), the insect hormone
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Figure 29.6 Conditional gene expression. Transgene expression may be controlled by the timed administration of an
exogenous ligand. (a) In addition to the conventional elements in a transgenic construct (Figure 29.3), a conditional
transgene includes an operator (O; a regulatory domain) with which the ligand-binding protein (BP) may interact.

(b) Presence of the ligand (L) results in a conformational change in the ligand-binding protein, resulting in dissociation of
the protein from the transgene. (c, d} Removal of this protein resuits in either initiation or cessation of the transgene’s
transcription. Notations for gene nomenclature are identical to those provided for Figure 29.2.
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ecdvsone (No ef al, 1996), and the progesterone
analog mifepnstone (RU486; Wang e 2, 1997},
Conditional transgenic rats have been reported in
which expression of marker genes injected directly
into a specific organ of an adult was regulated using
systemic administradon of mifeprnstone (Oligino
et al, 1998) or tetracvcline (Fishman e af, 1994).
To our knowledge, conditional transgenic rats have
vet to be created by introduction of genetic material
into embryos.

Another interesting possibility is the production

of animals in which functonal deficiencies have been

imposed through the reduction of an endogenous
gene’s actvity. Three methods have been described.
First, the transgene product may act as a ‘dominant
negative’ element with respect to the endogenous
protein. In other words, the introduction of a single
transgene allele can regulate a strong (‘negative’)
function that reduces or cancels the normal (*posi-
tve’) activity of an endogenous protein. An alterna-
ave possibility is that the transgene product binds
and inactivates an endogenous protein. This latter
paradigm has been employed /# vitre and in vive by the
expression of transgenes that encode single-chain
antdbodies (scFv; Beetli ef al, 1994; Deshane et al,
1997). Such transgenes are designed so that the
protein product consists of the antigen-binding vari-
able portion (Fv) of an antibody, directed against an
intracellular andgen, but lacks a secretory g, Ex-
pression of the scFv transgene results in manufacrure
and cytoplasmic retention of the scFv protein, lead-
ing to binding and inactivation of the antigen. Finally,
a genetic ablation technique may be used to elimi-
nate specific cell rypes by introducing a transgene
that encodes a cytotoxic protein under the control
of a tissue-specific promoter (Palmiter e al, 1987;
Borrelli e 4/, 1988; Mintz and Klein-Szanto, 1992).
Thus, all three schemes may yield funcrional pheno-
npes with features similar to those resulting from
genotypic ‘knockouts’ produced by gene targeting.
The main advantages of these three approaches are
thar this transgenic technology is usually simpler, less
expensive, and more rapid than gene targering,

Gene Targeting

A breakthrough approach in the manipulation of the
mammalian genome was the isolation and culture of
mouse embryonic stem (ES) cells, each of which is
capable of contributing to the formation of all adule
tssues. These cells were derived initially from the

inner cell mass (representing the nascent embryo} of
preimplantation blastocysts (Evans and Kaufman,
1981; Marun, 1981; Bronson and Smithies, 1994). At
present, reliable ES cell lines have been obtained
from only a few mouse strains. Development studies
with ES cell culrures soon expanded to include
successful germline rransmission of genedc muta-
dons introduced into mice by incorporation of
recombinant DNA into cultured ES cells followed
by introduction of the modified ES cells into the
inner cell mass of blastocysts (Bradley ef a/, 1984;
Gossler ef af, 1986; Robertson ef af, 1986). While
mouse ES cells injected into rat morulae also yield
viable interspecific chimeric finders, pluripotent rat
ES cells have yet to be isolated (Tannacconne ef al,
1994, with published errarum, 1997).

Recently, precise manipulation of the mouse ge-
nome has been accomplished through the gene
targeting approach (Figure 29.7). Recent progress
in rat ES cell biology (Charreau et af,, 1996; Takahama
et af., 1998) as well as the many similarities between
mouse and rat reproduction suggest that gene target-
ing in rats will become feasible in the near future.
Therefore, we believe that a discussion of this tech-
nology is appropriate here. First, recombinant DNA
methods are used to alter the cloned sequence of a
selected chromosome locus. This gene alteration is
then transmitted into the genome of the ES cells
through the process of homologous recombination
(Smithies ¢ af., 1985; Doetschman et o/, 1987; Tho-
mas and Capecchi, 1987; for reviews, see Capecchi,
1989, or Koller and Srnithies, 1992). During homolo-
gous recombination (Figure 29.7), the introduced
DNA will pair with the locus of endogenous DNA
that possesses the complimentary nucleotde se-
quence. When the ends of the regions of nucleoude
homology are cut, the DNA pieces are exchanged,
and the transgene is incorporated into the genome
(Tolger et al,, 1982). Thus, the engineered gene is
switched with the endogenous copy and is automati-
cally integrated at the specific and proper location in
the genome. The orentation of the homologous
regions in vector and chromosomal DNA will deter-
mine whether the engineered gene replaces the en-
dogenousone or whether the entire vecror is inserted
into the genome (Hasty and Bradley, 1993).

