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Abstract

Development of the methods of molecular and cellular biology now allows specific genetic manipula-
tions of laboratory animals leading to the introduction of an exogenous gene to their genome or elimi-
nation of a particular endogenous gene. This approach represents an invaluable biological tool for a
better understanding of basic physiological and pathological processes. In all fields of biomedical
research, transgenic and knockout animals have contributed greatly to understanding the molecular
cause of several human diseases and allowed production of their animal models, which represent a
useful tool for development of new medical drugs and therapeutic procedures for the treatment of
human diseases. The aim of this short review is to provide a brief survey of the production of geneti-
cally modified animal and to discus their importance human medicine. (Fig. 2, Ref. 19.)
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A photograph of mouse which was significantly larger than
mice we see in nature or laboratory cages appeared at the cover
page of leading scientific journal Nature in December 1982. This
photograph representing a transgenic mouse overexpressing
growth hormone (Palmiter et al, 1982) started a new era in mo-
lecular biology and molecular physiology. A few years later, gene
targeting and knockout animals were introduced in scientific li-
terature as a new phenomenon (Thomas and Capecchi, 1987;
Bernstein and Breitman, 1989). Genetically modified animals
does not represent only a short-term trend, but as we can see in
Figure 1, the number of records containing word transgenic or
knockout in scientific database Medline is still increasing and is
several hundred times higher as ten years ago. In addition to
molecular biology and physiology, the approach to targeted pro-
duction of genetically modified animals has begun to affect
another biological sciences including human medicine (Shuldi-
ner, 1996; Mazoub and Muglia, 1996) and represents an impor-
tant modern trend of molecular medicine with great impact in
pathophysiology, pharmacology and targeted drug development
in pharmaceutical industry. The aim of presented short review is
to provide a brief survey of the production of genetically modi-
fied animal and to discus their importance from the view of hu-
man medicine.

A genetically modified animal is an animal in which the ar-
tificial manipulation of its genome leads to changes in the ex-
pression of a certain proteins and this manipulation is persistent

and transmitted to the progeny. There are several possibilities
representing genetic modifications:

1. Altered expression of an endogenous protein. Such an al-
teration could be positive, leading to the overproduction of a
particular protein, e.g. as in already mentioned case of first trans-
genic mouse overproducing growth hormone, or it could be ne-
gative, leading to a decrease of the level of particular protein.
Knockout animals represent special case of negative manipula-
tion, a particular protein is not expressed at all as a consequence
of total elimination of its gene from genome and such animals
are also called null mutants.

2. Transgenic animals can express an exogenous protein or
the endogenous protein is mutated in such a way that its inherent
physiological function is altered.

Since mice are the most commonly used animals in genetic
manipulations, we will briefly describe the production of trans-
genic and knockout mice. Construction of a target vector, which
will allow efficient transfer of exogenous genetic information, is
the first important step in order to prepare transgenic animal
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(Gordon, 1993). The target vector has to contain all components
important for effective expression of gene. The most critical part
of the target vector is a promoter and the region regulating tran-
scription. The promoter region can affect the efficiency of tran-
scription and tissue specificity as well. A transgene can be ex-
pressed in all tissues of transgenic animals by using a promoter
from an ubiquitously expressed gene e.g. ß-actin or simian virus
40 T antigen. Using tissue-specific promoter, a transgene can be
expressed only in particular tissue. For example, expression in
muscle can be accomplished by using myosin light chain pro-
moter and insulin promoter confines the expression of the trans-
gene to islets of ß-cells of pancreas. Successful transfer of trans-
gene into the mouse genome requires fertilised mouse eggs, which
are harvested before first cleavage, placed in petri dish and the
DNA vector is introduced by microinjection through micropi-
pete. The injected eggs are cultivated to the two-cell stage and
then implanted in the reproductive system of a female mouse
rendered pseudopregnant by hormonal therapy. Typically, 1�5 %
of injected eggs will integrate the transgene into their genomic
DNA and will proceed to full-term embryos. Transgenic pups
are identified by testing their genomic DNA for the transgene by
Southern blot analysis or polymerase chain reaction. It is critical
to determine whether the transgene is being expressed in the
particular tissue. This requires a quantitative analysis of tissue
mRNA, however, the quantitative analysis of protein level, by
enzyme linked immunoassay or Western blot, is more relevant
in this respect. The level of expression of particular protein de-
pends on many factors and can vary greatly among transgenic
animals. Once expression of a transgene has been confirmed,
the founders, who are heterozygous, are mated with nontrans-
genic mates. Resulting heterozygous siblings are mated with each
other to produce mice that are homozygous for the transgene.

