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ABSTRACT

Pregnancy has commonly been viewed as a cooperative interaction between a mother and her
Setus. The effects of natural selection on genes expressed in fetuses, however, may be opposed by
the effects of natural selection on genes expressed in mothers. In this sense, a genetic conflict can
be said to exist between maternal and fetal genes. Fetal genes will be selected to increase the
transfer of nutrients to their fetus, and maternal genes will be selected to limit transfers in excess
of some maternal optimum. Thus a process of evolutionary escalation is predicted in which fetal
actions are opposed by maternal countermeasures. The phenomenon of genomic imprinting means
that a similar conflict exists within fetal cells between genes that are expressed when maternally
derived, and genes that are expressed when paternally derived.

During implantation, fetally derived cells (trophoblast) invade the maternal endometrium and
remodel the endometrial spiral arteries into low-resistance vessels that are unable to constrict.
This invasion has three consequences. First, the fetus gains direct access to its mother’s arterial
blood. Therefore, a mother cannot reduce the nutrient content of blood reaching the placenta without
reducing the nutrient supply to her own tissues. Second, the volume of blood reaching the placenta
becomes largely independent of control by the local maternal vasculature. Third, the placenta is
able to release hormones and other substances directly into the maternal circulation.

Placental hormones, including human chorionic gonadotropin (hCG) and human placental
lactogen (hPL), are predicted to manipulate maternal physiology for fetal benefit. For example,
hPL is proposed to act on maternal prolactin receptors to increase maternal resistance to insulin.
If unopposed, the effect of hPL would be to maintain higher blood glucose levels for longer periods
after meals. This action, however, is countered by increased maternal production of insulin.
Gestational diabetes develops if the mother is unable to mount an adequate response to fetal
manipulation. Similarly, fetal genes are predicted to enhance the flow of maternal blood through
the placenta by increasing maternal blood pressure. Preeclampsia can be interpreted as an attempt
by a poorly nourished fetus to increase its supply of nutrients by increasing the resistance of its
mother’s peripheral circulation.

Unto the woman he said, I will greatly multiply thy INTRODUGTION

sorrow and thy conception; in sorrow thou shalt bring

Jorth children; . . . HE MOST INTIMATE human rela-
Genesis (RST) tionship is that between a mother and
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her fetus. The fetus obtains all its nutrients
and disposes of all its wastes via its mother’s
blood. It shares every breath that its mother
takes and every meal that its mother eats. It
draws on the same food reserves when times
are hard. During the course of human evolu-
tion, different allocations of resources between
a mother’s needs and those of her fetus will
have had profound consequences, particularly
when food was limited. The greater the amount
taken by the fetus, the greater its birthweight,
but the less its mother would have had for
other purposes. Lighter babies would have had
a reduced probability of survival, but costly
pregnancies would have increased the moth-
er’s vulnerability to disease, reduced her abil-
ity to care for existing children, and decreased
her chances of reproducing again. What was
best for the fetus would not always have been
best for its mother, or so it seems.

Despite this appearance, most biologists have
assumed that a mother and her fetus have an
underlying harmony of interests because the
fetus carries its mother’s genes. Put in other
words, maternal genes pay the present cost
of pregnancy to gain a future benefit, and
natural selection acts to increase the benefit
per unit cost. In this view, fetal genes could
not gain from damage to a mother’s health
because the child that developed from the fetus
would forgo benefits from the continued love
and care of a healthy mother.

The argument for harmony is flawed be-
cause a mother and fetus do not carry identical
sets of genes. As a consequence, genetic ac-
tions that enhance the transmission of fetal
genes do not always enhance the transmission
of maternal genes. An infant’s prospects may
be bleak if its mother dies, but children have
survived without mothers. Thus, if childbirth
threatens the lives of a baby and its mother,
the baby may struggle for its own survival,
even if this increases the risk to its mother.
This example is extreme, but conflict may also
be expressed in “seemingly felicitous” preg-
nancies as fetal actions that reduce the proba-
bility of miscarriage or that increase the nutri-
ent content of maternal blood.

A potential source of misunderstanding
should be addressed immediately. The claim
that maternal-fetal relations have been shaped
by a history of evolutionary conflict does not
imply that either mother or fetus would bene-
fit from a drastic change to the status quo,
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nor does it imply that the conflict is without
benefits. Genetic conflicts have a tendency to
escalate, with each move matched by a count-
ermove. Moore and Haig (1991) have likened
such situations to a tug-of-war. Two teams
attempt to shift a flag a small distance either
way, yet there is high tension in the rope and
the system would collapse if either side stopped
pulling. Similarly, intense conflict can exist
between genes in a mother and genes in her
fetus even though the difference between their
optimal outcomes is small. Moreover, the in-
terplay of opposing forces may be essential for a
successful outcome to the pregnancy. Conflict
may also become a source of information to
both parties. An embryo’s ability to overcome
maternal resistance gives its mother a mea-
sure of the embryo’s competence, just as the
strength with which a mother resists an em-
bryo’s demands may indicate to the embryo
how costly these demands are to its mother.
The evolutionary dynamics of move and
countermove mean that the details of mater-
nal-fetal relations may diverge rapidly between
lineages. Mossman (1937) has remarked that
the placenta is probably more variable in struc-
ture than any other mammalian organ, and
Rothchild (1981) has contrasted the highly
variable regulation of the postovulatory folli-
cle (when maternal and fetal genes are vying
for control) with the relatively uniform regula-
tion of the preovulatory follicle. The practical
consequence of rapid divergence is that infor-
mation about placentation and maternal re-
sponses from one species may be a poor guide
for inferences about other species. Further,
an adaptive explanation of relations in any
particular species is likely to have an idiosyn-
cratic historical component because the order
in which rare mutations occur may have been
of crucial importance. For this reason, subse-
quent sections will emphasize evidence from
humans. A distinction has traditionally been
made between the fetus and its extraembry-
onic membranes, although both are part of
the same genetic organism. Unless otherwise
stated, I will use fetus and embryo to refer to
the entire conceptus, including the placenta.
This article has the following plan. In the
next section, I present an argument for the
existence of Genetic Conflict during pregnancy.
This is followed by two sections that present
background information on Gestational Anat-
omy and Fetal Growth and Nutrition. Three ma-
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jor sections address the struggle for control
of fetal nutrition: AT THE FRONT discusses the
placental invasion of the uterine vasculature
and maternal countermeasures; BEHIND THE
LINEs discusses the effects of placental hormones
on maternal physiology; PUTTING UP REsIs-
TANCE discusses the hemodynamics of preg-
nancy. BIRTH AND BEYOND considers the po-
tential for postnatal conflict.

Genetic Conflict

The maternal-fetal relationship has been
shaped by natural selection. If one is to under-
stand its evolution, one must consider the fate
of genes rather than organisms, because the
phenotypic effects of a gene in one organism
may affect the fate of the same gene in another
organism. For example, whether the genes of
a fetus make greater or lesser demands on the
fetus’s mother may influence the survival of
the mother’s other offspring.

An economic analogy is helpful. Organisms
can be viewed as companies and the genes at
a locus as the shareholders of the company.
The same gene may have shares in several
companies. If they could have their own way,
individual investors (genes) would act to max-
imize their profits from their portfolio of in-
vestments, even though these actions need not
maximize company profits. In a transaction
between companies, there is no conflict if the
companies have the same shareholders, but
there may be conflict if the shareholders differ.
Moreover, conflict can exist among the share-
holders of a company if the shareholders have
different interests in other companies affected
by the transaction.

Suppose that a mother can invest a resource
in her current child or retain the resource for
afuture child. The participants in the transac-
tion are the genes of the mother and of the
current child, but the optimal outcome for a
gene is determined by whether it is present
in the future child. Natural selection acts on
the behavior of genes to maximize their ex-
pected profits. Three sets of genes have differ-
ent interests. These are (1) genes in the mother,
(2) maternally derived genes in the current
child, and (3) paternally derived genes in the
current child.

Maternal genes have an equal stake in the
current and future child. Therefore, such genes
favor transfer of the resource to whichever
child will gain the greater benefit. The genes
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of the current child, however, have a greater
stake in the current child than the future child
(because they are definitely present in the one,
but only possibly present in the other). There-
fore, such genes may favor maternal invest-
ment in the current child, even if the future
child could use the resource more effectively.
This idea, that offspring may be selected to
take more from a parent than the parent is
selected to give, was first clearly expressed by
Trivers (1974).

The situation is more complex if mothers
sometimes have offspring by more than one
father. In this case, paternally derived genes
of the current child are less likely to be present
in the future child than are maternally derived
genes. Therefore, situations can arise where
paternally derived genes would maximize their
profits if a resource was transferred to the cur-
rent child, but maternally derived genes would
maximize their profits if the resource went to
the future child (Haig and Westoby, 1989;
Haig, 1992). This complication would be irrele-
vant if genes retained no information about
their parental origin. Genes, however, are
known that have different expression depend-
ing on whether they are inherited via an egg
or sperm (Solter, 1988; Haig and Graham,
1991). Such genes are said to be imprinted.

The strict corporate analogy has to be modi-
fied to apply to genes because a gene usually
has no information about where other copies
of itself are distributed, beyond the transmis-
sion probabilities defined by relatedness. This
has two consequences: (1) A human investor
would usually know whether she had shares in
the other companies involved in a transaction
but, for a genetic investor, complete informa-
tion is replaced by probabilities. Expected prof-
its can be calculated as if probabilities were
fractional shares. (2) At a diploid locus, each
organism has two equal shares. The best strat-
egy for a human investor would often be dif-
ferent if she owned both shares in a company
rather than one, and she would be expected
to adjust her decisions accordingly. A gene,
however, is unlikely to change its expression
when it is homozygous rather than heterozy-
gous. The initial success or failure of a newly
arisen mutation will largely be determined by
its effects in heterozygotes. Therefore, suc-
cessful genes will tend to behave as if the other
shareholder were different. Put another way,
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genetic strategies only take account of imme-
diate common descent.

Conflicts of interests do not prevent share-
holders from cooperating to achieve common
goals. For example, in a transfer between com-
panies, it may be in everyone’s interest to mini-
mize inefficiency and waste once a price has
been determined. Similarly, substantial coop-
eration can exist between maternal and fetal
genes despite conflicts of interest. The implicit
metaphor for the genome has often been a
machine, of which the genes are components,
each with a rigidly specified function. I hope
to balance the mechanical model with the met-
aphor of the genome as a society, of which the
genes are the members, sometimes in conflict
and sometimes in harmony. The coexistence
of cooperation and conflict is a general feature
of social organizations, of which the capitalist
firm and the human genome are just two ex-
amples. I will refer to this social perspective
of pregnancy as the conflict hypothesis because
itisin the recognition of conflict that my views
depart most from previous interpretations.

The conceptual distinction between a com-
pany and its shareholders means that it is
wrong to equate an individual’s interests with
the (metaphorical) interests of his or her genes.
For ease of expression, however, subsequent
sections will sometimes be written as if conflict
exists between a mother and her fetus, rather
than between sets of genes. Such passages
should be understood as referring solely to
genetic conflicts.

Gestational Anatomy

This section presents background informa-
tion (and terminology) about the anatomy of
the human placenta and uterus. It is based
in part on the following works: Noyes et al.
(1950) and Ferenczy (1987), who describe the
cyclic changes of the nonpregnant endome-
trium; Farrer-Brown et al. (1970a,b), who
describe the blood vessels of the nonpregnant
uterus; Harris and Ramsey (1966), Brosens
et al. (1967), and Pijnenborg et al. (1980,
1983), who describe changes to the uterine
vasculature during pregnancy; Wynn (1967,
1974, 1989) and Ramsey et al. (1976), who
describe decidualization and the endometrial
response to pregnancy. Accessible accounts of
early placentation can be found in Benirschke
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and Kaufmann (1990), Pijnenborg (1990), and
Kurman (1991).