The properdes of the engineered gene determine
what its functional significance to the animal might
be. For example, one common scenario is to disrupt
the normal coding sequence of the gene, thereby
disturbing normal gene expression and creating a
null mutation (i.e. a ‘knockour’). A second paradigm
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Figure 29.7 Gene targeting technology. The steps involved in targeting an endogenous gene with an engineered gene
include design of the construct, selection of viable stem cell clones, injection of blastocysts, and reimplantation.
{a) Commonly, the targeting construct consists of a plasmid containing the engineered gene linked to one or more
additional genes that encode for xenobiotic selection markers. After amplification in culture, linearized plasmids are
introduced into the embryonic stem (ES) cells. (b) The complimentary sequences of the endogenous gene and the
plasmid-borne engineered gene align and are exchanged by homologous recombination. The ES cells are tested for the
proper introduction of the engineered gene by addition of selection agents.

SINDINHDI] MIN ONIDYIWT G ASOTONHO3 | ¥VINDITOW GNY SNIYIINIONT DI1LINID)



EMERGING NEW TECHNIQUES 0 GENETIC ENGINEERING AND MOLECULAR TECHNOLOGY

(c) Positive selection

add first selection agent @

—-[RT &

+

[EdHR[-}-

Random insertion No insertion

HR: + g HR

Gene targeted correctly ><

add second selection agent @

(d) Negative selection

{e) Biastocyst injection Targeted ES cells

OR

Inner celt
(embryonic) mass

Morula aggregation Morula

QOCOCOOOOOO— Targeted ES cells

Figure 29.7 {continued) {c) For positive selection, ES cell clanes survive in the presence of a toxic agent if they have
incorporated correctly a targeting construct that includes an appropriate and functionai copy of the toxin resistance
gene. (d) Negative selection chooses ES cell clones with the appropriate integration of the targeting vector based on the
loss of a toxin sensitivity gene and resistance of the £S5 cells to a toxic agent. When integration of the targeting vector
occurs outside the region of homology, the sensitivity gene is retained, allowing the ES cells to die. (e} Cells from clones
with the correctly targeted gene are expanded and then injected into the inner cell mass of a blastocyst or aggregated
into a morufa. The embryos are reimplanted in the oviduct of a recipient female. The resulting progeny are chimeric to
variable degrees, depending upon the contribution of the ES ceils to embryonic development, Note: In mice, the ES cells,
the blastocyst or aggregation cells, and the recipient fernale are all derived from mouse lines with different coat colors,
allowing for selection of chimeric progeny with the highest amounts of the targeted gene based on the greatest degree
of coat color consistent with that of the animals from which the ES cells were established.




is o modify the targering sequence into a consritu-
dvely acuvated form and insert it in place of the
endogenous gene (a ‘knockin’; Hanks ef al, 1995). A
loss or gain of gene functdon may result in functional
or structural deficits of varying degrees. Alternative-
ly, the introduced murtation may have no apparent
etfect, suggesting that proteins derived from endog-
enous genes are compensating for the engineered
DNA defect.

An engineered gene is added to a bacterial plas-
mid to produce the targeting vector (Hasty and
Bradley, 1993) (Figure 29.7). The targeting construct
is introduced into ES cells by using chemicals or
electrical current (electroporadon) to create transi-
ent pores in the cellular membranes. The efficiency
of gene entry is low, and only a few of the cells which
pick up the vector will actually undergo homologous
recombination to replace the rargeted endogenous
gene with the engincered DINA in an appropriate
orientation. The majority of the targeting constructs
insert randomly within the genome, or do not inte-
grate at all. Therefore, to idenufy ES cells that
conmin the properly targeted gene, many targering
protocols include positive and/or negative selection
steps (Wurst and joynér, 1993). A positive selection
(Figure 29.7) idenufies ES cells that have incorpo-
rated a drug-resistance gene that was retained by
being designed internal to the regions of homology
on the targeting vector. Culrure of the targeted ES
cells in the presence of the drug results in death of
all ES cells in which the proper genetic recombina-
tion did not occur. In contrast, negadve selection
(Figure 29.7) is carried out by incorporating a drug-
sensitvity gene external to the regions of homology
such that correct integration of the tatgeting vector
results in loss of the sensitivity gene and resistance
of the ES cells to the selection agent. Individual cells
are cultured, and colonies are screened for proper
otientation and integrity of the targeted murant
gene. Once correctly targeted ES cells are idendfied,
they are expanded into large culwures, isolated by
trypsinizaton, and added to cells of the inner cell
mass- of the preimplantation blastocyst by micro-
injection or coaggregation (Wood et al, 1993). At

birth, the ussues of the progeny will be chimeras

derived from both endogenous and engineered ES
cells; extensive characterization then is required to
select founders in which the engineered gene is
transmitted through the germ line (i.e. in which
the gene-targeted ES cells contributed to gonadal
development) (Papaioannou and Johnson, 1993).
However, a recent technical modification is the

production of animals (mice) in which the em-
bryonic component is formed entrely by gene-
targeted ES cells (wwwmshri.on.ca/nagy/Tetra-
ploid/Tetra.htm). This technique will greatly reduce
the ame required to obtain a gene-targeted line. In
addidon, the ability to intermingle embryonic and
extraembryonic (placental) components between
wild-type and gene-targeted embryos will aid gready
in differendating between embryonic and placental
mechanisms by which rargeted genes may lead to
embryonic lethality (Rossant er al, 1998).