The production of knockout mice differs from the produc-
tion of transgenic mice in several steps. The construction of the
DNA vector is completely different. To avoid non-specific ran-

dom integration of the DNA vector to genomic DNA, both ends
of a replacement gene are flanked by long DNA sequences which
are homologous to the sequences flanking the target gene (Fig. 2).
Such gene constructs allow homologous recombination, exchange
of corresponding stretches of DNA when the DNA breaks and
rejoins spontaneously. The frequency of homologous recombina-
tion is extremely low therefore there must be a way to select the
rare cells in which the target gene has been replaced by replace-
ment gene. This is the reason why the gene coding for neomycin
resistance is used as replacement gene. On the other hand, the
gene encoding viral thymidine kinase, which confers sensitivity
to ganciclovir, lies outside homologous flanking regions of re-
placement gene in order to avoid random incorporation of the vector
into genomic DNA. Such a vector is introduced into embryonic
stem cells that are then incubated in medium containing neomy-
cin and ganciclovir. The cells that have incorporated the vector
DNA by homologous recombination resist neomycin (positive
selection) and the cells that have non-specifically taken up vector
DNA, including viral thymidine kinase, are killed by ganciclovir,
because of expression of this kinase (negative selection). In the
embryonic stem cell that have survived selection, the target gene
is replaced by replacement gene on one of the alleles. These clones
are injected into blastocysts that are transferred to the fertile foster
mother in order to produce chimeric mice, which transmit embry-
onic-stem-cell genome to their offspring, yielding mice heterozy-
gous for target gene deficiency. The heterozygotes are bred to each
other to create mice homozygous for the target gene deficiency.
Since not all offspring are homozygous, it is necessary to perform
analysis of genomic DNA, by Southern blot or polymerase chain
reaction, to identify homozygotes. The experimental approach
based on homologous recombination also allows us to knock-in
either endogenous or exogenous protein and to control its tissue
specific expression as well.

The main aim of production of genetically modified animals
is to study or clarify the physiological function of particular pro-

Fig. 1. Number of records in biomedical database Medline contai-
ning word transgenic (chi) or knockout (gamma) per years.