The human embryo implants in the mater-
nal endometrium on about the seventh day
after ovulation. A mother often does not know
she is pregnant until the failure of menstrua-
tion seven days later. In the days following
ovulation, the endometrial glands secrete a
mixture of carbohydrates and proteins into
the uterine lumen. At the same time, the arte-
rioles that supply the endometrium lengthen
and become highly coiled. These vessels (which
will later bring maternal blood to the placenta)
are known as spiral arteries. The maternal tis-
sues that line the pregnant uterus are known
as the decidua, because they are shed with
the placenta at birth (cf. deciduous). Decidu-
alization is initiated at around the time of im-
plantation. In the decidual reaction, stromal
cells enlarge and secrete a tough pericellular
capsule. The reaction is at first localized to
cells surrounding the spiral arteries, but soon
spreads to neighboring cells. If implantation
fails to occur, the endometrial glands, spiral
arteries, and partially decidualized stroma are
sloughed during menstruation, only to be re-
generated during the next cycle. The secre-
tory activity of the endometrial glands, the
coiling of the spiral arteries, and the initial
stages of decidualization will all occur in the
absence of fertilization and implantation.

The majority of cells of the first-trimester
decidua express leukocyte antigens. The larg-
est single population, outnumbering stromal
cells, consists of large granular lymphocytes
(LGLs), with smaller populations of macro-
phages and T cells. The abundance of endo-
metrial LGLs increases dramatically between
ovulation and implantation, under hormonal
influences. By term, however, LGLs are only
a small minority of decidual cells (Starkey et
al., 1988; Starkey, 1992).

Before implantation, the human blastocyst
differentiates into an outer layer of tropho-
blast and an inner cell mass. The trophoblast
forms those parts of the placenta that make
direct contact with maternal tissues, whereas
the inner cell mass gives rise to the embryo,
the amnion, and the mesenchymal and vascu-
lar tissues of the placenta. T'wo basic types of
trophoblast are commonly recognized: mono-
nucleate cytotrophoblast and multinucleate
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syncytiotrophoblast. The latter is formed by
the fusion of cytotrophoblasts. Syncytiotropho-
blast is responsible for the initial invasion of
the endometrium, but deeper penetration of
maternal tissues is achieved by cytotropho-
blasts. These cells sometimes resemble nearby
maternal cells (decidua and smooth muscle),
but they can be identified histochemically (An-
gel et al., 1985; Kurman, 1991).

Some cytotrophoblasts invade the endome-
trium by an interstitial route and aggregate
around the maternal spiral arteries. Other cyto-
trophoblasts invade the endometrium via the
lumens of the same arteries. Both interstitial
and endovascular cytotrophoblast contribute
to the breakdown of the endothelium and
smooth muscle of the arterial walls. The walls
are replaced by a fibrinoid deposit, without
muscular or elastic elements. The arteries are
thus converted into distended vessels that are
unable to respond to maternal vasoconstric-
tors. These changes usually extend some dis-
tance into the myometrium (Pijnenborg et al.
1980, 1981, 1983; Gerretsen et al., 1983; Yeh
and Kurman, 1989; Pijnenborg, 1990). Ad-
renergic (sympathetic) nerves disappear from
the placental site during pregnancy, but cho-
linergic (parasympathetic) nerves are unaf-
fected (Thorbert et al., 1979; O’Shaughnessy
et al., 1992).

As trophoblast breaches the walls of mater-
nal veins and arteries, a system of internal
cavities forms within the syncytiotrophoblast.
These cavities coalesce and establish continu-
ity with the maternal vessels. After the forma-
tion of chorionic villi, this internal cavity of
the placenta isknown as the intervillous space.
The villi are formed when sprouts of syncytio-
trophoblast that project into the cavity are
invaded by cytotrophoblasts and by cells de-
rived from the inner cell mass. The latter cells
give rise to the villous mesenchyme and capil-
laries. On the maternal side of the intervillous
space lies the basal plate of the placenta, in
which maternal and fetal cells are intermin-
gled. Brosens and Dixon (1966) have esti-
mated that the basal plate contains the open-
ings of about 120 spiral arteries. On the fetal
side of the intervillous space is the chorionic
plate of the placenta into which the umbilical
cord inserts. An excellent account of placental
structure and the organization of the villous
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trees can be found in Benirschke and Kauf-
mann (1990).

The intervillous space is the site of exchange
between maternal and fetal circulations. Ma-
ternal blood enters the space via the modified
spiral arteries, is exposed to the villous surface
(syncytiotrophoblast), and leaves via uterine
veins. Fetal blood reaches the placenta via the
umbilical arteries, flows through a capillary
net, and returns via the umbilical vein. Fetal
and maternal blood are, at all times, separated
by a layer of syncytiotrophoblast, a variable
thickness of cytotrophoblast and mesenchyme
(sometimes absent), and the walls of the fetal
capillaries. These cells are all of fetal origin.
Therefore, trophoblast can secrete substances
directly into maternal blood, but maternal
products must cross trophoblast membranes
and cytoplasm before they reach fetal blood.

The maternal and paternal genomes of the
fetus perform different roles during develop-
ment. This is most clearly revealed in the ab-
errant development of human conceptuses
with abnormal ratios of maternal to paternal
genomes. A complete hydatidiform mole is the name
given to a conceptus that shows massive prolif-
eration of placental tissues, without an associ-
ated fetus. The chorionic villi of a complete
mole are usually hydropic (swollen and fluid-
filled), without fetal blood vessels (Benirschke
and Kaufmann, 1990; Kurman, 1991). Most
complete moles are diploid, with both sets of
chromosomes paternally derived (Kajii and
Ohama, 1977; Wakeetal., 1978). Their mito-
chondrial genome, however, is maternally de-
rived (Azuma et al., 1991). A less extreme
phenotype is shown by human triploids. Di-
andric triploids (partial hydatidiform moles) have
large cystic placentas. The fetus is well grown
with a relatively small head. By contrast, di-
gynictriploids have small noncystic placentas.
The fetus is growth-retarded with a relatively
large head (McFadden and Kalousek, 1991;
Lindor et al., 1992). Thus the paternal ge-
nome appears to play a greater role than the
maternal genome in placental growth.

Fetal Growth and Nutrition

During early pregnancy, motherslay down
fat to prepare for later pregnancy and lacta-
tion. Maternal fat reaches a peak near the end
of second trimester, and then declines (Pipe
et al., 1979). Thus, well-fed mothers are able
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to meet the costs of pregnancy from their daily
food intake until the third trimester. A similar
conclusion is suggested by birthweights from
multiple pregnancies. Quadruplets and single-
tons have similar weights until 26 weeks gesta-
tion; triplets fall behind singletons at 27 weeks;
and twins at 30 weeks. Once the growth of
individual fetuses falls behind the growth
curve for singletons, the weekly increment in
“litter” weight is approximately equal for all
litter sizes (McKeown and Record, 1953).
The mother appears to impose an upper limit
on how much she supplies to her offspring.

The nutrient requirements of the embryo
are initially small, and are supplied by the
secretions of the endometrial glands (a mix-
ture of glycogen, lipids and proteins), proba-
bly supplemented by ingestion of the cellular
debris that is produced as the trophoblast
invades the endometrium (Boyd, 1959). Al-
though the mother is not nutritionally stressed
at these early stages, maternal-fetal conflict
1s predicted, because the number of spiral ar-
teries that are tapped during early pregnancy,
before nutrients become limiting, will influ-
ence the volume of maternal blood available
to the fetus in late pregnancy, when fetal needs
are greatest. Circulation of blood through the
intervillous space is established by the end
of first trimester (Hustin and Schaaps, 1987,
Rodesch et al., 1992).

Both the fetus (minus placenta) and the pla-
centa increase in weight throughout preg-
nancy, but not in constant proportion. A typi-
cal fetus has been estimated to weigh 30 g at
12 weeks, 750 g at 24 weeks, and 2750 g at 36
weeks. The corresponding placental weights
are42 g, 210 g, and 425 g. The placenta com-
prises85 % of combined weight at eight weeks,
but only 12% at 38 weeks (Benirschke and
Kaufmann, 1990; all dates postconception).
Thus, the fetus can be considered to invest
most of its income during the first trimester
in placental growth, only to recover this in-
vestment with interest during second and
third trimesters. In general, heavier babies
have heavier placentas (Thomson et al., 1969),
but the fetus is lighter for a given placental
weight if mothers are malnourished (Godfrey
et al., 1991). If the onset of growth retardation
occurs late in pregnancy, placental growth
should be less affected than fetal growth by ma-
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ternal malnutrition. This would seemingly ex-
plain the reduced fetoplacental ratio. Anemic
mothers, however, have absolutely heavier pla-
centas than nonanemic mothers despite lower
birthweights (Beischer et al., 1970). Perhaps
the fetus makes a facultative response to relative
starvation by increasing its absolute allocation
to placental growth.

Fetal weight curves obscure major changes in
body composition (Ziegler et al., 1976; Sparks,
1984). In particular, human fetuses accumulate
large amounts of fat during the final weeks of
pregnancy. Body composition has been esti-
mated to change from 88.6% water and 0.1%
lipid at 24 weeks gestational age to 75.6 % water
and 9.9% lipid at 38 weeks gestational age
(Ziegler et al., 1976). Differences in fat reserves
contribute disproportionately to variation in
birthweight (Sparks, 1984). For example, fat
accounted for 14% of mean birthweight, but
46% of the variance, at an American hospital
serving a mostly middle-class population (Cata-
lano et al., 1992). A newborn human may pos-
sess 3 to 4 weeks of energy requirements in fat.
By contrast, most other mammals are lean at
birth (Girard and Ferre, 1982).

AT THE FRONT

“The border zone . . . marks the division
between the foetal and maternal tissues. As
might be expected it is not a sharp line, for it
is in truth the fighting line where the conflict
between the maternal cells and the invading
trophoderm takes place, and it is strewn with
such of the dead on both sides as have not al-
ready been carried off the field . . .” (Johnstone,
1914, p. 258). Pathologists of earlier genera-
tions often used the imagery of a battlefield to
describe the maternal-fetal interface (Fother-
gill, 1899; Kleine, 1931; Douglas et al., 1959),
though none appear to have had theoretical
reasons for expecting conflict. Battlefields are
often chaotic and confused, with both sides us-
ing similar armaments, and with a great deal
of seemingly purposeless activity. Interactions
at the maternal-fetal interface will probably
prove to be similarly complex and difficult to
unravel. As an added complexity, the phe-
nomenon of genomic imprinting means that
a maternal “fifth column” exists within fetal
cells.
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Hemochorial Placentation and the Decidual Reaction

Placental morphology is highly variable
among eutherian mammals (Mossman, 1937,
1987; Amoroso, 1952; Luckett, 1974). At one
extreme, extraembryonic and uterine epithe-
lia are closely apposed, but there is little or
no destruction of maternal tissues (epithelio-
chorial placentas). Examples occur in pigs,
horses, whales, and lemurs. At the other ex-
treme, extraembryonic tissues breach the walls
of maternal vessels, and the placenta gains
direct access to circulating maternal blood
(hemochorial placentas). Examples occur in
rodents, lagomorphs, insectivores, bats, and,
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among primates, in tarsiers, monkeys, apes,
and humans. Other categories (syndesmo-
chorial, endotheliochorial) have been de-
scribed, but will not be discussed.
Epitheliochorial placentation is thought to
be the ancestral condition of eutherian mam-
mals (Turner, 1876a; Mossman, 1937; Pij-
nenborg et al., 1985), with secretions of the
uterine glands playing an important role in
fetal nutrition (Turner, 1876b). Other nutri-
ents are believed to diffuse from the maternal
blood stream, across maternal tissue, to the
placenta (Amoroso, 1952). Hemochorial pla-
centation appears to have evolved more than

ABBREVIATIONS
AS Angelman syndrome
BWS Beckwith-Wiedemann syndrome
CEA carcinoembryonic antigen
CG chorionic gonadotropin; hCG (human CG), eCG (equine CG)
DAF decay-accelerating factor
eCG equine chorionic gonadotropin
eLH equine luteinizing hormone
FSH follicle-stimulating hormone
GABA v-aminobutyric acid, a neurotransmitter
GH growth hormone
Hi9 an imprinted gene, closely linked to IGF2
hCG human chorionic gonadotropin; hCG@ (8 subunit of hCG)
hGH human growth hormone (encoded by AGH-N)
HLA principal antigens of the major histocompatibility complex
HLA-G a trophoblast-specific, nonpolymorphic class I antigen
hLH human luteinizing hormone; hLHS (8 subunit of hLH)
hPGH human placental growth hormone (encoded by AGH-V)
hPL human placental lactogen (encoded by ACS-4 and 4CS-B)
hTSH human thyroid-stimulating hormone
IGF-I1 insulin-like growth factor-II (peptide); IGFZ2 is the human gene, Igf2
is the mouse gene
IGF2R human gene for the IGF type-2 receptor; Igf2 is the mouse gene
IGFBP-1 insulin-like growth factor binding protein-1
LGL oarge granular lymphocyte
LH luteinizing hormone; hLH (human LH), eLH (equine LH)
NCA nonspecific cross-reacting antigen, related to CEA
NK natural killer; NK cells are a class of lymphocytes
PSBG pregnancy-specific 8;-glycoprotein, related to CEA
PWS Prader-Willi syndrome
TGFB transforming growth factor-3
TIMP tissue inhibitor of metalloproteinases
TSH

thyroid-stimulating hormone; hTSH (human hormone)
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once as a means by which the fetus gained
greater access to maternal nutrients. In the
process, uterine secretions have become less
important for fetal nutrition, except during
the early stages of development.

