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Emerging Concepts

Although a wealth of information is available,
the definitive molecular mechanisms underly-
ing uterine receptivity, uterine nonreceptivity,
embryo-uterine signaling, and decidualization
remain to be resolved. The advent of genomics
creates opportunities to revisit implantation re-
search on a global scale. Microarray (22)
screens and laser capture microdissection may
identify cell-specific genes relevant to implan-
tation. Single cell isolation and proteomics may
identify critical molecules for implantation. The
creation of uterine-specific conditional knock-
outs may revolutionize implantation research,
because deletion of many of the implantation-
associated genes produces embryonic lethality,
precluding studies on implantation. Another
novel approach to isolate the contribution of a
single factor is to selectively deliver the product
directly into the uterus via blastocyst-sized gel-
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atin beads (Fig. 2), mimicking local changes
elicited by a living blastocyst and allowing in
vivo functional analysis (23). New insights into
the mechanisms of implantation will enhance
the efficiency of reproductive technologies rel-
evant to fertility regulation.
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The Science of ART

Richard M. Schultz'* and Carmen J. Williams?

The methods of gamete manipulation used in assisted reproductive tech-
nology (ART) are rapidly proliferating and in some instances outpacing the
underlying science. In this review, we discuss two major advances in the
ART laboratory—intracytoplasmic sperm injection and extended embryo
culture before embryo transfer. We outline the rationale for these ap-
proaches, discuss results of experiments obtained from animal model
systems and human preimplantation embryos that provide the scientific
basis for these procedures, and point out potential concerns that have

arisen from these studies.

About 35 to 70 million couples worldwide
are infertile and have turned to ART to
overcome their infertility. Central to the
practice of ART are procedures for egg and
sperm collection, fertilization in vitro, and
embryo transfer. ART’s perceived safety
and success have led to an increasing de-
mand for its use (Fig. 1). ART procedures
performed in the United States in 1999
accounted for ~1 out of every 150 children
born (), and ~1,000,000 children world-
wide have been conceived by ART proce-
dures since 1978.

In ~40% of infertile couples, the etiol-
ogy of infertility is ascribed in part to the
male. “Male factor” infertility is often due
to a decreased sperm count and/or sperm
motility, or abnormal sperm morphology,
and is sometimes associated with known
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genetic defects. Intracytoplasmic sperm in-
jection (ICSI) was developed to circumvent
the inability of these sperm to fertilize an
egg (2) and revolutionized the treatment of
male factor infertility. In ICSI, laboratory
personnel directly inject a selected sperm
into the egg’s cytoplasm (Fig. 2, A and B).
Although ICSI requires micromanipulation,
it is a relatively simple, straightforward,
and robust procedure that is rapidly gaining
widespread acceptance and is now used to
treat infertility in cases not ascribed to male
factor infertility. For example, in some U.S.
metropolitan areas, ICSI is performed in 60
to 80% of ART procedures (1).

The major concern regarding ICSI is
that it bypasses almost all the natural selec-
tion mechanisms that sperm encounter dur-
ing the course of a natural conception.
There is also the added risk of mechanical
injury to the spindle that could potentially
lead to aneuploidy. Polarized microscopy
to noninvasively locate the position of the
birefringent spindle would, in principle,
solve this problem (3). Other concerns fo-
cus on numerous differences between nor-

mal fertilization and ICSI. In primate ICSI,
sperm head decondensation is asynchro-
nous such that the apical portion remains
condensed when control inseminated eggs
have formed a male pronucleus (Fig. 2, C
and D). Moreover, DNA replication of the
paternal genome after ICSI is delayed, be-
cause it only initiates after complete chro-
mosome decondensation (4). These differ-
ences, and the preferential localization of
the sex chromosomes to the anterior sperm
head (5), may underlie the reported in-
crease in sex chromosome abnormalities
associated with ICSI (6). This increase also
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Fig. 1. Increasing use of ART in the United
States. “Total # cycles” includes fresh nondo-
nor, frozen nondonor, and donor cycles. An ART
cycle typically initiates with ovarian hyper-
stimulation and concludes with embryo trans-
fer. The "% multiple gestation” (of live births),
“% cycles with ICSI,” and “% live births/cycle”
were calculated from fresh, nondonor cycles
only. Data are from (7).
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could reflect increased karyotypic abnor-
malities in sperm from these infertile men
(6). Other differences include introducing
into the egg’s cytoplasm sperm components
(e.g., acrosome) and media components
(e.g., polyvinylpyrrolidone) that normally
do not enter the egg. Moreover, the kinetics
of sperm factor release that initiates the
calcium oscillations responsible for egg ac-
tivation may differ between ICSI and fer-
tilization after sperm-egg plasma mem-
brane interactions (7).