Thorough screening of all ES cell cultures avoids
the high labor, monertary and time costs associated
with use of incorrectly targeted genes. In addition,
ES cells should be surveyed for microorganisms to
prevent introduction of pathogens into the breeding
colony. In our experience, fewer than 3% of ES
clones conrain the engineered gene both in the
correct orlentation and with intact sequence. In
mice, abour 30% of injected embryos contain dssues
that are derived from ES cells, and an even smaller
traction of these chimeric founders contain the
engineered gene in their germ cells.

Special methods in gene
targeting research

Two additional means of producing gene-targetedv

animals have been developed in recent years for use
in research questions in which gene inacdvatdon
must be limited to selecred tmes or dssues. The
first procedure, administration of antisense oligo-
nucleotdes, is simple, relatively inexpensive, and
can be used in rats at this ime. In this method, large
numbers of oligonucleoddes are administered by
intravenous injection (intra-amniotic microinjecton
for embryos; Chen and Hales, 1995). These agents
are taken into cells, where they bind to mRINA
molecules with complementary (sense) sequences.
These duplexes are stable, so the protein cannot be
made and the gene is effecdvely inacdvared. How-
ever, the disadvantages of this technique include the
variable extenr of cellular uptake and the leakiness
of the system resulting from incomplete mRNA
binding.

An alternative protocol is the use of site-specific
recombinases, including the Cre//oxP gene targeting
strategy (Figure 29.8). The Cre recombinase, first
idendfied in the bacteriophage P1, is a protein
which excises any DNA sequence located between
two loxP sites (a 34-bp (base pair) nucleotide se-
quence that has not been found in vertebrate
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knockout

Figure 29.8 Site-specific recombination: an alternative gene targeting strategy. Microbial recombinase enzymes mediate
the excision of genetic material located between adjacent loci of certain novel nucleotide sequences. This paradigm
requires the creation of two genetically altered animal lines (a): a transgenic line incorporating a recombinase gene (e.g.
the Cre protein) and a gene-targeted line in which the targeting construct contains a functional form of the endogenous
gene of interest flanked by two recombinase recognition sites {(e.g. the loxP locus, a unique 34-bp sequence recognized
by Cre). The two parent lines of animals are normal, but crossing them resuits in progeny in which the loxP-flanked gene
has been excised in cells that express the transgenic Cre protein (b).




genomes) (Sauer, 1993; Marth, 1996; Akagi et al,
1997). This paradigm requires the creation of two
genetically altered animal lines: a gene-targeted line
in which the engineered construct contains a func-
tional form of the gene of interest flanked by two
loxcP sites (Gu et al., 1994; Kithn ef 2/, 1995), and a
second transgenic line incorporatng the Cre gene
under the control of a suitable promoter. The two
parent lines of animals are normal, but crossing
them results in progeny in which the /ZxP-flanked
gene has been excised in cells that express the
transgenic Cre protein. Gene inactivation can be
limited to a single dssue by placing the Cre trans-
gene under the control of a tissue-specific promoter
(Orban ef al, 1992; Gu et al, 1994; Rajewsky e af,
1996; Rohlmann ef 2, 1996; Tsien é¢f al, 1996). In
addition, Cre activity can be regulated by using a
ligand-dependent conditional gene expression
system to control Cre expression (Metzger ef al,
1995). The novel yeast-derived Flp recombinase
system has been employed in a comparable fashion
(Dymecki, 1996). The recombinase approach should
prove to be especially useful for studying the loss
of developmentally essental genes in specific tssues
of adult animals, particularly where a global gene
knockout approach would result in embryonic
lethality (Copp, 1995).

Gene Therapy

We have discussed above the production of trans-
genic rats by administration of foreign genetic ma-
terial in a viral vector. While this method has been
used successfully to engineer rat models in order to
answer basic research questons, an even more im-
portant consideraton may be the preclinical appli-
cation of such technology in rats to assess risk-to-
benefit ratios for potential human gene therapies,
including such uses as tissue-specific transfer of a
gene to replace a defective protein (perhaps to cure a
lysosomal storage disease) or to deliver a therapeuric
agent (such as a cytotoxic protein to kill cancer
cells). Chemical (Simoes et af, 1998) and viral
(Robbins e# af., 1998) vehicles are now being tested
as therapeutic paradigms in many acquired and in-
herited human diseases. Potendal rate-limiting steps
in achieving successful gene transfer are the low
efficiency of gene integration into the patient’s ge-
nome in the proper target tissue and the short
duraton of activity that may result as the body’s
defense system degrades the transgene or the

protein product. Such issues may be addressed
using rat models of gene therapy.