The genetic-conflict theory predicts that
hemochorial placentation has evolved under
circumstances where it has been to the mar-
ginal advantage of maternal genes to restrict,
and of fetal genes to enhance, invasion by
trophoblast. If so, one would expect tropho-
blast to express measures that facilitate the
invasion of maternal tissues, and maternal
tissues to express defensive countermeasures.
This argument does not deny some degree of
evolutionary accommodation between mater-
nal and fetal tissues. As trophoblast pushed
the front line deeper into maternal tissues,
maternal genes would have gained a marginal
advantage from mutations that reduced dam-
age to maternal tissues and improved the effi-
ciency of transfer of those resources already
lost by the mother. Such changes could occur
at the same time as other genes were favored
that increased maternal defenses. Thus there
is no contradiction in the simultaneous ex-
pression of conflict and of coadaptation be-
tween maternal and fetal tissues.

Species with hemochorial placentation ex-
hibit strong decidual reactions of the uterine
stroma, whereas decidual reactions do not oc-
cur in species with epitheliochorial placentation
(Mossman, 1937; Amoroso, 1952; Pijnenborg
et al., 1985). The conflict hypothesis proposes
that the decidual reaction is a maternal adap-
tation to restrict fetal invasion. This idea is not
new. From his studies of “missed abortions,”
Fothergill (1899) proposed that placenta and
decidua were mutually phagocytic, with first
the placenta and then the decidua gaining the
upper hand. By this means, he conjectured,
the invasive potential of the placenta was lim-
ited and the mother was protected from exces-
sive damage. Similarly, Frassi (1907, 1908) in-
terpreted maternal leukocytes in the decidua
as a means whereby the invasive growth of
the parasitic embryo was halted. Grafenberg
(1910) demonstrated the production of pro-
teolytic enzymes by the human embryo, and
showed that the decidual transformation of
the endometrium was associated with the pro-
duction of protective “antiferments.” Kleine
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(1931) believed that pregnancy was a biologi-
cal struggle with a fundamental antagonism
between trophoblast and decidua. He cited
the association of hemochorial placentation,
decidualization, and menstruation as evidence
for his view.

A protective role for the decidua has been
dismissed because decidual reactions are re-
stricted to species with invasive placentas (Rob-
ertson and Warner, 1974; Pijnenborg et al.,
1985), and because decidual reactions are most
pronounced in species with highly invasive
placentas (Ramsey et al., 1976). Such argu-
ments would be valid if maternal-fetal rela-
tions were strictly cooperative. One doesn’t
argue, however, that antibodies are beneficial
to bacteria because they accompany infec-
tions. The repeated rejection of a defensive
function for the decidua is a good example
of how unquestioned assumptions about the
absence of conflict have influenced the man-
ner in which “theory-free” data are interpreted.

Decidual tissues, as the name implies, are
shed from the maternal body at delivery, at
miscarriage, or at menstruation. Although
most of the fetal membranes and adjacent de-
cidua are shed at delivery, fetal cells remain
at the placental site. The site is undermined
by endometrium growing in from the sides,
pinched off, and exfoliated into the uterine
lumen by the seventh week after delivery (Wil-
liams, 1931). The shedding of maternal tis-
sues may have evolved as a means whereby
the maternal body rids itself of fetal cells, be-
cause, if fetal cells remain, they could con-
tinue to manipulate maternal metabolism and
behavior. Maternal defenses are initiated be-
fore implantation, whether or not pregnancy
ultimately ensues. Thus menstruation is pos-
sibly another cost that women suffer because
of invasive placentation (cf. Kleine, 1931; see
Profet, 1993 for a different view of menstrua-
tion).

The elimination of fetal cells may not be
completely effective. Extravillous trophoblast
is found within the myometrium (Pijnenborg
etal., 1981), which is not shed, and fragments
of trophoblast are regularly deported into the
maternal circulation (Douglas et al., 1959;
Chuaet al., 1991). The fate of deported cells,
and their function, if any, is unknown.
Women have developed choriocarcinomas,
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derived from trophoblast cells, many years
after their last pregnancy (Dougherty et al.,
1978; Lathrop et al., 1978), but whether such
long persistence of fetal cells is common, or
arare aberration, is unknown. Fetal granulo-
cytes and lymphocytelike cells can be isolated
from maternal blood from the first trimester
until term (Schréder and dela Chapelle, 1974;
Wessman et al., 1992), and the lymphocytelike
cells may persist in maternal blood for at least
a year after delivery (Schréder et al., 1974).

Implantation

Decidual stromal cells secrete a tough peri-
cellular capsule of type IV collagen, laminin,
fibronectin, and heparan sulfate proteoglycan
(Kisalus et al., 1987; Aplin et al., 1988; Kisa-
lus and Herr, 1988; Zhu et al., 1992). This
reaction occurs first around the spiral arteries
and then spreads to the rest of the stroma. By
this means, decidual fortifications are con-
structed in the path of the placental invasion.
Trophoblasts deploy an arsenal of proteases
to breach the decidual barricades (Puistola et
al., 1989; U. M. Moll and Lane, 1990; Bischof
et al., 1991; Librach et al., 1991; Zini et al.,
1992) and decidual cells, in turn, secrete pro-
tease inhibitors to impede the advance (Gra-
fenberg, 1910; Liedholm and Astedt, 1976;
Graham and Lala, 1991).

Cells of the first trimester decidua secrete
latent transforming growth factor-8 (TGFR)
into the extracellular matrix. TGF@ is activated
when placental proteases degrade the matrix.
Once activated, TGFf suppresses placental
invasion by promoting the differentiation of
cytotrophoblasts into noninvasive syncytia
and by upregulating the production of tissue
inhibitor of metalloproteinases (TIMP) by
trophoblast and decidual cells. TIMP inacti-
vates type IV collagenases and prevents fur-
ther degradation of the decidual matrix (Gra-
ham and Lala, 1991; Graham et al., 1992).
Why should fetal genes respond to maternal
TGF@ by limiting placental invasion? The
conflict hypothesis would be strongly vindi-
cated if the relevant genes are maternally im-
printed. The effects of paternally imprinted
genes, however, may be opposed by unim-
printed genes as well as by maternally im-
printed genes (Haig, 1992). Therefore, if pa-
ternally imprinted genes contribute to the
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invasive phenotype of trophoblast, the ab-
sence of imprinting at loci that respond to ma-
ternal TGF@ would not be a decisive rejection
of the conflict hypothesis. TIMP is X-linked
and probably behaves as if maternally im-
printed, because males have a single (mater-
nal) X chromosome and the paternal X chro-
mosome of females is preferentially inactivated
in trophoblast (Harrison, 1989).

The differentiation of cytotrophoblasts into
noninvasive cell typesisakey eventinlimiting
changes to the maternal spiral arteries.
Greater numbers of trophoblastic giant cells
are found around intact arteries at the junc-
tion of the decidua and myometrium than
around arteries that have been highly modi-
fied by trophoblast, suggesting that the differ-
entiation of cytotrophoblast into giant cells
prevents the transformation of the arterial walls
(Gerretsen et al., 1983). The greater the dis-
tance that arterial modifications extend into
the myometrium, the greater the flow of blood
to the placenta. Therefore, the stage at which
trophoblasts become noninvasive should be
determined by the balance of opposing forces,
with maternal and maternally derived genes
favoring earlier differentiation and paternally
derived genes favoring later differentiation.

Insulin-like growth factor-II (IGF-II) mRNA
is present at high levels in invasive cytotropho-
blasts, but is absent from syncytiotrophoblast
(Ohlsson et al., 1989). Thus, among its other
functions, IGF-II may act locally to maintain
the invasive phenotype of cytotrophoblasts.
The major IGF-binding species of trophoblast
membranes is the IGF type-1 receptor, whereas
the major binding species of decidual mem-
branes is the 34K insulin-like growth factor
binding protein-1 (IGFBP-1) that inhibits the
binding of IGF-II to placental receptors (Pek-
onen et al., 1988). IGFBP-1 is produced by
decidualized stromal cells (Giudice et al.,
1992), and is first detected in cells surrounding
the spiral arteries (Waites et al., 1988). Decid-
ual IGFBP-1 possibly competes for IGF-II
with type-1 receptors on trophoblast mem-
branes and thus regulates the invasion of ma-
ternal tissues (Bell et al., 1988; Pekonen etal.,
1988; Bell, 1989). Birthweights are negatively
correlated with the concentration of IGFBP-1
in maternal and fetal serum (Howell et al.,

1985; Hall et al., 1986; Wang et al., 1991).
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IGF2, the human gene that encodes IGF-II,
is expressed solely from the paternal allele in
many adult and fetal tissues, including the
placenta (Giannoukakis et al., 1993; Ogawa
et al., 1993; Ohlsson et al., 1993). IGF2 is
located at 11p15.5 and is closely linked to H79
(Zemel et al., 1992), a gene of unknown func-
tion that is upregulated as human cytotropho-
blasts differentiate in vitro (Rachmilewitz, Gile-
adi, Eldar-Geva, Schneider, de Groot, and
Hochberg, 1992). Only one of the two copies
of H19 is significantly expressed in human
fetuses (Zhang and Tycko, 1992). Unlike
IGF2, the maternal allele of H19 is preferen-
tially expressed (Rachmilewitz, Goshen, Ar-
iel, Schneider, de Groot, and Hochberg,
1992; Rainier et al., 1993). H19 encodes an
abundant transcript that does not appear to be
translated into protein (Brannan et al., 1990).

The chromosomal region that includes H19
and IGF? is associated with Beckwith-Wiede-
mann syndrome (BWS), a fetal overgrowth
disorder. Sporadic cases of BWS are some-
times associated with duplications of 11p15,
and in all cases the duplicated chromosome
is of paternal origin (K. W. Brown et al., 1992;
Weksberg et al., 1993). In familial BWS, sub-
jects who inherit the gene from their fathers
are less likely to express the condition than sub-
jects who inherit the gene from their mothers
(Moutou et al., 1992; Viljoen and Ramesar,
1992). Familial cases could be explained by
a mutation that causes inappropriate expres-
sion of the maternal copy of IGF2 (Moore and
Haig, 1991).

The homologous loci in mice are also im-
printed. Igf2 (the murine homolog of IGF2)
is expressed from the paternally derived chro-
mosome in most fetal tissues (DeChiara et
al., 1991), whereas H19 is expressed from the
maternally derived chromosome (Bartolomei
etal., 1991). Inactivation of the paternal copy
of Igf2 produces neonates that are well propor-
tioned but small (DeChiara et al., 1990).
Igf2r, the locus that encodes the IGF type-2
receptor, has the opposite imprint to Igf2. The
paternal copy of Igf2r is inactive in mouse
embryos (Barlow et al., 1991). A maternal
deletion of Igf2ris an embryoniclethal in labo-
ratory mice. Embryos with a deleted maternal
copy, however, survive and grow to a larger
size than their littermates if their father is de-
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rived from a wild-caught population (Forejt
and Gregorova, 1992). Haig and Graham
(1991) have proposed that the IGF type-2 re-
ceptor transports IGF-II into lysosomes,
where it is degraded. The imprinting status
of IGF2R in humans is unknown.

