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The coming of age of the transgenic era
VIRGINIA E. PAPAIOANNOU*
College of Physicians and Surgeons of Columbia University, New
York, NY, USA

Those were heady days. For those of us entering the fields of
genetics and mammalian embryology in the 60s and 70s, the
excitement was palpable. As graduate students and post-docs, we
saw that long-standing barriers were tumbling down before an
onslaught of technological advances. And not only that, the scientists breaking those barriers were all around us as mentors and
colleagues. The rapid pace of progress and the seemingly boundless possibilities hooked us into the field and we gradually became
aware that we, too, were part of a revolution that was on the way
to opening the mammalian genome to experimental alteration.
Who could forget the thrill of seeing mice born of a foster mother,
knowing that as embryos, they had spent a large part of their
preimplantation life in a petri dish? (Fig. 1) (McLaren and Biggers,
1958). Or seeing a variegated mouse that was actually the product
of two separate embryos, combined to make a single animal? (Fig.
2) (Tarkowski, 1961; Mintz, 1964; Gardner, 1968). Or later, seeing
transgenic mice with visible and profound indications of the activity
of an introduced, foreign, mammalian gene functioning within its
genome? (Fig. 3) (Palmiter et al., 1982,1983). As we stood on the
shoulders of giants, we could peer into a new age of genetic
engineering, where alteration of the genome would become a
predictable and precise science.
Ralph Brinster was undoubtedly one of those giants and continues to this day on an unswerving course aimed at understanding
the complexities of the control of gene expression and, ultimately,
of manipulating the information transmitted from one generation to

the next. The field of genetic engineering, in the broadest sense,
owes a great deal to the work and innovations of Dr. Brinster. With
hindsight, it is easy to see how his contributions advanced the field
at key, critical moments, but it was also obvious at the time that his
work was at the forefront and led the way into uncharted territory.
Even more striking is that Brinster seemed at all times to know
exactly where he was heading and to understand the greater
significance of his work. As the contributions to this special issue
of The International Journal of Developmental Biology will attest,
the circles of influence of his work spread widely. What follows is
a highly personal view of some of the major trends that converged
to create the field of transgenic technology (Fig. 4), highlighting
some of the seminal contributions made by Ralph Brinster.
A young person entering science today takes it for granted that
the units of heredity can be dissected, altered, cloned, manipulated
and otherwise subjected to experimental analysis in all species
including mammals. In this age of genetic engineering, the entire
human genome seems to be giving up its secrets in the face of
technological advances. In laboratory animals, it has become
standard technique to add foreign genes and to create specific
mutations in endogenous genes at will. The permanent alteration
of the germ line has become commonplace and is a primary tool in
the elucidation of issues of gene regulation, development, the
disease process, and virtually any other area of biological endeavor.
With the exponential pace of progress, it is amazing to realize that
a mere twenty years ago, the field of molecular biology and
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Fig. 1. The first adult mice produced by embryo transfer in which part
of the preimplantation stages of development occurred in vitro
(McLaren and Biggers, 1958). The two albino mice were cultured from
the 8-cell to the blastocyst stage (from Biggers, 1987).

recombinant DNA technology was in its infancy. The first transgenic
mouse was produced by DNA microinjection just 17 years ago, and
the first mouse with a targeted gene mutation made the scene less
than 12 years ago. The number of transgenics produced by DNA
microinjection is vast and a glance at a current database puts the
number of new mutations created by gene targeting around one
thousand.
This recent history of the genetic revolution has deep roots,
however, and involves the convergence and synergism of different
lines of endeavor during a dynamic time for biological research
(Fig. 4). One line comes from a long tradition of embryo culture and
transfer (reviewed by Biggers, 1987). For the purposes of this
essay, a reasonable starting point might be 1949 when Hammond
cultured preimplantation mouse embryos from the 8 cell stage to
the blastula stage in a medium containing egg white (Hammond,
1949). From this laconic report, it is not entirely clear what his
purposes were, other than an attempt at embryo culture, but not
long thereafter, concerted efforts were made to refine embryo
culture methods by defining the metabolic requirements of
preimplantation embryos at different stages of their development
(Whitten, 1956;1957). That their requirements did change was
evidenced by the in vitro developmental arrest exhibited by the
embryos at specific stages.
The observation of continued cleavage and morphogenesis
was, of course, only one means of determining the success of in
vitro culture; determining whether embryos retained viability after
culture was equally important. The most stringent test for the
quality of in vitro culture conditions is to determine whether
cultured embryos will thrive when returned to the uterus of a foster
mother for continued development. Embryo transfer procedures