Two basic approaches are used for gene therapy
experiments. In the ex vz method, host cells are
removed from the animal, transfected while being
cultured, and then reinserted into the same animal.
The alternative i# vivo technique requires the paren-
teral delivery of the genetic material, usually by
intravenous (for systemic exposure) or targeted
(for local acton) injection, or by inhalaton (for
airway expression). Delivery may be made to the
entire adult (Jaffe ef 4., 1992), to a specific region (La
Salle ez a/,, 1993), or to the conceprus (Baldwin ef a/.,
1997). In general, genes are delivered in viral vectors
or in nonviral constructs; the latter systems may
include the passive carriage of unmodified DNA
(e.g. liposomes) or may involve the covalent modi-
fication of the transgene (e.g. chemical conjugates).
The ideal system for gene therapy will yield efficient
gene delivery, minimal pathogenicity (particularly
immunogenicity), and stable and permanent integra-
tion of the transgene into the desired target tissue(s)
and cells. Typically, viral vectors provide more ef-
fective gene incorporation but have greater liabilities
with respect to immunogenicity and their innate
pathogenicity toward the host. While several viral
vectors are used commonly in animal studies and in
human clinical trials, the most common are adeno-
viruses (with linear double-stranded DNA genomes)
and retroviruses (with linear single-stranded RNA
genomes).

Regardless of the viral type, certain aspects of
gene therapy technology are universal. First, one or
more viral genes are deleted (often by replacing them
with the transgene DNA). Ideally, these truncated
viral genomes can neither initiate viral reproduction
in host cells (yielding a ‘replication-defecave’. or
‘replication-incompetent’ vector) nor direct the pro-
duction of viral proteins (thereby reducing its immu-
nogenicity). However, compromises between the
efficiency of gene transfer and the degree of viral
pathogenicity must be balanced against the experi-
mental question. For example, advantages of adeno-
viral vectors include their ability to infect many
different cells (including nondividing ones), their
high expression level in the host animal, and their
high dter. However, the primary disadvantage is the
transient expression of the transgene, which may
result from two factors. One reason is the episomal
(away from the chromosome) location of the trans-
fected material, resulting in presence of the trans-
gene for a short period in the cytoplasm rather than
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permanent integration in the animal’s genome. The
second factor is the host’s immune response against
cells that express these viral proteins. In contrast,
retroviral vectors are inserted permanently into the
genome without expressing any immunogenic pro-
teins. Nevertheless, stable infection with retroviral-
borne transgenes occurs only in dividing cells, and
levels of the transgene product may be low. Rats are
important animal models for the preclinical biology
and toxicology phases of gene therapy trials, al-
though mice may be preferable for some applica-
tons since their smaller body size would allow for
use of smaller amounts of the vector.

Cytogenetics

Cytogenetc technology has made large contribu-
tons to understanding the physical structure of the
rat (and human) normal genome as well as in
characterizing the genetic alterations that occur in
certain diseases, most notably neoplasia (Kerler and
Rabes, 1994). Karyotypic analysis (Figure 29.9), the
assessment of chromosome structure, has been
used for years to define gross abnormalities such
as nondisjunctions and translocatons (Mitelman,
1983; Ichikawa ef 4/, 1990; Montaudon ef 4/,
1990). This evaluation is made on metaphase chro-
mosomes (termed °‘spreads’) that have been
obtained by treatment of cells with colchicine (to
arrest mitosis) and hypotonic chemical solutons (to
rupture the cell and nuclear membranes, thereby
releasing the condensed chromosomes).

Dye banding techniques (e.g. Giemsa or acridine
orange) have revealed fine defects in chromosomal
structure by demonstrating alteradons in the loca-
don or width of various bands associated with more
subtle genetic defects (Kerler and Rabes, 1994;
Sargent ez al, 1996). Several standard dye-specific
banding patterns have been described for the 21
pairs of rat chromosomes (Levan, 1974; Renne e? 4/,
1987; Satoh et al, 1989). These older, powerful
methods of purely physical chromosomal analysis
have been significantly enhanced by the recent ad-
vent of molecular techniques (e.g. fluorescent in situ
hybridizadon (FISH), which assess the locaton of a
specific DNA sequence (i.e. for 2 gene of interest) in
conjuncton with its chromosomal address. For ex-
ample, FISH analysis performed with probes for at
least two single-copy genes can determine the chro-
mosomal locadon as well as the genetic distance
between genes in metaphase spreads, in interphase

(intact) nuclei, and in stretched DNA (Trask ef al,
1989). The resoludon of chromosome mapping
ranges from approximately 3 megabases (Mb) in
metaphase spreads to about 100kb in interphase
nuclei, depending on the local chromatn structure
(Lichter et al, 1990). Molecular techniques even
allow site-specific engineering of chromosomes to
assess the impact of gene heterozygosity and chro-
mosomal abnormalities in animals (Ramirez-Solis
et al., 1995).

Recently, the applicaton of fluorescent cyto-
genetics technology has been extended from the
mapping of single-copy genes with FISH to scans of
the entire genome either by comparative genomic
hybridization (CGH) or spectral karyotyping (Chang
and Mark, 1997). In CGH (Parra and Windle, 1993),
a global analysis of recurrent chromosomal defects
(gains or losses of genetic material) is performed,
usually by competitive hybridization of probes be-
tween differentally labeled normal (e.g. a green
fluorochrome) and tumor-derived (e.g. red fluoro-
chrome) DNA. The labeled probes are hybridized to
metaphase spreads, and a comparison of the inten-
sides of green and red fluorescence along the
chromosomes reflects the relative abundance of
normal gene sequences in the tumor. Regions of
the DNA that are overexpressed in the tumor are
seen as regions of high red intensity on the target
chromosome. The difference can be quandfied by
digital imaging analysis, with current software (avail-
able for the rat, mouse and human) capable of
detecting a change of 10Mb (Kallioniers -# af,
1992). DNA from formalin-fixed, 2:fin-
embedded archival dssues may be as:. - d by
CGH. For example, a small locus can be - :::cted
from the dssue block or a single section -.none
et al., 1998), and the DNA can then be ampuried to
examine genetic changes within a defined dssue or
cell population (Speicher e# al, 1996). The micro-
dissection approach is a particularly useful method
for examining the early, subclinical stages of chronic
diseases such as neoplasia.