Decidual stromal cells produce prolactin,
from the late luteal phase onward (Maslar et
al., 1979; Kauma and Shapiro, 1986; Ogren
and Talamantes, 1988). The function of de-
cidual prolactin is unknown. Josimovich et
al. (1977) suggested that prolactin may regu-
late the volume of amniotic fluid, by analogy
to its osmoregulatory effects in fishes and am-
phibians. Another possibility should be con-
sidered. Large granular lymphocytes are the
major cell type of the early decidua and prolif-
erate during late luteal phase and early preg-
nancy (King et al., 1991). Prolactin has re-
cently been shown to act as an autocrine
growth factor for lymphocytes (Sabharwal et
al., 1992), and the prolactin transcripts of
lymphocytes resemble decidual transcripts
rather than pituitary transcripts (Pellegrini et
al., 1992). Therefore, prolactin may promote
the proliferation of decidual lymphocytes.
The function of maternal immune cells in the
human decidua will be discussed in the next
section.

Not all products of the endometrium need
be antagonistic to the fetus. The endometrial
glands are highly active during early preg-
nancy, secreting a mixture of proteins, lipids
and carbohydrates (Boyd, 1959). These secre-
tions are probably an important source of nu-
trients for the embryo before circulation of
maternal blood is established through the in-
tervillous space. The major peptide product
of the glands, pregnancy-associated endome-
trial op-globulin (Waites et al., 1990), is ho-
mologous to the B-lactoglobulins secreted by
the mammary glands of many mammals
(Huhtalaet al., 1987). Could this be evidence
that uterine and mammary lactation had a
common genetic basis in some remote mam-
malian ancestor?

Fay and Grudzinskas (1991) have reviewed
the diverse assemblage of peptides secreted
by endometrial cells, only some of which have
been considered here.
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Immunological Relations

Medawar (1953) formulated the immuno-
logical problem of pregnancy as “how does the
pregnant mother contrive to nourish within
itself, for many weeks or months, a foetus that
is an antigenically foreign body?” (p. 324). In
this formulation, mother and fetus are implic-
itly assumed to have a common interest in
immune suppression. The theory of mater-
nal-fetal conflict, however, suggests that selec-
tive forces are more complex. Complete rejec-
tion of the fetus is clearly against maternal
interests, except in cases of adaptive miscar-
riage, but conflict is predicted as maternal
tissues attempt to limit invasion by tropho-
blast. The maternal immune system is faced
with the difficult problem of how to distin-
guish between fetal and maternal cells, when
the fetal cells are selected to avoid detection,
and of how to modulate responses to allow
sufficient but not excessive invasion by tro-
phoblast. (“Sufficient” and “excessive” refer,
of course, to maternal interests.) Fetal cells
are faced with the equally difficult problem of
how to inactivate or avoid immune responses
directed against themselves, without compro-
mising maternal defenses against pathogens.

Most cells of the early human decidua are
components of the immune system. The larg-
est single population consists of large granular
lymphocytes (45% of early decidual cells),
with lesser populations of macrophages (19%)
and T cells (9%) (Starkey et al., 1988). Endo-
metrial populations of T cells and macro-
phages remain relatively constant throughout
the menstrual cycle, but large granular lym-
phocytes (LGLs) increase sharply in numbers
during late luteal phase (Starkey et al., 1991).
Endometrial LGLs possess the antigenic phe-
notype of highly activated natural killer (NK)
cells(Dietl et al., 1992) and are able to destroy
trophoblast and choriocarcinoma cells in vitro
(King and Loke, 1990; Ferry, Sargent, Starkey,
and Redman, 1991; Ferry, Starkey, Sargent,
Watt, Jackson, and Redman, 1991). Macro-
phages are the dominant cell type amidst the
fibrinoid debris of the basal plate of third-
trimester placentas (Bulmer et al., 1988; La-
barrere and Faulk, 1991).

Trophoblast does not express polymorphic
class I or class IT HLA antigens (Loke et al.,
1990; Hunt and Orr, 1992) and is probably
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invisible to classical HLA-restricted immune
responses. The fetal cells that invade the endo-
metrium (extravillous trophoblast) face a dif-
ferent threat because they encounter endome-
trial LGLs that express an NK phenotype (see
above). NK cells are believed to preferentially
attack targets that do not express class I anti-
gens (Ljunggren and Karre, 1990). If so, the
complete absence of class I antigens would
leave extravillous trophoblast vulnerable to
endometrial LGLs. Extravillous trophoblast
does, however, express HLA-G, a tropho-
blast-specific nonpolymorphic class I antigen
(Ellis et al., 1990; Loke et al., 1990). King
and Loke (1991) have proposed that the func-
tion of LGLs is to protect the mother from
excessive invasion, and that HLA-G assists
trophoblasts to evade these defenses. Extravil-
lous cytotrophoblasts also express decay-
accelerating factor (DAF) at their cell surface
(Holmes et al., 1990; Hsi et al., 1991). DAF
inhibits cytolysis by human NK cells (Finberg
et al., 1992), possibly by inhibiting comple-
ment activation (Holers et al., 1992; Moran
et al., 1992).

Natural killer cell activity of maternal blood
is depressed during pregnancy (Russel and
Miller, 1986; Lee et al., 1987; Vaquer et al.,
1987), and pregnancy sera inhibit T-cell pro-
liferation (Arkwright et al., 1992). The respon-
sible factors are presently unknown, but the
pregnancy-specific 8;-glycoproteins (PSBGs)
may contribute to the inhibition of maternal
immune responses. These placental glycopro-
teins are released in increasing quantities by
the placenta as pregnancy progresses (Klop-
per, 1980). PSBGs are a group of closely re-
lated proteins encoded by a cluster of at least
eleven genes at 19q13. The cluster also con-
tains genes for the PSBG-related carcinoem-
bryonic antigen (CEA) and nonspecific cross-
reacting antigens (NCAs) (Khan et al., 1992;
Thompson et al., 1992). CEA and NCAs
function as membrane-bound cell adhesion
molecules (Benchimol et al., 1989; Oikawa
et al., 1991). The PSBGs are serum proteins
but possess the arginine-glycine-aspartate tri-
peptide that is found on many adhesion mole-
cules (Streydio et al., 1987). An attractive hy-
pothesis is that the soluble PSBGs inhibit
immune responses by blocking adhesion re-
ceptors on maternal lymphocytes (cf. Zarcone
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et al., 1992). NCAs are present on a variety
oflymphocyte types (Burtin et al., 1975; Kur-
oki et al., 1991; Kuijpers et al., 1992) and
may be targets of the PSBGs. In support of
this hypothesis, CEA-related antigens bind to
NCAs and block adhesion of neutrophils to
endothelial cells (Kuijpers et al., 1992), and
antibodies against NCAs inhibit the lysis of
carcinoma cells by activated lymphocytes (Ri-
voltini et al., 1991).

If a gene expressed in the mother (such as
an NCA) interacts with a closely linked gene
expressed in the fetus (such as a PSBG), the
maternal gene could infer the presence of cop-
ies of itself in offspring and preferentially di-
rect resources to these offspring (e.g., by sup-
pressing cytotoxic responses to trophoblast).
Such favoritism would be against the interests
of other maternal genes that segregate inde-
pendently of the linked pair. In a formal ge-
netic model, the nepotistic haplotype would
have many of the features of an agent of mei-
otic drive (Haig and Grafen, 1991). Systems
of gestational drive may play an important role
in the evolution of maternal-fetal relations but
they will not be considered in this paper, be-
yond this brief mention.

BEHIND THE LINES

Fetal cells gain direct access to the maternal
circulation by their invasion of the uterine
vasculature and are thus able to release sub-
stances into a mother’s blood that have distant
effects on her physiology. An important class
of substances are placental hormones that act
on maternal receptors. I will call such mole-
cules allocrine hormones to emphasize that they
are produced by one organism to act on the
receptors of another.

Allocrine hormones provide a test of the
genetic conflict hypothesis. If hormonal com-
munications between a fetus and its mother
were strictly cooperative, one would expect
natural selection to have increased efficiency
and minimized costs. On the other hand, if
placental hormones subvert maternal lines of
communication, one would expect evidence
of an evolutionary escalation. That is, moth-
ers would have been selected to become less
responsive to placental hormones and, as a
result, fetuses would have been selected to
release ever greater amounts. Each escalation
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would have given a marginal advantage to
the relevant gene, and caused it to eliminate
less-profligate alleles. If a message can be con-
veyed in a whisper, why shout? Raised voices
are frequently a sign of conflict.

Both hypotheses predict the existence of
placental receptors that face maternal blood.
From the conflict perspective, these receptors
would allow the fetus to gain information
about its mother by eavesdropping on mater-
nal endocrine signals. Unlike maternal recep-
tors that can be manipulated by fetal hormones,
placental receptors should be relatively im-
mune to manipulation by maternal hormones.
The asymmetry exists because the maternal
circulation is not a major channel for endo-
crine communication between fetal cells. If a
maternal receptor is required for essential endo-
crine communication between maternal cells,
maternal signals will be vulnerable to allocrine
subversion because the receptor will usually
be unable to tell whether a ligand is of mater-
nal or fetal origin. By contrast, placental re-
ceptors are not uncertain about a ligand’s ori-
gin so their responses will be in fetal rather
than maternal interests when these interests
conflict. More generally, placental physiology
is not expected to be directly regulated by
maternal signals.

hCG and the Maintenance of Pregnancy

The first physiological decision that faces
a newly pregnant mother is whether to carry
the child. If the embryo is of low quality, or
if the mother is nutritionally (or otherwise)
stressed, maternal interests may be served by
miscarrying the embryo before substantial re-
sources have been committed. A miscarriage
frees, for other uses, resources that would oth-
erwise be expended on the embryo during
the remainder of pregnancy and the period
of infant dependency. Miscarriage will be
adaptive for maternal genes if such genes
would gain a greater return by investing the
resources in existing or future offspring, of
higher quality or produced when conditions
are more favorable. For every miscarriage,
there will be some investment in time and
resources that cannot be recovered. There-
fore, adaptive miscarriages are predicted to
occur as early as possible during pregnancy
to minimize costs.
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C. J. Roberts and Lowe (1975) have esti-
mated that 78 percent of human conceptions
never come to term. Most conceptions mis-
carry before the 12th week of pregnancy, many
before the first missed menstruation (Edmonds
et al., 1982). The majority of spontaneous
abortions that can be karyotyped have recog-
nizable chromosomal abnormalities (Boué et
al., 1975; Eiben et al., 1987; Plachot, 1989).
Such data are consistent with the hypothesis
that many miscarriages are the result of an
evolved mechanism of quality control (C. J.
Roberts and Lowe, 1975).

In a simple model of maternal investment,
the optimal strategy for maternal genes is to
abort all offspring whose perceived quality
falls below some threshold and provision the
rest (Haig, 1990). There will be a similar, but
lower, threshold below which fetal genes will
benefit from the mother investing in siblings
rather than the current fetus. Thus, if an off-
spring’s quality falls just below the maternal
threshold, the offspring’s genes would benefit
from the pregnancy continuing whereas ma-
ternal genes would benefit from a termination
(Haig, 1992). Therefore, genes expressed in
fetuses will be selected to take active steps to
maintain their pregnancy, and genes ex-
pressed in mothers will be selected to avoid
manipulation. A theoretical issue that has not
been adequately addressed is whether the
mother can gain accurate information about
fetal quality given that fetal genes may gain
an advantage by providing inaccurate infor-
mation.

