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Invited Review: Functional genomics in the mouse:
powerful techniques for unraveling the basis
of human development and disease

Clifford W. Bogue
Yale Child Health Research Center, Section of Critical Care and Applied Physiology,
Department of Pediatrics, Yale University School of Medicine, New Haven, Connecticut 06519

Bogue, Clifford W. Invited Review: Functional genomics in the mouse:
powerful techniques for unraveling the basis of human development and
disease. J Appl Physiol 94: 2502–2509, 2003; 10.1152/japplphysiol.00209.
2003.—Now that near-complete DNA sequences of both the mouse and
human genomes are available, the next major challenge will be to
determine how each of these genes functions, both alone and in combi-
nation with other genes in the genome. The mouse has a long and rich
history in biological research, and many consider it a model organism for
the study of human development and disease. Over the past few years,
exciting progress has been made in developing techniques for chromo-
some engineering, mutagenesis, mapping and maintenance of muta-
tions, and identification of mutant genes in the mouse. In this mini-
review, many of these powerful techniques will be presented along with
their application to the study of development, physiology, and disease.

phenotype; genome

THE MOUSE: A KEY MODEL ORGANISM FOR
STUDYING HUMAN DEVELOPMENT AND DISEASE

The mouse has a long and profitable history in bio-
medical research, and its origin as the leading model
system for biomedical research can be traced back to
the beginning of human civilization (23, 34). From
early on in history, humans noticed spontaneously
arising coat-color mutants and recorded their observa-
tions for thousands of years; by the 1700s, many vari-
eties of mice had been domesticated as pets by mouse
fanciers in Japan and China. This practice was
adopted by the Europeans, who subsequently began
breeding these strains with local mice, creating the
progenitors of modern laboratory mice (5, 23, 45). Ge-
netic mapping in mice began in 1915 when Haldane
and colleagues (16) reported linkages between the
pink-eye dilution and albino loci on a linkage group
that was eventually assigned to mouse chromosome 7.

Although the publication of the human draft genome
sequence has heralded a new era of research in genet-
ics (26, 51), the obvious logistical obstacles of carrying
out experimental studies in humans necessitate the
use of a model organism. The mouse is quite similar to

humans physiologically and is considered by many to
be the ideal model organism. Some important features
that make the mouse such an ideal organism in which
to study biological processes relevant to humans in-
clude its relatively short generation time (�10 wk), its
small size, the history of over a century of genetic
studies, and the existence of many inbred strains and
hundreds of spontaneous mutations. In addition, prac-
tical techniques are now available for random mu-
tagenesis and directed engineering of the genome
through knockout, knockin, and transgenic techniques.
It is thought that mice and humans diverged from a
common ancestor �65–75 million years ago, yet most
salient aspects of mammalian physiology have not di-
verged significantly in these lineages during this time.
Both organisms have the same organ systems, similar
reproductive cycles, similar skeletons, and quite simi-
lar biochemistries, physiologies, and pathologies. We
now know that the similarity of humans and mice
extends to their genomes as well.

Mus musculus, a species of mouse, is one of the five
key model organisms sequenced as part of the Human
Genome Project. In 1998–1999, the National Institutes
of Health published an action plan for mouse genomics
that, among other things, called for a working draft
sequence of the mouse genome by 2003. The Mouse
Genome Sequencing Consortium, an international con-
sortium dedicated to producing such a working draft
sequence, recently achieved that goal with its publica-
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tion of the genomic sequence of the mouse strain
C57BL/6J (52). Comparison of the mouse and human
genome sequences reveals extensive similarities and
some intriguing differences. Humans and mice have
�30,000 genes each, although the mouse genome is
�14% smaller than the human genome (2.5 vs. 2.9
gigabytes). There is a remarkable degree of synteny
between the two genomes: over 90% of the mouse and
human genomes can be partitioned into regions of
conserved synteny in which the gene order on the
chromosome is conserved. Of the �30,000 protein-cod-
ing genes in the mouse genome, 99% of these have a
sequence match in the human genome; when consider-
ing the entire mouse and human genomes at the nu-
cleotide level, there is �40% identity. The opportuni-
ties to use the information contained in the mouse and
human genomes to study human disease and to devise
new therapies to treat human disease with the use of
the mouse as a model system are extraordinary. This
new information will radically change the way that
experimental genetics can be done.