Fig. 2. Schematic drawing of the vector allowing homologous recom-
bination. 5�HR � 5'-homologous region, 3�HR � 3'-homologous re-
gion, Neo � neomycin resistance gene, TK � thymidine kinase gene.
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tein, its influence on and interaction with other proteins as well
as its role in organogenesis and development of organism. Al-
though such experiments started with proteins whose physiolo-
gical function was at least partially known, more effort has been
focused on proteins with unknown or unclear roles in physiolo-
gy. One can consider that using cell or tissue cultures, either
modified by transfection or incubated with specific inhibitors or
activators of metabolic or signalling pathways, is a more rele-
vant experimental approach in order to study physiological func-
tions of proteins. Although such approach has several advantag-
es, e. g. more precise and more reproducible control of experi-
mental conditions, it has several relevant limitations as well. The
withdrawal of tissue or cells from complex anatomical structure
and physiology as well as uncertain life cycle and developmen-
tal state of cultured cells are among the most important limita-
tions of these techniques. The main advantage of genetically
modified animals is the possibility to study physiological role of
particular protein at the level of whole-animal physiology and to
create resources for understanding the molecular regulation of
complex physiology and behaviour. In addition, the sequencing
and analysis of human genome has clearly documented several
putative proteins whose physiological function is unknown. Since
homologous proteins have been found in the mouse genome (In-
ternational Human Genome Sequencing Consortium, 2001), ge-
netic manipulations of animals, especially the knockout approach,
can help to clarify their physiological functions in human be-
ings. Therefore, the genetically modified animals came to be
invaluable experimental tool also in applied biological sciences,
including molecular medicine. The ability of highly specific ge-
netic manipulations of laboratory animals leading to the intro-
duction of exogenous genes to their genome or the elimination
of their endogenous gene contributed greatly to the study of the
molecular of causes of several human diseases. Genetic manipu-
lations have allowed production of animal models, which are of
great value in studies of pathogenesis and molecular mechanism
of diseases. Knockout animals lacking both alleles of particular
gene can be use as the models of autosomal recessive diseases
(Mazoub and Muglia, 1996) whereas transgenic animals expres-
sing mutated proteins allow construction of both autosomal re-
cessive and dominant disorders (Shuldiner, 1996). An excellent
example is the research of pathogenesis and pharmacology of
neurodegenerative diseases. Using surgical or biochemical meth-
ods, it is almost impossible to produce animal models of these
diseases, showing still higher and higher incidence in the devel-
oped countries. However, genetically modified animals allowed
the construction of neurodegenerative models and have great
impact on the study of their pathogenesis (Price et al, 1998) and
pharmacology (Brusa, 1999). As it has been mentioned, the phe-
notype of genetically modified animals has been anticipated by
prior knowledge of the gene�s function. However, in several in-
stances an unexpected mutant phenotype provided an important
new clue about the disease mechanism or helped to clarify it.
For example, the transgenic expression of mutated human Cu/
Zn superoxide dismutase (SOD1) in mice caused motor neuron
degeneration (Gurney et al, 1994), a state similar to human amyo-

trophic lateral sclerosis (ALS), whereas the lack of SOD1 gene
in knockout mice did not lead to the degeneration of motor neu-
rons (Reaume et al, 1996). These results indicate that motor neu-
ron degeneration in patients with familiar form of ALS is the
result of deleterious gain, rather than loss of function. Similarly,
transgenic mice engineered to overexpress a mutant form of the
human gene for ß-amyloid protein precursor (APP) have neuro-
pathological changes very similar to those in person with Alz-
heimer disease (AD). These models support the primary role of
APP in AD and provide a good opportunity to test methods and
pharmacological drugs for the prevention or delay of disease
(Brusa, 1999).

The animal models based on genetically modifications can
be combined with classical biochemical or surgical models, e.g.
occlusion of arteries in models of ischemic heart or brain. Such
an approach represents the possibility to study the involvement
of different proteins in the pathogenesis of diseases without ad-
ditional pharmacological intervention or can be used in order to
identify possible molecular targets for protection and therapeu-
tic intervention. An example of such approach is the study of the
pathological role of cytoplasmatic phospholipase A

2 
during brain

ischemia-reperfusion injury (Bonventre et al, 1998). On the oth-
er hand, expression of toxic proteins under control of tissue spe-
cific promoters can be useful to eliminate particular tissue and
thus to prepare an animal model without surgical treatment. In
one of such model, diphtheria toxin was expressed under the
control of promoter, which drives the expression selectively in
brown adipose tissue. Expression of the toxin led to the extirpa-
tion of the tissue and resulted in the transgenic mice that were
extremely obese and had defects in thermogenesis. The lack of
brown adipose tissue caused insulin resistance and diabetes mel-
litus. Therefore, such animals are appropriate models to study
the relationships among obesity, insulin resistance and glucose
intolerance (Hamann et al, 1995).

Recently, genetically modified animals have been of great
value in studies of morphology and organogenesis of different
organs especially in inherent defects of essential organs (Yama-
gishi et al, 1999). Tissue or cell specific expression of fluores-
cent proteins or reporter genes also open new possibilities for
the study of morphology and the development of particular tis-
sue or cells. Such an approach is extremely useful in the case of
regulatory proteins, e.g. transcription factors (Naya et al, 1999),
which are expressed temporally and at very low levels which is
often a limiting factor for the use of classical immunohistochem-
ical methods. Genetically modified animals also allow us to study
the molecular basis of longevity (Miskin et al, 1999) as well as
relationships between ageing and life style.