Many eutherian mammals maintain their
pregnancies by the secretion of progesterone
from the corpus luteum in response to lutein-
izing hormone (LH) released by the anterior
pituitary (Hogden and Itskovitz, 1988). A
similar system probably operated at some
time in our distant ancestry. If so, the fetus
has subsequently gained partial control of its
fate by becoming the major source of proges-
terone and “luteinizing hormone” in maternal
blood. During the early weeks of gestation,
human pregnancy is dependent on maternal
progesterone. The placenta, however, has
usurped the role of the maternal pituitary by
releasing large quantities of human chorionic
gonadotropin (hCG) into maternal blood.
This hormone binds to the LH receptors of
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the corpus luteum, prevents regression of the
corpus luteum, and stimulates the release of
progesterone (W. E. Brown and Bradbury,
1947; Hanson et al., 1971; Dennefors et al.,
1982; Hahlin et al., 1989; Jia et al., 1991).
hCG also enhances the release of progesterone
from syncytiotrophoblast (Bhattacharyya et
al., 1992).

Human pregnancies will miscarry if the
corpus luteum is removed before the eighth
week of gestation, unless the mother is sup-
plied with exogenous progesterone. After this
stage, the placenta produces sufficient proges-
terone to maintain pregnancy despite removal
of the corpus luteum (Csapo et al., 1972,
1973). By contrast, removal of corpora lutea
at any time during pregnancy causes repro-
ductive failure in hamsters, goats, pigs, and
rabbits (Deanesly, 1966).

The concentrations of hCG and placental
progesterone in maternal serum during preg-
nancy can be compared to levels of their endo-
crine counterparts in the nonpregnant state.
Human embryos begin to secrete hCG before
implantation (Dokras et al., 1991). The con-
centration in maternal serum rises rapidly,
reaches a peak in excess of 50 IU/ml between
weeks 8 and 12, then falls to about 12 TU/ml
by week 18, and remains roughly constant
until term (Kletzky et al., 1985). Concentra-
tions in fetal serum are less than 5 % of mater-
nal levels (Reyes et al., 1974). The high levels
of hCG are remarkable when compared to
much lower levels of hLH in nonpregnant
women. In the “LH spike” that accompanies
ovulation, hLH reaches 100 mIU/ml (Hoff
et al., 1983). IUs of hCG and hLH are not
directly comparable. However, 3.0 IU hCG
has the activity of 1.0 IU hLH in a standard
rat bioassay (Carayon et al., 1980). Thus con-
centrations of allocrine hCG reach much
higherlevels than concentrations of endocrine
hLH. Similarly, the corpusluteum secretes 40
to 50 mg/day of progesterone in the midluteal
phase, whereas the placenta secretes 250 mg/
day at term (MacDonald et al., 1991).

hLH and hCG are dimeric glycoproteins
that share a common « subunit but different
B subunits. The o subunit is encoded by a
single gene on chromosome 6. The 8 subunits
are encoded by closely linked genes at 19q13.3.
There is one copy of hLHf and six copies of
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hCGg (Policastro et al., 1986). At least five
of the six hCGf genes are expressed in the
placenta (Bo and Boime, 1992). The ancestral
hCG@ appears to have been derived from
hLH@ by two frame-shift mutations that have
added a 24 amino acid tail to the carboxy-
terminus. hCG@ and hLHg share about 80
percent amino acid identity, and their nucleo-
tide sequences show a high proportion of re-
placement changes relative to silent and in-
tron changes (Talmadge et al., 1984).

LH is biochemically related to thyroid-stim-
ulating hormone (T'SH) and follicle-stimulat-
ing hormone (Pierce and Parsons, 1981) and
has weak affinity for their receptors (Siris et
al., 1978; Carayon et al., 1980). One IU of
hLH has the thyrotropic activity of 44 uIU
hTSH. hCG has even weaker affinity for the
TSH receptor. One IU of hCG is equivalent
to 0.25 uIU hTSH (Carayon et al., 1980).
Removal of the final four amino acid residues
from the carboxyl-terminus of hCGf in-
creases the thyroid-stimulating activity of
hCG threefold (Carayon et al., 1981). These
amino acids were added by the second frame-
shift mutation in the 3'-tail of the hCGf gene
(Talmadge et al., 1984). LH probably does
not have significant thyrotropic activity in
vivo, but the high levels of hCG experienced
by pregnant women would be extremely thy-
rotoxic if hCG retained the thyrotropic activ-
ity of hLH. Put in other words, hCG produc-
tion could never have escalated to its current
level if there had not been a prior reduction in
the hormone’s affinity for the TSH receptor.
Despite this reduction, hCG may still have
significant thyrotropic effects in some preg-
nancies (Goodwin, Montoro, and Mestman,
1992; Goodwin, Montoro, Mestman, Pek-
ary, and Hershman, 1992; Hershman, 1992).
A question that remains unresolved is whether
the residual thyrotropic effects of hCG are
adaptive for fetal genes or are an unwanted
side effect of benefits obtained through the
LH receptor.

The hGG that circulates in maternal serum
is chemically heterogenous because of various
posttranslational modifications (Nwokoro et
al., 1981; Kardanaetal., 1991). A substantial
proportion is inactivated by proteolytic cleav-
age before, or shortly after, release from tro-

phoblast (Cole et al., 1993). Pooled hCG also
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contains several variants that differ in their
glycosylation. An incompletely glycosylated
variant of hCG is responsible for the enhanced
thyrotropic activity of hCG produced by hy-
datidiform moles (Pekary et al., 1993). This
variant is one of the principal forms of hCG
in the first trimester placenta (Wang et al.,
1988). Genes for allocrine hormones and
genes that modify their actions are prime can-
didates for imprinted loci.

Chorionic Gonadotropins in Other Species

Chorionic gonadotropins (CGs) appear to
have evolved independently at least three
times among mammals: in primates (Tullner,
1974), equids (Murphy and Martinuk, 1991;
Steger et al., 1991), and guinea pigs (Bambra
etal., 1984). This section will discuss the CGs
of equids because the CG of guinea pigsis poorly
known. A single gene encodes the 8 subunits
of equine luteinizing hormone (eLH) and
equine chorionic gonadotropin (eCG) (Sher-
man et al., 1992). Therefore, unlike hLH and
hCG, eLH and eCG are essentially the same
hormone expressed in different tissues. An
obstacle to the evolution of chorionic gonado-
tropins may be the requirement for the simul-
taneous placental expression of both o and 3
subunits before a functional hormone can be
produced.

The latter stages of equine pregnancy are
maintained by placental progesterone. Unlike
humans, equids produce secondary corpora
lutea during pregnancy, which contribute to
the supply of ovarian progesterone that is es-
sential for the early stages of pregnancy (Stew-
art and Allen, 1981; Murphy and Martinuk,
1991). Given such a mechanism, and the high
levels of spontaneous abortion in horses (Che-
valier-Clément, 1989), equine fetuses would
gain an advantage if their GG promoted the
growth and development of follicles, as well
asstimulating the secretion of progesterone by
established corpora lutea. Significantly, the
chorionic gonadotropin/luteinizing hormone
of horses (eCG/LH) has follicle-stimulating
activity in pigs, rats and donkeys, but not in
horses (Stewart and Allen, 1981; Guillou and
Combarnous, 1983). Such a situation would
arise if eCG/LH £ subunits were selected to
have increased affinity for the FSH-receptor
because this reduced the rate of miscarriage,
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and FSH-receptors were subsequently se-
lected to discriminate against eCG/LH to
avoid manipulation.

Donkey CG has little or no FSH activity
(Murphy and Martinuk, 1991). Therefore,
the follicle-stimulating activity of eCG/LH
has probably arisen subsequent to the diver-
gence of horses and donkeys. If so, the FSH-
receptors of donkey ovaries have not been se-
lected to discriminate against eCG/LH. This
has dramatic effects in matings between male
horses and female donkeys (hinny pregnan-
cies). The CG/LH produced by the hinny con-
ceptus stimulates massive follicular growth.
As a result, progesterone levels in maternal
blood are elevated twentyfold above normal.
In the reciprocal cross (mule pregnancies),
donkey CG/LH has no such effect on the
mare’s ovaries, and progesterone levels are
normal (Stewart and Allen, 1981).

Chorionic gonadotropins of equids and pri-
mates may initially have evolved because they
caused a shift in power towards offspring.
That is, some fetuses survived that would oth-
erwise have miscarried because they carried
a gene for the CG. Mothers, however, may
ultimately have benefited because they were
able to reduce their own production of LH,
evolve new mechanisms of adaptive miscar-
riage, and use CG as a measure of embryo
quality. Embryos now had to produce CG
and reveal their presence in early pregnancy,
with an overall gain in the information avail-
able to mothers.

Nausea and Vomiting of Pregnancy

Most women experience some degree of
nausea, with or without vomiting, during the
first trimester of pregnancy (Fairweather,
1968; Jarnfelt-Samsioe, 1987; O’Brien and
Newton, 1989). In this section, I discuss vari-
ous hypotheses that have been proposed to
account for nausea during pregnancy, but I
am unable to come to clear conclusions be-
cause the evidence remains equivocal. Nausea
and vomiting are particularly common in
pregnancies with large placental masses, such
as twin gestations or when the conceptus is a
hydatidiform mole. This suggests that a pla-
cental factor is responsible for nausea (Fair-
weather, 1968). hCG has been a prime suspect
because its concentration is highest when symp-
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toms are most severe, and declines as symp-
toms disappear (Schoenek, 1942; and many
other authors). On the other hand, choriocar-
cinomas release large quantities of hCG, but
are not associated with nausea and vomiting
(Jarnfelt-Samsioe, 1987). Comparisons among
women in their first trimester have either
found (Masson etal., 1985; Morietal., 1988;
Goodwin, Montoro, Mestman, Pekary, and
Hershman, 1992) or failed to find (Fair-
weather, 1968; Soules et al., 1980) a correla-
tion between hCG levels and the incidence or
severity of symptoms. A variant of this hy-
pothesis would be that nausea is caused by
some component of heterogenous hCG.

Other authors have suggested that rising
levels of estradiol are responsible for the nau-
sea of early pregnancy (Depue et al., 1987;
Jéarnfelt-Samsioe, 1987). In support of thishy-
pothesis, exogenous estrogens cause nausea
in some men and women, and women who
are intolerant of oral contraceptives have a
higher incidence of vomiting when pregnant
(Jarnfelt-Samsioe et al., 1983, 1985). Estra-
diol concentrations, however, continue to rise
after symptoms have abated (Buster and Si-
mon, 1989), so a subsidiary hypothesis is nec-
essary to explain why nausea is restricted to
the first trimester. As was the case with hCG,
different studies have found (Depue et al.,
1987) or failed to find (Masson et al., 1985),
a correlation between severity of symptoms
and estradiol levels.

A third hypothesis is that maternal nausea
is caused by the transient hyperthyroidism ob-
served in some pregnancies. Some studies
have found that vomiting is associated with
elevated thyroid hormones (Jeffcoate and Bain,
1985; Mori et al., 1988; Goodwin, Montoro,
and Mestman, 1992), but other studies did
not (Evans et al., 1986; Wilson et al., 1992).
Vomiting is an occasional symptom of thyro-
toxicosis in nonpregnant women (Rosenthal
etal., 1976), but acommon symptom of preg-
nancy. Elevated thyroid hormones and hCG
are not mutually exclusive explanations of
nausea, because hCG may be the thyrotropic
factor of early pregnancy (Goodwin, Mont-
oro, Mestman, Pekary, and Hershman, 1992;
Pekary et al., 1993). Scenarios could also be
imagined in which estradiol, hCG, and thy-
roid hormones all interact. If nausea is a con-
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sequence of the hormonal milieu of early preg-
nancy, it may be misleading tolook for a single
factor.

Another unresolved issue is whether mater-
nal nausea is a side effect of high levels of
placental hormones and without adaptive
function, or whether nausea confers benefits
on maternal genes, fetal genes, or both. Profet
(1988, 1992) has proposed that nausea has
evolved to minimize maternal ingestion of di-
etary teratogens, because nausea occurs dur-
ing early pregnancy when the risks of terato-
genesis are greatest but when the nutritional
demands of the embryo are small. In her view,
pregnancy sickness probably arose by the re-
calibration of existing maternal mechanisms
that induced nausea and vomiting in response
to toxins. Conflict would be possible if mother
and embryo favor different thresholds for
vomiting (Profet, 1992).