FUNCTIONAL GENOMIC APPROACHES TO STUDY
GENE FUNCTION AND REGULATION

Understanding the function of genes and other parts
of the genome is known as functional genomics. The
Human Genome Project is just the first step in under-
standing humans at the molecular level. Now that the
sequencing phase of the human and mouse genomes is
complete, many questions remain unanswered, includ-
ing the function of most of the estimated 30,000–
35,000 mouse and human genes. In the following sec-
tions, I will present a few of the techniques that are

being applied to the daunting yet exciting task of
functional genomic analysis in the mouse.

Targeted mutagenesis. Presently, very few of the
�30,000 genes present in the mouse genome have been
mutated; those that have been mutated were mostly by
homologous recombination in embryonic stem cells
(gene knockout). Although this technique is both time
and resource intensive, it remains the best way to
determine the function of a specific gene in vivo. Many
of the genes that have been mutated via targeted
mutagenesis are cataloged at the Jackson Laboratory
(http://tbase.jax.org/). These targeted mutations have
provided a significant amount of information to bio-
medical research so far. There have been, and continue
to be, a number of ongoing refinements to the tech-
nique of targeted mutagenesis that serve to strengthen
the power of this technique for studying gene function.
For instance, rather than just disrupting the function
of an entire gene by homologous recombination (knock-
out), it is also possible to introduce subtle missense
and/or gain of function mutations (knockin) in a spe-
cific gene or gene regulatory element (41, 44). Thus the
function of specific domains of a gene can be elucidated
in vivo, as can the role of gene regulatory elements
such as tissue-specific enhancers. In addition, one ma-
jor advance in the field of targeted mutagenesis is the
development of techniques for conditional control of
gene expression in vivo. The most common techniques
used for conditional gene expression in the mouse
make use of binary transgenic systems in which the
conditional expression of a gene is controlled by the
interaction of two integral components: an “effector”
transgene, whose product interacts, in turn, with a

Fig. 1. Binary transgenics in the mouse. The bi-
nary transgenic system is based on the product of
an “effector” transgene acting on a “target” trans-
gene to activate or silence the transgene of choice.
The effector transgene is expressed in specific tem-
porospatial patterns under the control of a tissue-
specific promoter (TSP). Expression of the target
transgene should only occur in doubly transgenic
F1 progeny derived from mouse lines that carry
either the target transgene or the effector trans-
gene or in the presence of an exogenous inducer
that allows the appropriate interaction of the effec-
tor on the target. The effector gene product-target
gene interaction results in target activation. In
some cases, (such as when using a site-specific DNA
recombinase such as Cre), the effector can also
inactivate the target transgene. In most inducible
binary systems, the effector gene product-target
transgene interaction depends on the presence of
an exogenously added inducer. However, with-
drawal of an inducer can also result in effector
action. (Reproduced from Ref. 28 with permission
from Nature Publishing Group.)

2503INVITED REVIEW

J Appl Physiol • VOL 94 • JUNE 2003 • www.jap.org

 on June 5, 2012
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org/


target transgene (Fig. 1) (Ref. 10 and reviewed in Ref.
28). There are generally two categories of binary sys-
tems used for conditional gene expression. In one, the
effector transgene transactivates the transcription of
the target transgene; this technique is commonly used
for targeting expression of a gene to certain tissues or
developmental time points. In the other, the effector is
a site-specific DNA recombinase that rearranges the
target gene, thereby activating or silencing it.