had been attempted with success in many species since the
previous century although not always with reproducible results
(reviewed by Biggers, 1987). In 1958, McLaren and Biggers
reported that embryos cultured from the 8 cell through the blastocyst stage could successfully complete their development when
transferred to the uterus of a foster mother (McLaren and Biggers,
1958). This accomplishment opened the way for maintaining and
ultimately manipulating preimplantation embryos during extended
periods of their preimplantation development, while still permitting analyses to be carried out at later stages or even after birth.
The next decade brought intense activity in the development of
in vitro culture methods for embryos. It was clear that any attempts
to study early development and reproduction would be greatly
enhanced by the availability of methods that could sustain mammalian embryonic development during periods of in vitro culture.
The possibility of manipulating preimplantation embryos and
replacing them in the reproductive tract of foster mothers for
postimplantation development and eventual birth gave this effort
extra impetus. Working for his Ph.D. in the laboratory of Dr. John
Biggers, Ralph Brinster began a systematic effort to develop
culture methods and to define the requirements of preimplantation
mouse embryos in order to provide them with an optimal environment for development outside the mother (Brinster, 1963,1965ad,1970). Key advances in this area, including the use of pyruvate
as a metabolic substrate, opened the way for reproducible, high
quality embryo culture which was a necessary basis for exploiting
the rapidly increasing use of embryo manipulation, another essential contribution to the revolution. To this day, Brinster’s culture
methods and media, including the well-known BMOC (Brinster’s
Medium for Ovum Culture) are widely used.

Fig. 2. Adult mouse chimera made by the aggregation in vitro of 8-cell
embryos from a pigmented and a non-pigmented strain (Papaioannou,
1981).
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Hand in hand with improvements in mammalian embryo culture
came the development of an experimental approach to the study
of mammalian preimplantation development, akin to the manipulative probings that had been applied to embryos of oviparous
animals for centuries. During the sixties, several techniques for the
production of mouse chimeras were published in which either
whole preimplantation embryos were aggregated together
(Tarkowski, 1961; Mintz, 1964) or cells were inserted into the
blastocoelic cavity of blastula stage embryos (Gardner, 1968). The
composite animals that developed from such combinations of
genetically different cells were dramatic to look at (Fig. 2) but were
even more impressive considering the potential they held for
tracing cell lineages, testing cell potential, and eventually, as we
shall see later, as vehicles for gene manipulation. The
preimplantation period was rapidly opening up as a window of
opportunity for experimental manipulation of mammalian development.
In the sixties and seventies, mouse chimeras were primarily
used to approach a multitude of questions centering on normal
development and gene expression (McLaren, 1976; Russell,
1978; Le Douarin and McLaren, 1984). Chimeras provided a
means of testing ideas about stem cells and the existence of multior totipotent stem cells at different stages of embryogenesis
(Papaioannou et al., 1978). The first chimeras were made between synchronous embryonic cells, but investigators soon began pushing the limits to test the potential of more and more
asynchronous cells. It was reasoned that stem cell populations in
later stages of embryogenesis might maintain their stem cell
properties even when placed in an asychronous environment,
and could thus be persuaded to reveal their potential in a chimera.
The possibility was certainly not missed that if a stem cell for the
germ line could be found, there was the potential for genetic
manipulation of these cells with subsequent return to the animal.
For example, metabolic mutants could be selected in vitro prior to
their reintroduction into chimeras, where, if the selected cell
contributed to the germ line, the mutation would be perpetuated
in the offspring.
In 1972, Moustafa and Brinster (Moustafa and Brinster, 1972a,b)
succeeded in making chimeras with cells that not only were
asychronous by several days, being taken from postimplantation
embryos, but had also been cultured in vitro for 24 h. The principle
was thus established that the later embryo contained multipotential
stem cells that could contribute extensively to a chimera. But as
those of us trying similar experiments at the time can attest, this
success was the exception, and many other embryonic cell types
from later embryos, including primordial germ cells, the precursors
of the sperm and eggs, made little or no contribution to chimeras
when placed in the preimplantation embryo (Weissman et al., 1977
and unpublished).
At this point we pick up a different thread, because in a few
laboratories, a different kind of stem cell, one from a tumor known
as a teratocarcinoma, was under study as a potential vector for
genetic information in chimeras. Teratocarcinomas are spontaneous tumors of the germ cells composed of different types of
differentiated cells and also multipotential stem cells known as
embryonal carcinoma (EC) cells. The discovery that teratocarcinomas could arise not only from adult germ cells but also from normal
embryos transplanted to ectopic sites (Stevens, 1970), strengthened the idea that stem cells of this tumor were the hypothetical,
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Fig. 3. Covers of
Nature and Science
depicting the effects of
growth hormone transgenes on the growth
of mice (Palmiter et al., 1982,1983).