In addition to studies of pathogenesis, genetically modified
animals represent a useful tool for the development of new med-
ical drugs and therapeutic procedures for treatment of both in-
herent and spontaneous human diseases. This approach has great
potential especially for pharmaceutical industry where it helps
in the screening of therapeutic agents with potential for study in
clinical trials (Rudmann and Durham, 1999). Genetically modi-
fied animals can also be used in order to study the preventive
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effects of different compounds, e.g. vitamins (Praticó et al, 1998).
Mutations associated with higher incidence of particular disease
and they can be used to test efficiency of somatic-gene therapy
and gene repair (for review see Shastry, 1995; Curiel, 2000).
Recently, animal models have been useful for the discovery of
biological markers and the development of non-invasive methods
which can help in human medicine in order to diagnose disease
and monitor its progress as well as the efficiency of its treatment
(Barnes and Gillett, 1998; de Villiers et al, 2000).

Unlike other methods of molecular and cellular biology which
can be used for diagnostic (Ko�ovský and Turòa, 1989) and treat-
ment (Sámel, 1993) of several human diseases, the approach of
targeted genetic manipulations of animals cannot be directly
applied in clinical medicine. However, a recent study dealing
with the production of α-1,3-galactosyltransferase knockout pigs
opens the possibility of the direct use of genetically modified
animals as organ donors in xenotransplantations (Lai et al, 2002).

Several considerations are important in evaluating the phe-
notype of genetically modified animals and their applicability as
patophysiological and pharmacological models.

1. Since from thermodynamic point of view living organ-
isms represent highly organised open systems in dynamic equi-
librium it is not surprising that the lack of one element of equi-
librium can cause equilibrium disturbance, which can be often
fatal. On the other hand, compensatory mechanisms, compen-
sating for genetic manipulation or keeping system close to the
equilibrium without significant life handicaps, can also be acti-
vated. This fact can make it difficult to distinguish phenotypic
changes due to mutation itself from changes caused by physio-
logical compensation for mutation. Therefore it is important, at
least in the case of an obscured phenotype, to perform compre-
hensive biochemical and morphological analysis in order to re-
veal possible compensatory mechanisms. For example, lack of
parvalbumin, a calcium binding protein expressed in fast-twitch
muscles and some neurons, led to the increase of mitochondrial
volume and level of mitochondrial proteins in fast-twitch mus-
cles of parvalbumin knockout mice (Chen et al, 2001). It is now
interesting to know if such compensation occurs in inhibitory
GABA-ergic interneurons, which also express parvalbumin, and
whether it is a cause of mild neurological phenotype of parval-
bumin knockout mice (Tandon et al, 1999). There are also re-
ports about the proteins, which were considered to be essential,
e.g. myoglobin (Garry et al, 1998) or synaptophysin (McMahon
et al, 1996), but the null mutation does not affect the viability of
mice. Without further analysis it is impossible to distinguish
whether the observed mild phenotype is a consequence of gene
redundancy or an activation of compensatory mechanisms. More
and more sophisticated biochemical methods, e.g. proteome ana-
lysis using two-dimensional gel electrophoresis and mass spec-
trometry protein identification, differential display or gene ar-
ray, are used in order to reveal the compensations of genetic
manipulations.

2. If the gene is expressed in different tissues, morphologi-
cal structures or cells where it may have different functions, its
mutation may have multiple consequences. This is extremely

important in neurobiological research since there are a variety
of neuronal cells having different functions but expressing the
same proteins, which might have different functions in particu-
lar neuron. This problem can be overcome by production of tis-
sue or cell specific knockout or transgenic animals.