Spectral karyotyping (SKYY) surveys all chromo-
somes in a cell population simultaneously for many
major rearrangement events, a screen not possible
with other cytogenetic techniques. All chromo-
somes are labeled with oligonucleotide probes
that have been conjugated to different fluoro-
chromes (Telenius e af, 1992; Liyanage & al,
1996); for example, all 23 human chromosomes
can be uniquely labeled using a combination of
only five fluorochromes. To date, this method has
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Figure 29.9 Cytogenetic technology: karyotypic analysis. Certain gross aiterations in genomic DNA can be assessed by
examining the structure of metaphase (condensed) chromosomes. (a) Dissociated cells are treated with colchicine to
arrest mitosis at the metaphase stage. (b,c) Cells then are washed in hypotonic solutions to weaken the cellular
membranes, and drops of the suspension are expelled onto glass slides to physically break the cells and release the
condensed chromosomes. The chromosomes are stained and examined microscopically for major defects (d), such as
deletions or nondisjunctions or translocations, as well as minor changes in the banding pattern (e). (f) These physical
methods can be supplemented with fluorescent in situ hybridization (FiSH), a molecular technique in which the
chromosomal location of a specific DNA sequence can be determined by the use of an oligonucleotide probe conjugated
to a fluorochrome. Banding pattern adapted from Kerler and Rabes (1994).
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been performed only for human and mouse cells,
bur further work with genetcally engineered rats
will likely result in the adaptation of this technology
for use in this species.

Cloning

The ready availability of large numbers of genedcally
tdentcal rats would facilitate research by gready
reducing the variadon in physiological response
that exists berween subjects with different generic
backgrounds. In the past, the productdon of highly
tnbred rat strains removed much, but not all, of the
genetic heterogeneity between individual animals
{Chapter 1). Recently, cloning methods that allow
the generation of genedcally idendcal individuals
have proven feasible in mammals (Campbell ef a4,

X2

1996; Wilmut ef af, 1997; Wakayama et af, 1998). A
cloned embryo is constructed by introduction of an
intact diploid nucleus (in the quiescent (Gg) stage of
the cell cycle) into an enucleated oocyte (Figure
29.10). The isolated nucleus is joined to the oocyte
either by electric fusion (Wilmut e 2£, 1997) or
microinjection (Wakayama ¢ 2f, 1998), and the
genome i5 activated (to allow re-entry mto the cell
cycle) by electric pulses (Wilmut e 2L, 1997) or
chemical media (Bos-Mikich ef 4/, 1997). The cloned
embryos are then implanted into the oviducts of
recipient fernales. Primary cultures of embryonic,
fetal or adult somadic cells have all been proven to
work as sources for donor nuclei (Campbell ef 4,
1996; Wilmut ef al., 1997), indicating that both par-
tally and terminally differentated genomes are
capable of supporting the entire spectrum of dev-
elopment processes. In addition, adult cells have
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Figure 29.10 Cloning. A cloned embryo is constructed by introduction of an intact diploid nucleus (in the quiescent (Gg)
stage of the cell cycle) into an enucleated oocyte. The isolated nucleus is joined to the oocyte by either electric fusion or
microinjection, and the genome is activated (to allow re-entry into the cell cycle) by electric pulses or chemical media.
The cloned embryos then are implanted into the oviducts of recipient females. Primary cultures of embryonic, fetal or
adult somatic cells all have been proven to work as sources for donor nuclei. Adapted from Wakayama et al. (1998).

been shown to work without a passage in culture
(Wakayama et al.,, 1998). Cloning of rats has not yet
been reported. However, the recently described
‘Honolulu technique’ (Wakayama et 4/, 1998) has

been used to clone several generations of identical
female mice at a relatively high efficiency (2-3%
survival to term of implanted embryos). We believe
that rat cloning will be described in the near future.
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Genotypic Analysis
of Engineered Rats -
Detection of Gene
Insertion

Techniques used to produce and characterize gene-
tically engineered rats require a considerable degree
of technical experuse. Fortunartely, the widespread
acceptance of these molecular procedures has
resulted in the collection of many ‘recipes’ into
manageable volumes of matedal (e.g. Sambrook
et af,, 1989; Brown, 1991; Ausubel e o/, 1998),