The most widely used binary systems for gene trans-
activation are the tetracycline-regulated systems orig-
inally developed by Gossen and Bujard (13). In these
systems, the effector is a chimeric construct that in-
cludes the potent transactivator VP16 fused to the
Escherichia coli tetracycline repressor protein (TetR).
This effector can bind both tetracycline and a target
transgene constructed of the 19-bp operator sequences
(tetO) of the tet operon. This then results in gene
transcription. In the original version of this system, the
tetracycline-controlled transactivator is not able to
bind DNA when the inducer, tetracycline, is present.
This system is referred to as tTa or the “tet-off” system.
In a modified version developed in 1995, referred to as
“reverse tTa” (rtTa), the effector binds to the target
transgene only when the inducer is present (14). The
principal difference between the two systems is the
kinetics of transgene induction. In the tTa system,
suppression of transgene expression depends on con-
tinuous exposure to the inducer. On withdrawal of the
inducer, the timing of transgene expression depends on
the rate of clearance of the inducer. In the rtTa system,
the addition of the inducer rapidly induces transgene
expression (perhaps even within hours), but subse-
quent repression and transgene inactivation depend on
the kinetics of clearance of the inducer. Presently,
doxycycline is the inducer of choice due to its low cost,
easy availability, and its ability to efficiently activate
rtTa and inactivate tTa at doses that are well below
those that cause cytotoxicity (2, 14). A second binary
system that has been generated for inducible transac-
tivation of a gene product is the Gal4-based system,
which is based on the transcriptional activator Gal4
from Saccharomyces cerevisae. Gal4 transactivates tar-
get genes by binding to upstream activator sequences
and is the first nonviral binary system to be used in
mice (2, 14). This system shows some promise but
presently is not as widely used as the tetracycline-
based systems.

The development of site-specific DNA recombinases
for use in mice to conditionally control gene expression
is a significant advance in the field of functional
genomics. The biggest disadvantage of traditional gene
knockouts is the fact that irreversible gene deletion
takes place in the germline and often results in embry-
onic lethality. Because many genes function at many
different stages of development and in adult tissues,
one can only assess the earliest, nonredundant func-
tion of a gene, and analysis of its function later in
development is precluded. Additionally, in a global
gene knockout, it can be difficult to decipher cell au-
tonomous from noncell autonomous or systemic effects

of the gene mutation. Therefore, the use of site-specific
DNA recombination allows the investigator to circum-
vent these limitations by silencing a gene at the spe-
cific time and place of their choosing. There are two
types of site-specific recombinases that are commonly
used to conditionally control gene expression in the
mouse: Cre recombinase from the bacteriophage P1
(42) and Flp recombinase from Saccharomyces cerevi-
sae (38). Both of these recombinases catalyze DNA
recombination between two 34-bp recognition se-
quences that are similar in their secondary structure
but differ in their primary sequence (Fig. 2). The rec-
ognition sequences for Cre and Flp are loxP and FRT,
respectively. To generate a tissue-specific knockout,

Fig. 2. Controlling gene expression by DNA recombination. A: the
34-bp loxP and FRT sites each consist of two 13-bp inverse repeats
(black) that flank an 8-bp core sequence (red). This core sequence
confers directionality to these sites (red arrows). B: dimers of Cre or
Flp (pink) catalyze in cis the conservative recombination between
two directly repeated loxP or FRT sites (red arrowheads), resulting
in the formation of a synaptic structure, the excision of region B and
the juxtaposition of regions A and C. If region B is an essential region
of a gene, then the recombination event results in gene inactivation.
Recombination can also activate gene expression. For example, tran-
scription from a promoter in region A could fail to reach protein-
coding sequences in region C if polyadenylation sites exist in region
B; excising region B would therefore activate transcription of region
C. pA, polyadenylation site; TSP, tissue-specific promoter. (Repro-
duced from Ref. 28 with permission from Nature Publishing Group.)
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homologous recombination in embryonic stem cells is
used to generate an allele in which the gene targeted
for inactivation has loxP or FRT recognition sequences
inserted so that recombination between the recognition
sites leads to gene deletion or inactivation (“floxed” or
“FRTed”). In general, the loxP or FRT sites are placed
in intronic sequence so that, in the absence of Cre or
Flp recombinase, the function of the targeted gene is
not disrupted. Then, to effect tissue-specific gene dele-
tion, these mice are mated to mice that harbor a trans-
gene composed of the Cre or Flp recombinase expressed
under the control of a tissue-specific promoter/en-
hancer. Since the first published report of the use of
Cre recombinase to generate a tissue-specific knockout,
the generation of additional tissue-specific Cre-ex-
pressing mice has advanced rapidly, and now there are
many lines available for this purpose (reviewed in Ref.
28).