Several studies have found that women who
suffer from nausea and vomiting are lesslikely
to miscarry during first trimester than are
asymptomatic women (see M. M. Weigel and
R. M. Weigel, 1989; R. M. Weigel and
M. M. Weigel, 1989). This observation is
compatible with increased teratogenesis and
miscarriage in the absence of nausea (Profet,
1992), with nausea being a side effect of fetal
attempts to avoid miscarriage, or with nausea
and fetal vigor being correlated and mothers
abortinglessvigorous fetuses. The unresolved
questions about “morning sickness” require a
better understanding of biochemical mecha-
nisms.

Fuel Supplies

The regulation of maternal blood glucose
is altered during pregnancy. Fasting blood
sugar falls during early pregnancy, but stabi-
lizes after week 12 and is maintained at this
new lower level until delivery. The metabolic
demands of the fetus cannot account for lower
glucose levels, because fetal demands are
small during early pregnancy when maternal
blood sugar is falling, but increase rapidly in
later pregnancy when maternal blood sugar
isstable. Thus, the mother appearsto resether
homeostatic controls at a lower level during
pregnancy (Lind and Aspillaga, 1988). By
contrast to glucose, fasting insulin remains
close to nonpregnant levels during the first
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and second trimester, but then increases dur-
ing the third trimester in parallel with growth
of the fetus. In the nonpregnant state, blood
glucose rises after a carbohydrate meal, but
rapidly returns to fasting levels in response
to insulin. After a similar meal in late preg-
nancy, maternal blood glucose and insulin
both reach higher peaks and remain elevated
for longer periods. The same glucose chal-
lenge causes an exaggerated insulin response,
but the response is less effective at reducing
blood sugar (Ryan et al., 1985; Buchanan et
al., 1990; Catalano et al., 1991; Kiihl, 1991).

Two features of carbohydrate metabolism
during pregnancy are puzzling from a non-
conflict perspective: Why should a mother re-
strict fetal access to glucose, and why should
she increase her production of insulin at the
same time as she is becoming resistant to its
effects? The second question is puzzling be-
cause increased resistance and increased pro-
duction tend to cancel and it would seemingly
be more efficient to achieve the same result
with less resistance and lower production.

The theory of genetic conflict suggests an-
swers to both questions. First, if fetal demands
went unopposed, the fetus would remove
more glucose from maternal blood than is in
maternal interests. The glucose transport sys-
tem of the syncytiotrophoblast has excess ca-
pacity, so that placental uptake is roughly pro-
portional to maternal glucose levels, even at
supranormal concentrations (Johnson and
Smith, 1980, 1985; Hauguel etal., 1986). The
conflict hypothesis predicts that the mother
reduces her blood sugar to limit fetal uptake.
Second, a mother and her fetus will compete
after every meal over the share that each re-
ceives. The longer the mother takes to reduce
her blood sugar, the greater the share taken
by the fetus. The conflict hypothesis predicts
that the insulin resistance of late pregnancy
is caused by placental allocrine hormones and
that the increased production of insulin is a
maternal countermeasure.

Patients with abnormally high levels of hu-
man growth hormone (hGH) are resistant to
the effects of insulin. For this reason, Daugha-
day and Kipnis (1966) suggested that human
placental lactogen (hPL), a GH-related pla-
cental hormone, was the diabetogenic factor
of pregnancy. This hypothesis was supported
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by experimental studies in which hPL increased
insulin resistance in nonpregnant subjects
(Beck and Daughaday, 1967; Grumbach et
al., 1968; Samaan et al., 1968). In addition
to hPL, the placenta also releases human pla-
cental growth hormone (hPGH), another GH-
related hormone. hGH, hPL, and hPGH are
encoded at 17q22-q24, in a cluster of five
genes that have evolved by a series of duplica-
tions from an ancestral growth hormone gene.
Ofthe five genes, A.GH-N encodes hGH; 2CS-A
and 2CS-Bencode hPL; AGH-VencodeshPGH;
and ACS-L is a pseudogene. The mature prod-
ucts of ACS-A and ACS-B have identical amino
acid sequences because of a recent gene con-
version (Chen et al., 1989; Walker et al.,
1991).

As discussed in a previous section, the ma-
nipulation of maternal responses by allocrine
hormones is predicted to favor an evolution-
ary escalation in which increased maternal
resistance to manipulation favors increased
placental production of the hormone. hPL
(and to a lesser extent hPGH) matches these
predictions. hPL isthe most abundant peptide
hormone produced by primates. Its concen-
tration in maternal serum increases through-
out pregnancy, reaching 5 to 15 ug/ml near
term, at which stage syncytiotrophoblast se-
cretes 1 to 3 g/day. Levels of hPGH are much
lower, but follow a similar temporal pattern,
exceeding 15 ng/ml near term. Concentra-
tions of hPL and hPGH in fetal serum are
much lower than concentrations in maternal
serum (Frankenne et al., 1988; Eriksson et
al., 1989; Walker et al., 1991). For compari-
son, the plasma concentration of hGH, inte-
grated over a day, is about 3 to 6 ng/ml in
young nonpregnant adults (Daughaday, 1989).

Despite their high concentrations, neither
hPL nor hPGH is essential for a successful
outcome of pregnancy. Birthweight (and lac-
tation) have been within the normal range in
pregnancies with a complete absence of hPL
(Simon et al., 1986; Parks, 1989), and an un-
eventful gestation has been reported for a
child with homozygous deletions of ACS-4,
hCS-B, and hGH-V (Wurzel et al., 1982). The
combination of very high production with mini-
mal effects is consistent with an interpretation
of allocrine conflict. The conflict hypothesis
does predict that fetuses should gain a mar-
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ginal benefit from hPL production, at least
under some circumstances. A positive correla-
tion has been observed between birthweight
and hPL concentration in maternal serum
during the third trimester (Howell et al.,
1985), but this could reflect either a direct
effect of hPL or an indirect correlation with
placental weight.

Placental secretion of hPL appears to be
largely independent of maternal regulation
(Walker et al., 1991). The concentration of
hPL in maternal serum does not respond to
fluctuations in the glucose or amino acid con-
tent of maternal blood (Kihl et al., 1975; Ar-
tenisio et al., 1980), although some evidence
suggests that the placenta increases its output
of hPL in response to prolonged maternal fast-
ing (Kim and Felig, 1971; Tyson etal., 1971,
1976). The absence of direct maternal regula-
tion is another prediction of the conflict hy-
pothesis.

Primate growth hormones, such as hGH,
bind to prolactin receptors as well as GH re-
ceptors (Cunningham and Wells, 1991). By
contrast, hPL has little affinity for the GH
receptor but retains strong affinity for the pro-
lactin receptor (Lowman et al., 1991) despite
87 percent amino acid identity with hGH.
Molecular studies have shown that hGH and
hPL differ at precisely those amino acid posi-
tions that determine hGH’s affinity for the
GH receptor (Cunningham and Wells, 1991;
Lowmanetal., 1991). These substitutions ap-
pear to have been actively selected because
the rate of replacement changes (for the entire
coding sequence) is similar to the rate of silent
substitutions (Talmadge et al., 1984). The
gene conversion event, which was responsible
for the close similarity of 2#CS-4 and ACS-B,
probably spread to fixation because it trans-
ferred substitutions that were adaptive for the
fetus from one gene to the other.

The conflict hypothesis proposes that hPL
subverts normal maternal responses to hGH
via the prolactin receptor, so as to increase
the supply of nutrients to the fetus, and that
effects through the prolactin receptor had to
be decoupled from effects through the GH
receptor before placental production of hPL
could escalate to its present high level. There-
fore, to understand the maternal targets of
fetal manipulation, we must understand the
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normal effects of hGH in the nonpregnant
state.

At present there is little direct evidence
about which of hGH’s effects are mediated
through which receptor. The Laron syn-
drome is caused by defects in the GH receptor
and is associated with high levels of hGH, low
levels of IGF-I, and severe postnatal growth
retardation (Elders et al., 1973; Godowski et
al., 1989; Duquesnoy et al., 1991). Thus, the
effects of hGH on linear growth appear to be
mediated primarily through the GH receptor,
consistent with results from other species.

hGH also has metabolic effects (Davidson,
1987). In the nonpregnant state, the release
of hGH counters low blood sugar by aug-
menting glucose production, decreasing glu-
cose utilization, and accelerating lipolysis (De
Feo et al., 1989). In addition, hGH causes
tissues to become resistant to the effects of
insulin by a postreceptor mechanism (Rizza
et al., 1982). The overall effect is a shift from
using glucose to using fat as the principal en-
ergy source, thus reducing gluconeogenesis
and conserving protein. Serum levels of hGH
are particularly high in anorexia nervosa
(Counts et al., 1992) and in malnourished
children (Soliman et al., 1986). The conserva-
tion of amino acids would be adaptive during
starvation as well as during linear growth.

Many of the metabolic effects of hGH are
probably mediated through the prolactin re-
ceptor. The best evidence comes from the
known effects of hPL and prolactin, hormones
that bind to the prolactin receptor but not to
the GH receptor. hPL enhances lipolysis and
increases insulin resistance when adminis-
tered to nonpregnant subjects (Grumbach et
al., 1966; Samaan et al., 1968), prolactin-
producing tumors are associated with in-
creased resistance to the effects of insulin
(Landgraf et al., 1977), and hyperprolactin-
emia mimics the metabolic changes of late
pregnancy (Gustafson et al., 1980). There-
fore, the insulin-antagonistic effects of hGH
are probably also mediated through the pro-
lactin receptor, and it is these processes that
are the likely target of hPL’s actions. As I have
argued above, the fetus should benefit from
increased insulin resistance of maternal tis-
sues because this increases fetal access to nu-
trients after maternal meals. Nonprimate
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growth hormones do not bind to prolactin re-
ceptors (Kelly et al., 1991). Significantly, the
placental lactogens of rodents and ruminants
have been derived from duplications of the
prolactin gene (Jackson-Grusby et al., 1988;
Dietz et al., 1992). Thus maternal and fetal
genes appear to be in conflict over control of
maternal prolactin receptors in rodents and
ruminants as well as in primates.

Unlike hPL, hPGH binds strongly to GH
receptors as well as prolactin receptors (Bau-
mann et al., 1991; MacLeod et al., 1991). In
the nonpregnant state, stimulation of hepatic
GH receptors promotes the release of IGF-I,
which in turn inhibits the release of hGH from
the pituitary. hPGH isnot subject to thisnega-
tive feedback and has been implicated in the
rise in maternal IGF-I that occurs toward
term (Caufriez et al., 1990). High levels of
IGF-I are suspected of being responsible for
the coarsening of facial features that some-
times occurs during pregnancy (Baumann et
al., 1991). By the end of pregnancy, the ma-
ternal pituitary has ceased to release hGH,
and hPGH is the predominant GH in mater-
nal serum (Eriksson et al., 1989; Caufriez et
al., 1990). At present, it is unclear whether
fetal genes gain any benefit from the binding
of hPGH to maternal GH receptors, or whether
fetal benefits are gained solely through prolac-
tin receptors, with effects through GH recep-
tors an unwanted side effect.

The nutrient content of maternal blood will
be determined by the balance between allo-
crine manipulation and maternal counter-
measures. Pregnant women occupy a contin-
uum with respect to their ability to reduce
blood sugar after a meal. At one extreme,
glucose levels remain elevated forlong periods
and a woman is described as having glucose
intolerance or gestational diabetes. However,
the choice of a boundary between normal and
abnormal glucose tolerance appears arbitrary
in biological terms (Farmer et al., 1992). Glu-
cose intolerance develops when a woman is
unable to increase her insulin production suf-
ficiently to match the peripheral insulin resis-
tance of pregnancy (Kiihl, 1991). On average,
pregnant women with “poor” glucose toler-
ance have a relatively low insulin response to
a glucose challenge (Farmer et al., 1992). In
a study of nondiabetic pregnant women,
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birthweight was positively correlated with ma-
ternal glucose levels two hours after a glucose
meal (Tallarigo et al., 1986). The benefit of
increased maternal glucose levels for the fetus
may be gained at some cost to its mother’s
health. Women who experience impaired glu-
cose tolerance during pregnancy have an in-
creased risk of developing overt diabetes in
later life (Dornhorst et al., 1990; Damm et
al., 1992).