The relative ease of microinjecting human
eggs has spurred interest in developing pro-
cedures to overcome the detrimental effects
of aging on egg-embryo quality that may be
related to compromised mitochondrial func-
tion. Using the mouse as a model system,
microinjection of healthy
egg cytoplasm into oxida-
tively stressed eggs, whose
developmental  compe-
tence is markedly reduced
due to compromised mito-
chondrial function, partial-
ly restores their ability to
develop (8). In an example
of an ART procedure out-
pacing the underlying sci-
ence, such cytoplasmic
transfers have resulted in
the birth of a child with
mitochondrial hetero-
plasmy (9) that has un-
known consequences. Al-
though this ART technique
is now prohibited in the
United States, further re-
search with model systems
will evaluate the suitability
of this procedure as a clin-
ical therapy by establish-
ing its underlying scientif-
ic basis.

A major dilemma in
ART is the incidence of
multiple gestation. Multi-
ple embryos are generated during each ART
treatment cycle, and varying numbers of the
“best” embryos from this pool are chosen for
transfer to ensure a reasonable probability of
pregnancy yet minimize multiple gestation
(i.e., >one fetus). Nevertheless, multiple ges-
tation pregnancies account for ~50% of the
children born from ART procedures. These
pregnancies, as compared to singletons, result
in a much higher incidence of pregnancy
complications, low birth weight, and learning
disabilities (/0). In addition, there are eco-
nomic costs associated with managing these
high-risk pregnancies and the intensive care
of the premature babies. As cogently argued
by Gerris and Van Royen, the obvious solu-
tion is single embryo transfer (SET), in par-
ticular for patients at high risk for multiple
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gestation (/7). Accepting SET as the solution
highlights the problem of identifying the
“best” embryo.

Several morphological criteria are used to
identify the “best” embryos. For example, the
timing of pronuclear apposition and align-
ment of the nucleoluslike bodies and the em-
bryo cleavage rate are correlated with the
incidence of clinical pregnancy (/1). Al-
though these parameters may provide a pro-
spective method to evaluate “embryo quali-
ty,” the molecular and cellular bases for these
observations are unknown.

A more recent approach is to transfer
blastocysts rather than earlier cleavage—stage
embryos. The assumption is that further de-
velopment to the blastocyst stage permits se-
lection of the one or two embryos with the

Fig. 2. (A) Rhesus monkey sperm (labeled with rhodamine) drawn up into an ICS!
pipette. (B) Rhesus monkey egg subjected to ICSI. Note the entire sperm is deposited
into the egg. (C) Twelve hours after ICSI, the perinuclear theca (green, arrow) is still
observed and constricts the apical region of the DNA (blue). F, female pronucleus; M,
male pronucleus. Inset: higher magnification of the male pronucleus. (D) Staining for
the acrosomal vesicle-associated membrane protein ( VAMP) (red) reveals that decon-
densation of the apical portion of the sperm head is inhibited by the VAMP collar. (C)
is reprinted with permission from (25).

highest developmental potential for transfer.
Moreover, transfer of blastocysts into the
uterus provides the appropriate temporal syn-
chronization of the embryo and uterus. De-
velopment to the blastocyst stage, however,
requires culture for 5 to 6 days (instead of 2
to 3 days). Because culture in vitro can affect
gene expression and embryo metabolism in
model systems, concerns have arisen about
the effects of extended culture on these hu-
man embryos that may in part be responsible
for the increased risk of monozygotic twin-
ning after blastocyst transfer (12).