3. A gene mutation may cause embryonic death or death in
postnatal period, giving an important information about essen-
tiality of the gene during development but preventing study of
its function in adult animal.

4. The function of two genes may overlap; in which case a
mutation in only one gene may not reveal an abnormal pheno-
type. Interestingly, some overlapping genes are essential which
can also indicate another function of the gene. Isoforms of glutam-
ic acid decarboxylase (GAD), an important enzyme producing
inhibitory neurotransmitter gamma-aminobutyric acid, are an ex-
cellent example. Elimination of GAD67 isoform is lethal where-
as the lack of GAD65 does not produce phenotype significantly
different from wild type (Asada et al, 1997).

5. Mutations of some genes led to phenotypes showing se-
vere defects, which did not correspond to any clinically impor-
tant disorder, indicating either high in vivo stability of the gene
or the interspecies differences. From the view of human medi-
cine, the differences among the species (it means the differences
in genetic background, gene expression, metabolism and signal
transduction) represent the main limitation of the use of geneti-
cally modified animals as models of human diseases. Therefore
some results acquired by this approach can not be applied in
human medicine because of the differences between rodents and
human beings. This fact is, however, a general limitation of all
disease models based on animals. Recently, it has been discovered
that a key issue in the generation of mutant mice of all kind is
their genetic background (Banbury Conference on Genetic Back-
ground in Mice, 1997). It is well documented that a variety of
differences exist among different mouse strains. These include
differences in pharmacological responses, e.g. sensitivity to var-
ious drug treatments, in biochemical properties and in neuroana-
tomical structure. Therefore induced mutations can give rise to
different phenotypes depending on the strain in which the muta-
tion is introduced. On the other hand, understanding the mo-
lecular and cellular basis of genetic background will provide in-
sights into developmental and physiological pathways that are
critical to fundamental biological processes and can be useful
for study and treatment of human diseases (Nadeau, 2001).

All described limitations represent a challenge for future work
in this field. The construction of sophisticated vectors enables
us to inactivate gene at specific times after conception (induc-
ible knockouts) and could avoid embryonic death if inactivation
of gene occurred after critical period of development (Metzger
and Chambon, 2001). This is of great importance for production
of animal models of severe spontaneous diseases which do not
have familiar equivalents (Meuwissen et al, 2001). Time-restrict-
ed inactivation would also allow acute, as opposed to chronic,
states of deficiency to be assessed, since the animals could be
studied before compensatory pathways developed. In addition
to the inducible and tissue specific knockouts and transgenic



Racay P: Genetically modified animals and human medicine 125

animals, production of multiple knockouts or combinations of
knockout-transgene represent one possibility in future of this
experimental approach. Such an approach could be useful in stud-
ies of the proteins with overlapping or multiplied functions as
well as molecular pathways leading to the induction of compen-
satory mechanisms, the problem important also from the view of
gene therapy. In the case of proteins containing more structural
functional domains, it might be difficult to dissect which struc-
tural domain is involved in particular physiological function. The
combination of the knockout approach with either transgenic
expression or knocking in of mutated protein lacking one struc-
tural domain can shed light on physiological importance of par-
ticular structural domain (Nakamura et al, 2001). It seems to be
of great importance to perform comprehensive phenotypic, mor-
phologic and proteomic analysis of genetically modified animals
and to build up complex on line database of genetically modi-
fied animals and results that were obtained by their study (for
example see http://tbase.jax.org or http://www.bioscience.org/
knockout/knochome.htm). Recently, phenotype-driven strategies
using chemical-induced mutagenesis, e.g. ethylnitrosourea (Ball-
ing, 2001), have been target of increasing interest in gene func-
tion analysis.

In summary, the techniques of genetic manipulations of lab-
oratory animals represent a major advance in biology. They have
allowed molecular biology to be integrated with whole-animal
physiology, creating a resource for understanding the molecular
regulation of complex physiology and behaviour. The human
disease models based on genetically modified animals are pro-
mising to provide links between genetics and pathogenesis of
diseases that will lead to a better understanding and treatment of
human disorders.
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