Pancreatic islet cells become hypertrophied
during pregnancy (Rosenloecher, 1932; Van
Assche et al., 1978), probably as a direct re-
sponse to high levels of hPL (Billestrup and
Nielsen, 1991; Brelje et al., 1993). Fetal genes
may have been selected to counter the in-
creased maternal output of insulin. The pla-
centa contains enzymes that rapidly degrade
insulin (Buse et al., 1962; Steel et al., 1979;
Laietal., 1985)and, thus, may act as a sink for
maternal insulin. Any effect must be minor
because insulin’s half-life is little changed dur-
ing pregnancy (Lind et al., 1977). Challier
et al. (1986) have calculated that the placenta
removes 25 % of the insulin entering the inter-
villous space, but that this increases the meta-
bolic clearance of insulin by only 10%.

Syncytiotrophoblast expresses numerous
insulin receptors at its maternal face (Nelson
etal., 1978; Whitsett et al., 1979). Their den-
sity increases from the first to the third trimes-
ter (Laietal., 1985). At present, no unambig-
uous function has been demonstrated for
placental insulin receptors. Placental glucose
metabolism and glucose transport are insensi-
tive to variation in maternal insulin (Challier
et al., 1986), as is placental uptake of amino
acids (Steel et al., 1979). The possibility that
insulin receptors function as a sink for mater-
nal insulin has not been considered. If placen-
tal receptors have a signaling function, the
conflict hypothesis predicts that such signals
would initiate placental responses that counter
the effects of maternal insulin secretion.

Affluent mothers usually have sufficient
food to meet all their own needs and fetal needs.
This is not true for all women today nor for all
women during human evolution. Therefore,
maternal-fetal relations have evolved in the
context of unpredictable food shortages. Overt
conflict should be most apparent in times of
nutritional stress, but conflict is also expected
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in times of plenty because resources trans-
ferred to a fetus cannot be recalled if condi-
tions worsen. This section has discussed con-
flict over glucose levels in maternal blood, but
similar conflicts would be expected over min-
erals and other nutrients if these are in short
supply. The next section addresses conflicts
over the quantity, rather than the quality, of
blood reaching the intervillous space.

PUTTING UP RESISTANCE

Hemodynamics of Pregnancy

The vascular resistance between two points
is defined as the pressure difference between
the points divided by the flow rate. For exam-
ple, total systemic resistance is calculated by
dividing the mean arterial pressure by cardiac
output. Mean arterial pressure is implicitly a
pressure difference because venous pressure
is low. Thus blood pressure can be viewed as
the outcome of a relation between a property
of the vasculature (resistance) and a property
of the pump (cardiac output, flow rate). Arte-
rial pressure will increase if either cardiac out-
put or systemic resistance increases and the
other remains unchanged. A constant pressure
can be maintained if increases in output are
compensated by appropriate decreases in re-
sistance. For streamline flow in a rigid cylin-
drical tube, resistance is proportional to Ln/r*,
where L and r are the length and radius of
the tube, and 7 is the viscosity of the fluid
(Folkow and Neil, 1971). This relation (Poi-
seuille’s Law) illustrates the dramatic effect
of small changes in the radius on a vessel’s
resistance to flow.

During pregnancy, fetal needs are supplied
from a mother’s systemic circulation. Blood
leaves the maternal left ventricle via the aorta,
is distributed to the various parts of the body
(including the placenta), and returns to the
right atrium via the superior and inferior ve-
nae cavae. Different organs are supplied by
different subcirculations, arranged in paral-
lel. The pressure difference between the aorta
and venae cavae is common to all subcircula-
tions, so the proportion of total output that
reaches each organ is determined by the rela-
tive resistance of its subcirculation. Most of
the total systemic resistance resides in the arte-
rioles and small arteries, and the distribution
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of blood among organs is largely determined
by variation in the radius of these vessels (Fol-
kow and Neil, 1971).

For simplicity, a mother’s systemic circula-
tion can be considered to consist of two parallel
subcirculations: the uteroplacental circula-
tion, from which the fetus gains its nutrients,
and the nonplacental remainder. Maternal
and fetal genes will come into conflict over
the relative flow to each subcirculation. In
theory, the fetus can increase its share of car-
diac output by decreasing resistance in the
uteroplacental circulation or by increasing re-
sistance in the nonplacental circulation, and
the mother can reduce the fetal share by the
opposite actions. The implication for the fetus
of a change in total systemic resistance is am-
biguous because the change could reside in the
uteroplacental or the nonplacental resistance,
but the two possibilities have opposite conse-
quences for fetal nutrition.

Fetal cells reduce uteroplacental resistance
by their invasion of maternal vessels. The spi-
ral arteries are transformed by trophoblast
into wide-bored, low-resistance channels that
cannot constrict (Brosens et al., 1967; Pij-
nenborg, 1990), and arterial blood empties
into the large intervillous space, rather than
being constrained to a capillary bed. Asa con-
sequence, almost all the resistance in the
uteroplacental circulation occurs before blood
reaches the transformed segments of the spiral
arteries (W. Moll, Kiinzel, and Herberger,
1974). An index of uteroplacental resistance
can be obtained by Doppler ultrasound. Re-
sistance falls until 24 weeks gestation (when
invasion of the arteries is complete), with little
change thereafter (McParland and Pearce,
1988; Pearceetal., 1988). The contrast between
epitheliochorial and hemochorial placenta-
tion is illuminating. Maternal vessels remain
intact in the epitheliochorial placenta of sheep
and the major resistance to flow occurs once
maternal blood reachesthe placenta, whereas,
in the hemochorial placentas of monkeys,
guinea pigs, rats, and rabbits, the major resis-
tance occurs before blood reaches the placenta
(W. Moll and Kiinzel, 1973; W. Moll, Kiin-
zel, and Herberger, 1974; W. Moll, Kiinzel,
Stolte, Kleinhout, de Jong, and Veth, 1974).

Fetal efforts to enhance the uteroplacental
blood supply are opposed by maternal tissues.
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The decidual reaction is most pronounced,
and occurs earliest, around the spiral arteries
(Ferenczy, 1987; Waites et al., 1988). The
coils of the spiral arteries may themselves be
amaternal countermeasure, because the resis-
tance of a vessel is proportional to its length
and curved vessels have greater resistance
than straight vessels of the same dimensions
(Caro et al., 1978). The spiral arteries lengthen
and become more convoluted during the early
stages of pregnancy, at least in rhesus macaques
(Ramsey, 1949). It has long been recognized
that the “curling arteries” reduce blood flow
to the placenta (Hunter, 1786). If I under-
stand the conventional viewpoint correctly,
the arterial coils have been seen as a maternal
adaptation to protect the delicate embryo
from high arterial pressures. The spirals could
uncoil to accommodate expansion of the
uterus, but this does not appear to be an im-
portant function in humans (Ramsey, 1949).

After transformation of the spiral arteries,
the systemic circulation contains a low-resis-
tance subcircuit that is not subject to maternal
vasoregulation. As a result, flow through the
intervillous space will be largely determined
by the pressure in the major maternal arteries.
For any given resistance of the uteroplacental circula-
tion, fetal nutrition will be enhanced by an increase
in mean arterial pressure. Therefore, the conflict
hypothesis predicts that placental factors will
act to increase maternal blood pressure and
maternal factors will act to reduce blood pres-
sure.

Maternal blood pressure falls below non-
pregnant levels in the first trimester, reaches
anadir in midpregnancy then, during the sec-
ond half of pregnancy, rises above nonpreg-
nant levels in some women but remains low
in others (MacGillivray et al., 1969; Reiss et
al., 1987; Redman, 1989a; Easterling et al.,
1990). Vascular resistance must decline in the
first trimester and increase in the third trimes-
ter because cardiac output rises during early
pregnancy when arterial pressure is falling
(Leesetal., 1967; Katz et al., 1978), but shows
little change after 27 weeks when arterial pres-
sure is rising (Easterling et al., 1990). Resis-
tance in the forearm was half nonpregnant
values in one group of pregnant women (Sow-
ersetal., 1990), and similar observations have
been reported by others (Spetz, 1964; Gins-
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burg and Duncan, 1967). Pregnant women
maintain vasodilation of their extremities un-
der cool conditions (Burt, 1949). The decreased
tone of vascular smooth muscle is expressed
as increased venous distensibility and an in-
creased risk of varicose veins (McCausland
et al., 1961).

The increase in cardiac output exceeds ma-
ternal metabolic demands until late in preg-
nancy (Lees et al., 1967), at least as measured
by a reduced oxygen difference between arte-
rial and venous blood (Bader et al., 1955). If
the function of increased output is to supply
fetal demands, the same increase in blood sup-
ply to the placenta could be achieved by a
smaller increase in output and a smaller de-
crease in nonplacental resistance. Thus the
degree of vasodilation is puzzling from a non-
conflict perspective. The conflict hypothesis
suggests that mothers reduce vascular resis-
tance during early pregnancy to ration fetal
nutrients, and that the subsequent increase
in vascular resistance represents the changing
“balance of power” as the fetus grows larger.
A corollary is that placental factors contribute
to the increase in maternal cardiac output.

At first sight, the fetus has limited ability
to increase its share of cardiac output by in-
creasing nonplacental resistance because blood
from the placenta must first pass through the
right side of the heart and the pulmonary cir-
culation before returning to the systemic cir-
culation. Maternal blood is well mixed in the
process and placental factors cannot be specifi-
cally targeted to the nonplacental circulation.
Placental factors, however, have an opportu-
nity to preferentially increase nonplacental re-
sistance because the uteroplacental arteries
are highly modified and unresponsive to vaso-
constrictors.

Pregnancy-Induced Hypertension

The claim that fetuses benefit from increases
in maternal blood pressure may surprise some
readers because high blood pressure during
pregnancy can be associated with life-threaten-
ing crises for mother and child, particularly
when hypertension is accompanied by exces-
sive protein in maternal urine (proteinuria).
For this reason a distinction should be made
between hypertension without proteinuria
(gestational hypertension) and hypertension
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with proteinuria (preeclampsia). Maternal
blood pressures form a continuum, so that
the dividing line between normotensive and
hypertensive pregnancies is arbitrary (Red-
man, 1989a). The conflict hypothesis predicts
that a mother’s position on the continuum is
determined by the balance between fetal fac-
tors increasing blood pressure and maternal
factors decreasing blood pressure. There is
currently no consensus about what determines
maternal blood pressure during pregnancy,
but the simultaneous elevation of vasocon-
strictors (Baker et al., 1990) and vasodilators
(Cusson et al., 1985; Milsom et al., 1988) is
suggestive of conflict.

Gestational hypertension has a good fetal
prognosis. In a large British study, hyperten-
sive pregnancies, had lower perinatal mortal-
ity than normotensive pregnancies, even when
the proteinuric subset was included (Symonds,
1980). Among white American women, birth-
weight was positively correlated with mater-
nal blood pressure for mothers with low pre-
pregnancy weight and low weight gain during
pregnancy (Naeye, 1981a,b). As further evi-
dence of a relationship between maternal blood
pressure and fetal growth, chronic hyperten-
sion (existing before pregnancy) is associated
with high birthweight (Salafia et al., 1990)
and chronic hypotension with low birthweight
(Grinberger et al., 1979; Ng and Walters,
1992).

Preeclampsia is a major cause of maternal
and fetal morbidity and mortality. Maternal
complications include convulsions, cerebral
hemorrhage, cardiac arrest, retinal detach-
ment, hepatic rupture, kidney failure, and co-
agulation disorders (Redman, 1989b). Infants
of preeclamptic pregnancies have increased
risks of prematurity, stillbirth, perinatal mor-
tality, and intrauterine growth retardation
(Page and Christianson, 1976; Naeye and
Friedman, 1979; Symonds, 1980). The ma-
ternal spiral arteries are poorly modified by
trophoblast in many preeclamptic pregnancies
(Gerretsen et al., 1983; Khong et al., 1986;
Robertson et al., 1986; Pijnenborg et al.,
1991). Therefore, poor fetal growth is proba-
bly antecedent to preeclampsia because pre-
eclampsia usually developsin the third trimes-
ter after the invasion of the spiral arteries is
complete. The idea that the clinical symptoms
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of preeclampsia are often a sequel to poor pla-
cental perfusion seems to have gained general
acceptance (Friedman et al., 1991; Redman,
1991).