YACs, BACs, PACs and chromosome engineering.
Over the past 5 yr, significant new advances in the use
of phage-based E. coli homologous recombination sys-
tems have been made, enabling genomic DNA in yeast,
phage, and bacterial artificial chromosomes to be mod-
ified and subcloned without depending on restriction
endonucleases or DNA ligases. This relatively new
technique for genome and chromosome engineering is
referred to as recombinogenic engineering or recom-
bineering (36). As noted previously, targeted genetic
mutation is a crucial part of the functional genomics in
the mouse. However, until recently, the process of
generating the targeting and selection constructs for
homologous recombination in embryonic stem (ES)
cells involved extensive, and often time-consuming,
DNA cloning techniques that relied heavily on the
presence of appropriate and unique restriction endonu-
clease cleavage sites. At times, this can be a formidable
obstacle to constructing appropriate targeting vectors.
In addition, recapitulating human disease-causing ge-
netic mutations by deleting or rearranging megabase-
sized regions of a chromosome is difficult to achieve
with standard recombinant DNA techniques. Thus the
recent development of yeast- and phage-based homol-
ogous recombination systems has greatly accelerated
the pace of developing transgenic and knockout con-
structs and has made it possible to engineer large
segments of genomic DNA, such as those carried on
yeast artificial chromosomes (YACs), bacterial artifi-
cial chromosomes (BACs), or P1 artificial chromosomes
(PACs).

Since at least 1993, it has been known that it is
possible to mutate the yeast genome by deleting a yeast
gene and replacing it with a selectable marker with the
use of homologous recombination (4). This is possible
because in Saccharomyces cerevisae there exists a very
efficient DNA double-strand break and repair recom-
bination pathway that recombines transformed, linear,
double-stranded DNA with homologous sites in the
yeast genome (50). Bradshaw and colleagues (7, 8)
utilized this technique to generate, via homologous
recombination, targeting vectors for mouse knockouts.
They developed a shuttle vector named pClasper that

is a plasmid that can be moved from yeast to bacteria.
This enabled them to subclone DNA by gap repair in
yeast, referred to as in vivo cloning, and then to trans-
form pClasper into bacteria for production of sufficient
quantities for use in generating transgenic mice (7, 8).
More recently, systems have been developed for per-
forming in vivo cloning in bacteria to modify DNA that
is cloned into BAC and PAC vectors (reviewed in Ref.
11). Mutagenesis of BACs and PACs in E. coli enables
an investigator to rapidly alter the structure of genes
in their native contexts without the limitation of using
restriction endonucleases and DNA ligases (Fig. 3).
This allows the use of large segments of cloned DNA
(200–300 kb). The systems that have been developed
recently are based on the E. coli recA system (53) and
on bacteriophage systems (27, 36). In fact, the technol-
ogy now exists that enables one to mutagenize BAC
DNA without the necessity for selection (49) and with-
out leaving exogenous DNA at the mutated site (35,
37). These recombination methods greatly simplify the
generation of transgenic and knockout constructs for
use in gene function and regulation studies (1, 27). In
addition, the in vivo identification of gene regulatory
elements will be much easier with these recombineer-
ing techniques. This is particularly true for regulatory

Fig. 3. In vivo cloning. This method of in vivo cloning uses two linear
DNAs, a vector and a target DNA, which carry stretches of homology
to each other at their ends. Both linear DNAs are electroporated into
competent cells to allow homologous recombination between them,
thereby repairing the plasmid DNA by closing the circle. amp,
ampicillin resistance gene; ori, origin of replication. (Reproduced
from Ref. 11 with permission from Nature Publishing Group.)
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elements that are far from the genes that they regulate
and for genes that are regulated by multiple, different
regulators or combinations of regulators.