In the mouse, the global pattern of gene
expression is perturbed by modest changes in
media composition [e.g., the presence of an
osmolyte (/3)]. Embryo culture conditions
also can affect the expression of imprinted

genes (i.e., genes that are differentially ex-
pressed from the maternal and paternal ge-
nomes). A global loss of imprinting in human
eggs can result in molar pregnancy [i.e., pla-
cental tissue but no fetus (/4)]. Loss of im-
printing is also associated with Prader-Willi
and Angelman syndromes. Several imprinted
genes are implicated in growth regulation
(e.g., Igf2 and Igf2r). Inclusion of serum in
mouse embryo culture media can result in
both altered expression of several imprinted
genes and reduced developmental potential
after embryo transfer (15). Culture of mouse
embryos to the blastocyst stage under subop-
timal conditions results in biallelic expression
of the H19 gene, which is normally expressed
only from the maternal allele (/6). In bovine
and ovine embryos, culture to the blastocyst
stage before embryo trans-
fer can result in a higher
incidence of fetal and peri-
natal loss (/7). These ab-
normalities . have been at-
tributed to embryo culture
conditions and in sheep
may be linked to reduced
expression of the imprint-
ed Igf2r gene (18). Wheth-
er culture conditions used
in human ART programs
affect the expression of
imprinted genes, and if so,
whether there are long-
term consequences for the
children, is unknown.

Embryo culture also re-
sults in shifts in energy me-
tabolism. In vivo, the early
cleavage-stage, relatively
metabolically quiescent em-
bryo uses pyruvate/lactate,
but not glucose, as a sole
energy source. In con-
trast, blastocysts are
highly metabolically ac-
tive and use glucose as a
sole energy source (/9).
Embryo culture results in a stress response
that is manifested by changes in gene ex-
pression (e.g., expression of heat-shock
genes), apoptosis, and metabolism. For ex-
ample, mouse blastocysts that develop in
vivo convert 40 to 50% of the glucose to
lactate, whereas blastocysts that develop in
vitro from the morula stage convert ~100%
of the glucose to lactate. Early cleavage—
stage embryos also exhibit an increase in
glycolysis in response to culture that is asso-
ciated with reduced implantation and devel-
opment after embryo transfer. Of particular
interest is that inclusion of amino acids in the
medium prevents this metabolic change and
restores the embryo’s ability to implant and
develop after transfer (20).

These findings prompted development of
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completely defined, albeit sometimes propri-
etary, culture media for human embryos that
mimic the changing environment the embryo
experiences during its passage from the ovi-
duct (high pyruvate, low glucose) to the uter-
us (high glucose, low pyruvate). In addition,
oxidative stress is being minimized by in-
cluding EGTA and culturing in 5% oxygen.
Such changes in culture conditions that are
based on model systems may account for
dramatic increases in the ART success rate in
many centers (/). Although other centers
have similar success rates using alternative
media supplements such as maternal serum or
co-culture (i.e., culturing the embryos in the
presence of somatic cells), these conditions
are difficult to replicate. There is clearly a
need to develop standard embryo-culture pro-
tocols that use defined nonproprietary media.
Studies of embryo metabolism also provide
the scientific impetus to assess the predictive
value of noninvasive measurements of glyco-
lysis as a marker for the developmental
potential of single embryos. Noninvasive
measurements of uptake and/or secretion of
specific amino acids in early cleavage—stage
embryos are also being evaluated as predic-
tors of development to the blastocyst stage
(21). In the future, these noninvasive methods
may be used to minimize the length of culture
while enabling transfer of a single cleavage-
stage embryo with the highest developmental
potential.
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The question as to whether ART increases
the incidence of congenital malformations or
has subtle, long-term, and adverse effects on
behavior and cognition remains contentious.
This issue was highlighted in three recent
studies that compared children born after
ART to those naturally conceived. One study
reported an increase in the incidence of neu-
rological abnormalities (22), whereas a sec-
ond study found an increased incidence of
major congenital abnormalities (23); these
differences could not be solely accounted for
by multiple gestation, prematurity, or low
birth weight. A third study reported an in-
crease in the incidence of low birth weight in
singleton pregnancies (24). Although these
findings could be specific to these patient
populations and need to be confirmed, they
nevertheless serve as an impetus to refine
ART procedures to minimize multiple gesta-
tion and any other potential detrimental ef-
fects of ART. This could be done by devel-
oping noninvasive methods, coupled with
morphological embryo assessment, to select
single embryos for transfer, and by experi-
mentally refining ART procedures to mini-
mize the differences between manipulated,
cultured embryos and embryos that develop
in vivo.
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