The presence of foreign DNA in a genetically
engineered animal may be checked in both qualita-
tive and quantifiable manners using one or more
molecular assays. Brefly, cells are harvested from
the rat, Commonly, the tail ups of weanlings are
removed for this purpose at the same tme that the
mice are given individual idenafication marks (by a
coded sequence of clipped toes and/or ear punches,
a metal ear tag, or an implanted microchip). How-
ever, tail clips or ear punch remnants may be taken at
an earlier age, or oral washes may be gathered from
neonates (Irwin e/ al., 1996), in order to expedite the
genotyping process. The dssue specimens are dis-
solved in a buffered enzyme soludon to release the
total genomic DNA (with incorporated transgene).
Next, DNA is purified using either a series of
solvent extracnons or by chromatographic separa-
tion. In many laboratories, each rat’s genotype is
checked first using the polymerase chain reaction
{PCR). The exponential amplificaton offered by this
technique can quickly differendate between trans-
gene-positive and non-transgenic animals. Typically,
selecting several oligonucleotide primers that span
both ends of the transgene increases the power of
PCR. In this fashion, transcripts from transgenic
and wild-type rats can be differentiated readily by
sizing their distinct band migration patterns on an
agarose gel. However, nonspecific annealing of
oligonucleodde probes ro DNA sites distant from
the transgene may lead to false positive readings. For
this reason, most laboratories confirm the PCR data
by Southern analysis, in which unamplified DNA is
separated on a gel. The omission of the enzymatc
amplification step in this latter procedure prevents
most erroneous results, but the trade-off is that the
small quantty of unamplified transgenic DNA in

the ussue sample may be difficult to detect. Inter-
pretation of such faint bands is aided significantly by
the use of restricion enzymes (specific for sites
within the transgene). Digestion of transgenic and
wild-type DNA strands results in restriction frag-
ments of differing lengths, allowing detection of the
two bands by their disdnct gel migraton pawerns.
Additonal data obtained from the Southern blot are
(1) confirmaton that the founder rats have acquired
the full-length transgene sequence without under-
going gene rearrangements or deletions, (2) infor-
maton regarding the number of sites at which the
transgene has been integrated, and (3) an estimate of
the number of transgene copies that have been
incorporated into the rat’s genome. The multplicity
of integraton sites is addressed by comparing the
inherited bands of the founder with its progeny, and
the bands of the offspring to each other; all rats are
demonstrated to possess the same integradon site if
the DNA bands resulting from restriction enzyme
mapping of the transgenic DNA are idenacal.

An assessment of transgene copy’ number is
performed by comparing the signal strength of the
transgenic bands with a control lane containing a
known amount (usually a single copy) of an endog-
enous gene. A comparable analysis may be used to
determine whether the offspring of a heterozygous
mating are heterozygous (one copy) or homozygous
(two copies) for the transgene. Finally, fluorescent in
sitw hybridizaton (FISH) analysis using transgene-
specific probes may be used in cyrological prepara-
tions of interphase (intact) cells to determine wheth-,
er or not nuclei contain one or two copies of
transgenic DNA (Dinchuk o &/, 1994; Nishino

et al, 1995).

Phenotypic Analysis
of Engineered Rats

Incorporation of foreign DINA does not necessarily
lead to useful gene expression. Often, inserted
DNA is not transcribed into stable full-length
mRNA, or mRNA is not mmanslated into a struc-
turally or functonally active protein. Similarily,
transgenic expression of a non-rat protein may
not be associated with any physiological effect in
the rat {Ganten ef af, 1992). Ideally, a series of
molecular biological and morphological assays may




be performed to characterize both the presence and
the effect of the transgenes product (e.g. Sereda
et al, 1996}, Again, protocols and applicarion of
these procedures within transgenic studies have
been collected into reference manuals (Wassarman
and DePamphilis, 1993; Hogan e @/, 1994; Pinkert,
1994; Ausubel & 4/, 1998).

In general, gene expression is assessed by meas-
uring either the DNA-derived message (mRINA) or,
where possible, quanrification of the presence or
funcrion of the ulimate rransgene product (protein).
Detecdon of the protein is usually preferable as high
levels of mRNA often do not correlate with the
quandty (or even capacity) for translaton into pro-
tein. Furthermore, for some proteins the site of
mRNA translation daoes not correlate with the uld-
mate site of pratein activity. This circumstance is
characteristic of dssues (e.g. bramn) in which cell
bodies contain RINA while the protein is transported
to distant cellular processes, and of sites where the
protein binds to receptors located on other cells or
the extracellular matrix.

Quantitative Analysis
of Gene «pression

Quanttatdve analysis is typically performed in
homogenized dssues (for adult rats) or with pulver-
ized concepruses. Aliquots of homogenate are then
purified to obtain the molecule to be assessed, either
total RNA, mRNA or protein. The molecule is
detected by hybridization with a single- or double-
stranded nucleotide probe (for RNA) or binding of
an antbody (for protein). These detection reagents
are labeled with a radioisotope, a fluorochrome or
an enzyme.