Finally, the Cre-loxP system can be used for chromo-
some engineering to produce specific inversions or de-
letions to study the function of a specific region of a
chromosome. This technique was first pioneered by the
Bradley laboratory (40) and combines the power of
gene targeting with Cre-loxP technology to generate
mouse strains that harbor chromosome rearrange-
ments (46). Generation of defined chromosomal rear-
rangements first involves selection of the endpoints for
the region to be rearranged and modification of those
endpoints in two separate steps of gene targeting in ES
cells (Fig. 4). LoxP sites are placed so that they flank
the region to undergo rearrangement. The type of chro-
mosome rearrangement that is generated depends on
the orientation of the loxP sites relative to each other.
If the loxP sites are in the same orientation, then the
region between them is deleted or duplicated (depend-
ing on whether the loxP sites are on the same or
different chromosomes). If they are in the opposite
orientation, then the region between them is inverted.
The use of this technique has been extensively tested
in the Bradley laboratory (29, 30, 40) with mouse
chromosomes 11, 4, and 16. They have shown that, by
using the positive selection strategy, Cre-mediated re-
combination is efficient enough to catalyze site-specific
recombination between loxP sites that are separated
by genomic intervals up to 60 cM in size. One addi-
tional feature that can be added to facilitate mapping,
stock maintenance, and genetic screening is to “tag”
these mutations with a dominant coat-color marker, as
described by Zheng et al. (54). In this modification, a
dominant coat-color marker, such as K14 agouti, is
included in the 5� and 3� cassettes so that mice in
which the rearrangement has occurred can easily be
identified by coat color. There are several valuable uses
for chromosome engineering. Two of the many uses are
mutagenesis screens that use deletion and inversion
strains to define the genetic basis of specific chromo-
somal syndromes in humans, such as DiGeorge syn-
drome. Large numbers of mouse strains with gene
deletions or inversions generated by chromosome engi-
neering can be used in mutagenesis screens to deter-
mine the function of genes within a given genomic
interval (regional mutagenesis screen) (22). These
screens can be used to correlate mutant phenotypic
information with specific chromosomal rearrange-
ments, which is extremely useful for defining gene
function and for generating models of human disease.
Many human birth defects have been attributed to
both chromosome deletions and duplications. DiGeorge
syndrome is the most common human chromosomal
microdeletion syndrome and is associated with a het-
erozygous deletion on chromosome 21 [del(22)(q11)]
(6). Lindsay and coworkers (29) recently generated a
mouse model of DiGeorge syndrome by using chromo-
some engineering and showed that mice heterozygous
for a 1.2-Mb deletion on mouse chromosome 16 have a
cardiovascular phenotype similar to humans with Di-

George syndrome; also, using the same techniques,
they subdivided the 1.2-Mb region to identify the caus-
ative gene (30).