totipotent stem cells of the embryo that should be able to contribute
to all cells of a chimera, including the germ cells, if only the right
conditions could be found. Brinster, (1974) and others (Mintz and
Illmensee, 1975; Papaioannou et al., 1975) showed that EC cells
could indeed contribute to chimeras when introduced into the
preimplantation embryo, even following extended periods of growth
in vitro (Papaioannou et al., 1975). Furthermore, EC cells could be
selected in vitro for specific metabolic mutations (Slack et al.,
1978). Unfortunately, however, these stem cells never fulfilled their
promise as the elusive, totipotent embryonic stem cells, and in
spite of many attempts, no mutation was ever propagated through
the germline of an EC cell chimera (reviewed by Papaioannou,
1979; Papaioannou and Rossant, 1983).
The setback was only temporary. Not long afterwards, several
laboratories succeeded in deriving stem cell lines directly from
early embryos (Evans and Kaufman, 1981; Martin, 1981). With
respect to their potential in a chimera, these primary cell lines,
called embryonic stem (ES) cell lines, appeared to correspond
most closely to the inner cell mass of the perimplantation embryo.
In practice, this meant that they had the potential to contribute to all
cells of the embryo, including the germ line (Bradley et al., 1984),
and also had the extraordinary capability of growing indefinitely in
vitro as a stem cell line. The totipotent embryonic stem cell had
been isolated and perpetuated in culture at last. With the help of
another revolution that was taking place in molecular biology, the
dream of controlled genetic manipulation of specific chromosomal
genes was about to come true. Soon, chimeras were being made
with ES cells that had been genetically manipulated in vitro by
retroviral vectors (Robertson et al., 1986), DNA transfection (Gossler
et al., 1986), metabolic selection (Hooper et al., 1987; Kuehn et al.,
1987), and the most versatile system of all, site-directed mutagenesis by gene targeting (Thomas and Capecchi, 1987). These
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chimeras transmitted the genetic alteration to their progeny and the
rest is history.
Meanwhile, in parallel with this route to genetic manipulation,
another means of producing transgenic animals was already
proving highly successful. This was the introduction of DNA
directly into the nucleus of the fertilized zygote. The success of
this method was also built on improved embryo culture and
manipulation methods, as well as advances in the rapidly moving
field of recombinant DNA technology, which made cloned genes
available in quantity. The time was ripe for rapid advances and the
pace was fast and furious. Within a few short years in the late 70s
and early 80s, techniques for gene transfer into cultured cells
(reviewed by Solter, 1981) were translated to gene transfer into
embryos, with subsequent transmission of these genes through
the germ line to the next generation. It had already been demonstrated that the preimplantation embryo could incorporate foreign
genes (Jaenisch and Mintz, 1974; Jaenisch, 1976). In a single
year, six different laboratories, including Brinster’s, reported
varying degrees of success in producing transgenic mice following DNA microinjection into the nucleus or cytoplasm of the
fertilized egg (Gordon et al., 1980; Brinster, 1981; Costantini and
Lacy, 1981; Harbers et al., 1981; Wagner, E.F. et al., 1981;
Wagner T.E. et al., 1981). Brinster’s group made use of an
inducible promoter and established the principle that the expression of transgenes could be controlled exogenously. Shortly
thereafter, the covers of both Science and Nature showed the
dramatic effects of a rat (Palmiter et al., 1982) or human (Palmiter
et al., 1983) growth hormone transgene under the influence of an
inducible metallothionein promoter (Fig. 3), a fitting testamonial to
an extraordinary achievement.
Thus began an exciting era of exploration and discovery in
mammalian gene expression and control. It also marked the
beginning of a long-term collaboration between Ralph Brinster
and Richard Palmiter that has produced an immense body of work
applying transgenic technology to a variety of problems and to
different species (Hammer et al., 1985) (see also Brinster and
Palmiter, 1986; Palmiter and Brinster, 1986; Brinster, 1993 and
the articles in the current issue for reviews of some of their work).
Over the years, Brinster has continued to explore new ways
of altering the genome. In 1989, he showed the feasibility of
directly targeting endogenous alleles in the zygote pronucleus,
via homologous recombination following DNA microinjection,
by correcting a deletion in a major histocompatibility gene
(Brinster et al., 1989). Although in this case, no protein product
was produced from the corrected allele and a number of point
mutations were introduced, the transgenic animal transmitted
the targeted allele directly to its offspring. Thus, this direct route
to gene targeting eliminates the need to use ES cells as the
intermediary for transfection, selection, and germ line transmission through chimeras. Although the extremely low success
rate of this direct targeting was discouraging and seemed to
preclude its common application, a “knockout” mutation has
recently been produced using this approach (Susulic et al.,
1995). In this case, the allele in question had been shown
previously to recombine very efficiently with the specific targeting vector. With advances in gene targeting methodology, this
approach could yet come into its own.
The latest, spectacular contribution made by Brinster illustrates his continuing interest in stem cells, in this case adult stem

Fig. 4. The success of genetic manipulation through transgenic technology has depended on convergence of advances in diverse fields.
Combined, these allow different types of genetic alterations.

cells of the male germ line, the spermatogonia. Brinster and his
coworkers isolated spermatogonia from mouse testes, cultured
them for several hours, and then reimplanted them into the
seminiferous tubules of host males. Not only did these cells
establish normal spermatogenesis in the host testes, but they also
produced viable spermatozoa which, upon mating, could fertilize
eggs and produce offspring (Brinster and Avarbock, 1994; Brinster
and Zimmermann, 1994). If the past history of Brinster’s success
is anything to go by, it will only be a matter of time before culture
conditions are developed that will allow maintenance of these
stem cells in vitro and render them amenable to genetic manipulation such as gene targeting by homologous recombination. This alternative approach to transgenesis could be particularly useful in large animals, where the difficulty and expense of embryo manipulation can be limiting factors. With
uncanny perspicacity, Brinster set the stage for development of
the next generation of transgenic methodology that could have
an immense influence in the way we continue to probe and
investigate the genome.
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