The analytcal techniques of choice for RNA are
the northern assay, reverse transcription polymerase
chain reaction (RT-PCR), and the ribonuclease pro-
tecton assay (RPA). Multiple probes may be readily

prepared to inreract with unique sequences that span’

both the gene-coding region, the promoter, and the
flanking vector; the use of several probes may greatly
increase the assay specificity. In methods employing
electrophoresis, the identity of the molecule is veri-
fied by comparison to a standard (to evaluate size
and migraton characteristics) and, if necessary, by
excising the band and sequencing the genetc
material. Positive internal controls should be in-
cluded in all assays, such as ubiquitously expressed

‘housekeeping’ genes (e.g acdn or glvceraldehyde-
3-phosphate dehydrogenase, GADPH; Goldsworthy
et al., 1993). The sensidvity and specificity of RPA
and RT-PCR is increased over that of the northern
assay because binding of the sense mRNA with a
complementary probe occurs in the reaction buffer
rather than on a solid membrane. In RPA, the gen-
eraton of the double-stranded molecule is detected
by the addition of a RNase with specificity for single-
stranded nucleoddes (RINA or DNA); the enzyme
destroys all but the protected, hybridized message.
The product of RT-PCR can be measured through
detection of an appropriately sized molecule on a gel,
or by real-ime quandfication of the hybndizadon
reaction in solution using a luminescent detection
system.

The quantifiable assays for the transgene-derived
protein in tissues are the western analysis and en-
zyme biochemical procedures. The former tech-
nique measures the physical presence of the
molecule, while the latter detects the presence and
activity of the funcdonal protein. In additon,
secreted proteins encoded by transgenes may be
detected in body fluids (e.g. serum) using enzyme-
linked immunosorbent assays (ELISA) or enzyme
kinetic tests to detect the physical or functonal
presence, respectvely, of the protein, Multiple ant-
bodies that interact with unique protein epitopes
may be available. If a wild-type allele is replaced with
a mutanc allele or a marker gene, the use of probes
with specificity for either the wild-type protein or the
introduced molecule will increase the discriminating
capacity of the assay.

Qualitative ocalization
of Gene Distribu! n

Once expression of the transgene has been con-
firmed in a genedcally engineered line, a qualitarive
analysis to localize the RNA and/or protein is
performed in tissues. These methods may detect
molecules either in enrire organs or embryos (‘whole
mount’ procedures) or in dssue sections (slide-based
procedures). If feasible, organs are preserved by
fixation (usually by immersion in a dilute soludon
of buffered aldehyde) to preserve the averall dssue
structure for subsequent analysis. However, in cer-
tain instances {e.g proteins with delicate andgenic
sites) the fresh tissues are embedded in mounting
medium (e.g. O.C.T.; Miles Laboratories, Elkhart,
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IN, USA) and flash-frozen in supercooled isopen-
rane (2-methyl butane) to prevent degradation of the
molecule while reraining acceprable ossue morphal-
ogy. The analyrical techniques used to localize sites
of transgene expression are comparable to those
described above for homogenized tissues. The prin-
cipal method for demonstraring sense mRNA is ir
s#n hybridizanon. Tissues are treated with a soludon
containing a complementary nucleoade probe
labeled with an isotope, fluorochrome or enzyme.
Next, muldple highly scringent washing steps (e.g.
elevated temperarure, low salinity) and a RNase bath
are applied to remove nonspecifically bound probe.
At present, isotopic methods are considered more
sensitive, but it may be impossible to determine the
exact cells in which transgenes are cxpressed. In
contrast, probes conjugated to fluorochromes or
enzymes often may be used to define the cellular
and even subcellular distribudons of mRNAs of
interest. Protein products are defined by immuno-
histochemistry (Larsson, 1993; Osborn and Isen-
berg, 1994) and enzyme histochemistry (Chayen and
Bitensky, 1994; Mercer, 1999). Again, the former
method measures the physical presence of the trans-
gene product, while the latter detects the presence
and acavity of the functional protein,

Antibodies are the main reagents used for immu-
nohistochemistey. Anti-rat reagents may be available
commercially for more common antdgens (Weimer,
1996; Linscott, 1998); in addition, empirical testing
may demonstrate the ability of antibodies directed
against non-rat anggens to cross-react with rat mole-
cules, thereby providing for their use in rat tissues
(e.g. Smith, 1990), In many instances, however, and-
bodies must be made for the gene product of inter-
est. Double-snining procedures to localize mRNA
and protein simultaneously are possible by perform-
ing /n situ hybridizaton and immunohistochemistey
on the same sample. The mRNA method is com-
monly performed first because the nucleic acids are
more vulnerable to the experimental conditons
during this extended procedure.

Phenotypic Analysis

The two reasons for performing genetic engineering
experiments are (1) to produce a rat model with
specific biological fearures — often to generare an
animal model of human disease — or (2) to introduce
a gene sequence and to investigate the impact of
altered gene expression in viv. Regardless of the

reason, engineered animals must be charactetized
fully to be of maximal use. Many different endpoints
may be assessed, and the choice of which para-
meters to select often is dictated by the researcher's
interests even more than the nature of anv extra-
ordinary findings. Two general categoties to be
evaluated are function and morphology of the rat.
These features may be examined either in the intact
animal ir sy or in relevant target dssues /i vikro.
Heterozygous animals should be included in the
assessment of homozygous and control animals
since partial penetrance (diluted intensity) of the
transgene-induced phenotype may result from the
reduced gene dosage (Lee ¢f 4/, 1995; Langheinrich
et al, 1996; Sereda e/ af, 1996). In addidon, the
generation of chimeras with different rados of
transfected ES cells will assist in the study of gene
dosage in developing and adult animals, particularly
where a homozygous mutadon resuits in an embry-
onic lethal phenotype. Finally, sexual dimorphism
with respect to gene expression and/or the severity
of the phenotype may occur {e.g. Veniant ef a/,, 1996,
Cranston e a/, 1997), so rats of both sexes should
be assessed.