Chemical mutagenesis. Another type of genetic
screen used in mice is a whole genome chemical mu-
tagenesis screen. Chemical mutagenesis is a potent
approach to generate a large mutant mouse resource
and is a screen that focuses on phenotypes rather than
on a specific gene, like targeted mutagenesis, or a

Fig. 4. Generation of defined chromosome rearrangements. The end-
points selected for the rearranged interval (A and B) are modified
using two consecutive steps of gene targeting in the same embryonic
stem (ES) cell. A positive selection scheme with an Hprt minigene is
used to identify clones containing rearrangements induced by Cre.
The Hprt minigene was divided into two nonfunctional halves to
generate the 5� and 3� halves of the Hprt cassette (blue), both of
which share an intron containing a loxP site (orange triangles). Two
positive selectable markers, PGKneobpA and PGKpurobpA (red), use
the PGK promoter to drive expression of the neomycin and puromy-
cin resistance genes, respectively. Step 1 results in the integration of
a loxP site, the 5� Hprt cassette, and the PGKneobpA cassette (Neo)
at endpoint A. Step 2 results in the integration of a second loxP site,
the 3� Hprt cassette, and PGKpurobpA (Puro) at endpoint B. In step
3, Cre is used to catalyze site-specific recombination between loxP
sites. If the loxP sites are in the same orientation, as shown, the
intervening region is deleted. However, if the loxP sites are in
opposite orientation (not shown), a chromosome inversion occurs.
(Reproduced from Ref. 33 with permission from Elsevier Science.)
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specific chromosome or region of a chromosome, like
chromosome engineering. In fact, chemical mutagene-
sis has the potential to generate a large number of
genetic mutations with a similar phenotype. Addition-
ally, because chemical mutagenesis has the ability to
induce single-base changes in DNA, subtle mutations
can be introduced in a gene that may be more informa-
tive about the gene’s function than a null mutation.
The most commonly used mutagen is N-ethyl-N-nitro-
sourea (ENU), a compound that causes single-point
mutations by ethylation. ENU predominately modifies
A/T base pairs and results in missense mutations 64%
of the time, nonsense mutations 10% of the time, and
splicing errors 26% of the time (21, 24). Male mice
treated with ENU undergo effective mutagenesis in
the early spermatogonial cells. Thus, after an initial
sterile period, the males will continue to generate mu-
tated sperm for the remainder of their reproductive
life. In contrast to other mutagenesis techniques, such
as targeted mutations, ENU produces point mutations
that are randomly distributed in the genome, thereby
providing a greater opportunity for uncovering pheno-
typic diversity at a particular genetic locus. Despite
these advantages, one significant challenge in perform-
ing ENU mutagenesis is detecting the underlying mu-
tation. This requires extensive backcrossing to follow
the phenotype in parallel with simple sequence length
polymorphism markers.

There are two types of whole genome genetic screens
that utilize ENU mutagenesis (reviewed in Ref. 21).
One screens for viable and fertile mutants that repre-
sent allelic series, modifiers, or dominant mutations.
This screen is the easiest because it involves treating
males with ENU, mating them with wild-type females,
and analyzing the phenotype of the offspring. The
second type screens for recessive mutations, which
requires a three-generation cross. There are a number
of genome-wide mutagenesis screens underway, and
because of the recent completion of the mouse genome,
interest in performing these types of phenotype-based
screens is increasing.

Identification of mammalian regulatory sequences.
One of the important findings of the human genome
project is that there is a significant amount of noncod-
ing DNA. Although this noncoding DNA serves a num-
ber of different functions, a small fraction of it is felt to
contain gene regulatory sequences. Until recently, de-
spite their importance, these gene regulatory se-
quences have been quite difficult to identify. Classical
techniques for identifying cis-regulatory sequences
have involved a trial-and-error approach, including
generation of deletion constructs for determining the
minimal sequences needed for transcription in cell
culture, DNase I hypersensitivity assays, DNA foot-
printing and gel shift assays, and the use of transgenic
mice harboring reported gene constructs linked to var-
ious-sized genomic DNA fragments. However, these
techniques have consisted largely of unguided searches
of genomic sequence. However, with the completion of
the human and mouse genomes and the genomes of
other organisms that are well under way to completion,

the use of computational methods provides new ways
to screen the genome and accurately predict which
sequences serve as gene regulators (reviewed in
Ref. 39).