Preeclampsia is principally a disease of first
pregnancies (MacGillivray, 1958). A plausi-
ble explanation is that the spiral arteries never
fully recover from a first pregnancy and thus
offerlessresistance to flow in subsequent preg-
nancies. Consistent with this hypothesis, av-
erage birthweight increases with parity (Karn
and Penrose, 1951; Camilleri and Cremona,
1970), and pathologists can tell whether a
woman has ever given birth by observing
changes to the walls of uterine vessels (Pan-
kow, 1906). Preeclampsia is particularly com-
mon in pregnancies with large placental
masses, including pregnancies with a hyda-
tidiform mole in which there is excessive pro-
liferation of trophoblast without associated fe-
tal tissues (T. N. A. Jeffcoate, 1966; Redman,
1991). Significantly, hydatidiform moles have
two paternal genomes but no maternal ge-
nome (Wake et al., 1978).

Recent reviews suggest that hypertension
in untreated preeclampsia results from in-
creased systemic resistance rather than in-
creased cardiac output (Wallenburg, 1988;
Sibai and Mabie, 1991). The placenta is be-
lieved to release cytotoxic factors that damage
the endothelium of maternal vessels (Rodgers
etal., 1988; J. M. Robertset al., 1989; Tsuki-
mori et al., 1992), causing arterioles to con-
strict and increasing systemic resistance. Pro-
teinuria is the result of serum proteins leaking
from damaged glomeruli into renal tubules
(Studd, 1973) and may be one expression of
generalized endothelial damage. Fibrin depo-
sition is increased during normal pregnancy
(Fletcher et al., 1979; McKay, 1981) and the
effect is accentuated in preeclampsia (Socol
et al., 1985; de Boer et al., 1989), possibly
in response to endothelial damage (Ballegeer
et al., 1992). Fibrin deposits in the smaller
maternal vessels would further increase resis-
tance.

Small increments in the birthweight of semi-
starved fetuses may often have caused major
increases in subsequent survival despite sub-
stantial costs to mothers. Therefore, endothe-
lial damage may have evolved as a high-risk
fetal strategy to increase nonplacental resis-
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tance when a fetus’s uteroplacental blood sup-
ply is inadequate. Page (1939) expressed a
similar hypothesis about the origins of pre-
eclampsia. “To revert for a moment to teleo-
logic reasoning,” he wrote, “if the placenta

. should be unable to obtain a sufficient
maternal circulation for its demands, it might
be capable of increasing this supply by raising
the systemic blood pressure” (p. 292). In this
memorable passage, Page described the pla-
centa as “a ruthless parasitic organ existing
solely for the maintenance and protection of
the fetus, perhaps too often to the disregard
of the maternal organism.”

The conflict hypothesis has important im-
plications for the way that preeclampsia is in-
terpreted. First, fetal actions need to be clearly
distinguished from maternal responses. Sec-
ond, the placental factors responsible for pre-
eclamptic symptoms may be a stereotyped re~
sponse to poor placental perfusion, whereas
the causes of poor perfusion may be diverse.
Fetal actions in preeclampsia should be seen
as evidence of normal, rather than aberrant,
placental function. Third, preeclamptic symp-
toms may not be caused by a single placental
factor because the fetus may target multiple
maternal systems once it becomes committed
to raising blood pressure by drastic action.
Fourth, conflicts may exist between the ma-
ternal and paternal genomes of the fetus. Sus-
ceptibility to preeclampsia has a clear familial
component but a satisfactory genetic model
has remained elusive (Cooper et al., 1993).
The possibility of genetic imprinting or gesta-
tional drive should be considered in future
investigations.

BIRTH AND BEYOND

Genetic conflicts undoubtedly continue after
birth, but parturition marks an important
transition because fetal genes lose their ability
to directly manipulate maternal responses by
biochemical means. Parturition itself has con-
siderable risks for both mother and infant. At
birth, the fetal cranium is close to the maxi-
mum size that can be delivered through the
maternal pelvic outlet. An important evolu-
tionary question is why the fetus waits so long
before it is born. I suspect that fetuses attempt
to remain in the womb until the nutritional
benefits of remaining inside are not worth the
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increasing risks of delivery. Over evolution-
ary time, the duration of pregnancy is possibly
determined by a conflict between fetal genes
favoring slightly longer gestations and mater-
nal genes favoring slightly shorter gestations.
This question deserves further study.

Trivers (1974) proposed that postnatal con-
flict between parents and offspring would
primarily be mediated by behavioral acts, in
contrast to prenatal conflict, which would pri-
marily be mediated by chemical acts. This view
is undoubtedly correct (assuming a meaningful
distinction can be made between behavioral
and chemical acts), but biochemical conflict
is possible after birth, because the maternal
and paternal genomes of the child remain in
conflict with respect to the costs they are pre-
pared to impose on the child’s mother. Con-
flict could be expressed within a child’s ner-
vous system over the activation threshold for
particular behaviors. Moreover, the outcome
of the struggle between maternal and paternal
genes within the child could be influenced by
factorsin the mother’s milk. Human milk con-
tains benzodiazepinelike substances (Dencker
etal., 1992). GABA (y-aminobutyric acid) is
the major inhibitory neurotransmitter of the
central nervous system, and benzodiazepines
(e.g., Valium) modulate the activity of GABA,
receptors (Olsen and Tobin, 1990). If the
child’s responses through GABA, receptors
are the target of natural sedatives in milk, the
child’s paternally derived receptors could be
selected to be unresponsive (or unexpressed)
in those classes of neurons that determine be-
haviors costly to the mother.

Evidence that maternal and paternal genes
may play different roles within a child’s ner-
vous system is provided by Prader-Willi and
Angelman syndromes. Prader-Willi syndrome
(PWS) is caused by the presence of a maternal
copy of 15q11-13 without a paternal copy,
whereas Angelman syndrome (AS) is caused
by the presence of a paternal copy without a
maternal copy (Nichollsetal., 1992). Paternal
deletions (PWS) are associated with a poor
suckling response (usually requiring gastric
feeding), a weak cry, physical inactivity, and
sleepiness (Butler, 1990). Maternal deletions
(AS) are also associated with suckling diffi-
culties, but in this case suckling is prolonged
but poorly coordinated. By contrast to PWS,
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Angelman children are highly active when
awake and have sleeping difficulties with fre-
quent waking (Magenis et al., 1990; Clayton-
Smith, 1992). In normal development, paternal
genes in this region would appear to promote
greater activity whereas maternal genes
would appear to have a restraining influence.

Prader-Willi children become obese in their
first or second year, with an insatiable appetite
that is probably a response to physiological
starvation caused by the inappropriate depo-
sition of fat. Obesity is accompanied by re-
duced muscular and skeletal growth (Butler,
1990; Butler et al., 1991). This phenotype
suggests that there may be maternal-paternal
conflictin normal development over the meta-
bolic allocation of resources among different
functions. Maternally derived genes might fa-
vor greater relative allocation to energy re-
serves if this reduced the maternal cost of sup-
porting the child in the event of famine.

One of the genes located in the PWS/AS
region encodes the small nuclear ribonucleo-
protein peptide N, a splicing factor of un-
known function that is expressed in the brain.
This gene is imprinted in the mouse (Leff et
al., 1992). The region also contains genes for
the as and B35 subunits of the GABA, receptor
(Wagstaff et al., 1991; Sinnett et al., 1993).
Whether any of these genes are imprinted in
humans is presently unknown. GABA ap-
pears to have a regulatory role in the endo-
crine pancreas (Sorensen et al., 1991) and
inhibits the release of somatostatin, a negative
regulator of GH, from the hypothalamus
(Rage et al., 1992). These diverse effects of
GABA suggest one way in which the meta-
bolic, growth and neurological features of
PWS and AS might be related.

CODA

Human placentation has been shaped by a
tangled interplay of selective forces. Conflict
arises because fetal genes will increase in fre-
quency if they cause their fetus to take a little
bit more than maternal genes are selected to
give. Conflict, however, is tempered by ac-
commodation. Other genes will increase in
frequency if they ensure the same benefit to
the fetus while reducing the cost to the mother,
independent of whether the gene is expressed
in mother or fetus. Most previous discussions
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have emphasized the common interests of ma-
ternal and fetal genes, whereas this article has
emphasized aspects of conflict.

The medical complications of pregnancy
and childbirth have usually been seen as fail-
ures of adaptation, as an expression of devel-
opmental constraints from our remote ancestry,
but the existence of genetic conflicts offers an-
other explanation. Relations between a mother
and her fetus are not subject to the intricate
homeostatic mechanisms that are characteris-
tic of interactions between different tissues of
the same body because messages cannot be
trusted. Both parties often have an incentive
to send misleading information. If a mother
signaled to her fetus to reduce its demands
because of a present danger to the mother’s
survival, fetal genes that responded would be
vulnerable to exploitation by maternal genes
that sent the same message when there was no
danger. Similarly, maternal and fetal genes
would both benefit if a given transfer of re-
sources was achieved with a lesser production
of allocrine hormones and less maternal resis-
tance, but such an agreementis evolutionarily
unenforceable.

The failure to recognize genetic conflicts
has contributed to the placenta occupying a
peripheral and problematic position within
evolutionary biology. Turner (1876a) discussed
the diversity of mammalian placentation in
relation to the new theory of evolution by nat-
ural selection. “There can be little doubt that
organisms may become modified by the direct
action of surrounding agencies. . .” (p. 41),
he wrote, “but the conditions generally under
which the placenta is placed in all mammals
seem to be so nearly uniform, that it is difficult
to see how it can be affected by surrounding
agencies” (p. 42). Turner tried to relate pla-
cental type to other attributes of an organism
such as speed, gestation length, adult size,
uterine shape, and litter size, but could find
no characters that grouped together lemurs,
mares, whales, and pigs (with “diffuse” [ =
epitheliochorial] placentas) on the one hand
and hares, hedgehogs, moles, and humans
(with “discoid” [ = hemochorial] placentas) on
the other.

Grosser (1933) believed that the special
characters of the human placenta could not
have been attained by adaptation, but had
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evolved by a process of orthogenesis. He noted
that the human placenta was arguably less
efficient than the simple epitheliochorial pla-
centa of the cow, because although the bovine
placenta had a comparable absorptive sur-
face, it was able to support the growth of a
much larger fetus within the same duration
of pregnancy. Grosser predicted disastrous
consequences from the human placenta’s con-
tinued growth and specialization. “It is curi-
ous to visualise the earth full of life, the sun
shining over sea and land, but humanity ex-
tinct, having disappeared through the opera-
tion of internal factors, like other conspicuous
and mighty species of former times, curious
ruins alone remaining of what had once been
the master of the world” (p. 1058).

Mossman (1991) concluded, “The more I
consider the evidence, the more convinced I
become that the membranes are more reliable
than adult characters of the body in showing
ancient affinities between higher mammalian
categories such as families, suborders and or-
ders. This is true because fetal membranes
need not be adapted to the environment in
which the adult lives, nor to the adult’s behav-
ioural peculiarities” (p. 2). This conviction
led to the courageous proposal that lemurs
be classified with horses, and sloths with the
anthropoid apes (Mossman, 1937, 1987, 1991).

It is easy to smile at such ideas, but Grosser
and Mossman were respected anatomists mak-
ing honest attempts to explain a system that
did not fit neatly within orthodox concepts of
adaptation. The conflict hypothesis suggests
that placental evolution is driven by internal
forces that are largely independent of the ex-
ternal environment, that these forces result
in rapid divergence among lineages, and that
seemingly maladaptive features of placen-
tation can be explained by natural selection
favoring divergent outcomes for maternal and
fetal genes.
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