Funcdon represents an important aspect of any
evaluadon. The battery of tests to be performed
will depend upon the prior or predicted knowledge
regarding a novel transgene’s phenotype. For ex-
ample, engineered genes with sequences that are
homologous to members of a gene family or which
are components of a specific biochemical pathway
may be anticipated to have phenctypes comparable
to other members of the group, so the battery of
endpoints might concentrate upon confirming a
known pattern of defects (e.g’ Cacalano e o/,
1998). In conurast, transgenes for which phenotypes
have not been defined must be invesdgated using a
more extensive regimen, [nital tests i vivo are made
during the in-life portdon of the experiment using
behavioral and clinical endpoints. The data may be
acquired repeatedly, are relatively noninvasive, and
provide a dynarnic assessment of a global physio-
logical state. Transgene-induced behavioral altera-
tons might only be manifested during a limited
phase of the animal’s life (¢.g. the neonatal period,
adulthood, senescence), or the effects may occur
throughour life, For practcal consideradons (cost
and time), many functional analyses are limited to
neonaral and young adult animals. Conventional
clinical pathology assays are performed on body
fluids such as blood or urne and often include
serum chemistry to assess organ funcdon (chietly




for the kidney, liver and pancreas) as well as
hematologic parameters to assess blood cell popu-
ladons. Flow cytometric analysis (Camplejohn,
1994) of cell populadons (e.g. blood cells, disso-
ciated lymphoid organs and tumors) may also pro-
vide useful informaton regarding transgene-
induced alteradons. In addition, /# wfre funcdonal
assays might evaluate cell culture (Sereda ef a4/,
1996) or tssue slice (e.g. Alger ef al, 1984) models
using endpoints such as cytokine production (Shi-
kishima ef a/,, 1997), electrophysiological properties
(Sereda et al., 1996), or metabolism (Yamaguchi ef a/.,
1992). Advantages of funcdonal assays include the
speed with which data may be gathered; the non-
invasive nature of certain tests, which allows re-
peated measurements in the same animal; and the
quantifiable nature of the results. The chief disad-
vantages will probably be the wide degree of bio-
logical variation berween responses of individual
rats, and berween animals of different strains
(Crawley et al., 1997). The shifting nature of func-
uonal endpoints /# uvo will often necessitate special
experimental designs with larger numbers of ani-
mals to control for this variation. In all cases, data
should be compared to the findings for normal rats,
ideally using age-matched wild-type littermates as
controls.

Morphology represents another element of the
characterization process, and it often is used as the
‘gold standard’ for defining the effects of genetc
manipuladon. Inidal clinical observadons are gath-
ered for the living rat, with subsequent macroscopic
(gross) assessments of organ systems at necropsy.
Specific endpoints that might be noted include
alterations in the size (larger, smaller, absent),
shape, color or locaton of organs, or the presence
of aberrant elements (e.g. extra organs, tumors).
Tissues then are fixed and processed for microscop-
ic evaluation. If no obvious abnormalitdes are noted,
and if an expected target organ is not known, a
battery of organ systems is screened using a routine
tissue stain (such as hematoxylin and eosin). Next,
organs with confirmed transgene-induced lesions
are subjected to more extensive analysis to define
the biological mechanism. Techniques of value for
such research might include electron microscopy,
immunohistochemistry, in sit# hybridization, mag-
netc resonance imaging (Lukkarinen ef 4/, 1997)
and morphometry. The choice of methods is usually
selected on a case-by-case basis.

The increasing use of genetc engineering tech-
nology has led to a rapidly growing list of genes that

have been shown to have a critical but previously
unsuspected role in embryonic development. In
many instances, alteraton of these pathways during
development announces its significance through the
crude, but definitive, phenotype of embryonic le-
thality. Often, defining when and where the altered
genes and their products exert their effects, as well
as the mechanistic pathway involved, is extremely
difficult. Inidal attempts will probably include a
sequential analysis of both gross and microscopic
structure in the conceptus (and often the placenta).
The goals at this stage are (1) to discover the
developmental stage at which the lethal event is
occurring and then (2) to find the target organ(s)
in an earlier embryonic stage. The recent publication
of several atlases describing prenatal development
of rodents (Theiler, 1989; Kaufman, 1992; Altman
and Baver, 1995; Paxinos et al, 1995) has greatly
aided such investigations. Where feasible, insertion
of a marker gene (Alam and Cook, 1990) in tandem
with the transgene may provide a means of defining
site(s) of early gene expression. Particular attenton
must be paid to ensure that any phenotype is the
result of the desired genetic event and not an inser-
donal mutation in an endogenous gene (Woychik

et al., 1985).

Disclaimer

The reference texts, software packages, and products
mendoned- in this chapter are included only for
illustrative purposes. While these items have been
used successfully by the authors, other products may
serve the same purposes.
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