A relatively new approach to identifying mammalian
gene regulatory sequences uses interspecies sequence
comparison to identify highly conserved noncoding se-
quences, which are likely to be gene regulators. With
the availability of sequence data from a number of
different organisms, it has become apparent that non-
coding sequences conserved across species often func-
tion experimentally as gene regulatory elements. Most
often, species comparisons are performed between the
mouse and human genomes, and studies based on
these comparisons have been quite fruitful in identify-
ing conserved DNA sequences as true regulatory se-
quences (15, 31, 47). These comparisons are made
possible by the development of global alignment algo-
rithms that align large genomic intervals and identify
areas of conservation (3, 12). Two software programs
developed for visualizing sequence alignment outputs
are VISTA (32) and PIPmaker (43). These two pro-
grams, which are available on the Web, allow an in-
vestigator to analyze sequence data from two or more
species and to visually identify noncoding regions that
are conserved and that lie in the vicinity of genes of
interest. One important issue to consider in using in-
terspecies genomic comparisons is what species should
be used in the comparison. Clearly, one factor that
plays an important role is the availability of sequence
from different species distant from human. In addition,
from sequence comparisons performed already, it is
becoming clear that different regions of the genome
evolve independently from each other, some faster
than others. For instance, available evidence suggests
that the �-globin locus control region has evolved
quickly (15, 31), whereas the T-cell receptor loci have
evolved much more slowly (19, 25). In regions that
have evolved quickly, comparisons of closely related
mammals, such as human and mouse or whale, should
allow easy identification of conserved noncoding se-
quence. However, for regions that have evolved much
more slowly, it may be necessary to perform compari-
sons between more distantly related mammals or non-
mammalian vertebrates (such as birds, reptiles, or
fish) (48).

FUTURE CHALLENGES

Although these are exciting times in mouse genetics,
there remain challenges for the future. One of the
major challenges, which has already been alluded to, is
closing what has been referred to the “phenotype gap”
(9). This term refers to the large disparity between the
number of genes to be mutated and the number of
known mutant phenotypes. Clearly, large-scale mutat-
agenesis screens are a step in the right direction but
will require improved methods for analyzing pheno-
types and detecting physiological abnormalities in
mice. High-throughput phenotype screens that utilize
quantitative analytic methods are needed, which is a
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challenge in the mouse. Despite its superiority as a
genetic model, the small size of the mouse is a chal-
lenge to performing quantitative physiological analy-
ses. One area where some progress has been made is in
the development of methods to detect abnormalities of
the cardiovascular system. Miniaturization of analytic
techniques that have been used in humans and larger
animals have led to important advances in assaying
cardiovascular traits in small animals such as the
mouse (17, 18). Some of the techniques that have been
adapted to mice include echocardiography, electrocar-
diography, telemetry, metabolic and hemodynamic ex-
ercise studies, and electrophysiological studies. Devel-
opment of additional imaging technologies, such as
mini-magnetic resonance and mini-computed tomogra-
phy are needed.

One ongoing project that is of particular interest to
physiologists is the Rat Genome Project. Early on, the
mouse became the mammalian model of choice for
geneticists, whereas the rat became the model of choice
for physiologists. Rat strains have been selected and
bred to have traits of biomedical interest, and, since
the late 1800s, investigators have created more than
240 inbred rat strains that have a number of pheno-
types, such as hypertension, immunologic defects, and
cancer (20). An international effort at sequencing the
rat genome is now underway and will be an extremely
valuable resource of comparative genomics. Recently, a
systems biology approach was used to study cardio-
vascular and renal phenotypes in the rat. Stoll et al.
(44) analyzed 239 phenotypes and mapped 81 of those
traits onto the genome, and aggregates of traits
(“quantitative trait loci) were identified on four chro-
mosomes (chromosomes 1, 2, 7, and 18). Interestingly,
these investigators used a new analytical approach,
which they term physiological profiling, to assess
changes in the system biology of the cardiovascular
system in response to allelic substitutions. These types
of approaches hold great promise for closing the phe-
notype gap.
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