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Lactoferrin (LF) is a glycoprotein with two binding sites for ferric
fon. LF is found in human milk and appears in human AF at 20
weeks gestation increasing in concentration with gestation. Elevated
levels of LF have been noted with preterm labor and with
amnionitis. In pregnancies complicated by intra-amniotic infection
(IAF), LF is likely secreted by neutrophils in the AF and by amniotic
cells. LF has both bacteriostatic activity, due to sequestration of iron
which is then unavailable for microbial growth, and bacteriocidal
activity, due to binding to bacterial outer membranes triggering
release of lipopolysaccharide. Enzymatic digestion of LF at acid pH
releases a potent cationic, microbicidal peptide called lactoferricin.
Lactoferricin shows antimicrobial effects against viruses, protozoa,
and fungi.*® Lactoferrin levels decrease with the onset of term labor.

The activity of the “cellular” innate immune system within AF
as a protective mechanism for the fetus is less well defined. The
numbers of mononuclear phagocytes (i.e., monocytes,
macrophages, histiocytes) in AF are limited in normal pregnancies,
while their numbers are increased in fetuses with neural tube
defects. Whether these macrophages are present to prevent infection
because of a disruption of the fetal skin or as scavenger cells to
clean up neural debris is uncertain. Neutrophils are not normally
identified in the AF of healthy fetuses, but are useful as a marker of
AF infection. These cells are fetal in origin and appear to originate
in the fetal vessels of the chorionic plate. It is interesting that
meconium stained AF shows chemotactic activity for neutrophils in
utero, although the meconium itself is not the likely chemotactic
factor.”” Two hematopoietic growth factors, G-CSF and macrophage
colony-stimulating factor (M-CSF), are found in AF of healthy term
and preterm fetuses. G-CSF is elevated in the serum of women with
subclinical chorioamnionitis, in the cord blood of neonates with
infection, fetal distress, premature rupture of membranes, and
meconium staining of AF, and in the AF, neonatal urine and
neonatal bronchoalveolar fluid of newborns after 1AI. Whether
G-CSF and M-CSF actually play a preventive host defense role in
the AF or are just excreted by-products of the immune response
during infection is not known.

There may also be nonimmune components of AF that protect
the fetus from injury. For example, amniotic fluid may protect the
fetal gut from the effects of platelet activating factor (PAF). PAF is a
potent vasoconstrictor and has been strongly implicated in the
pathophysiology of necrotizing enterocolitis in preterm infants.*®
PAF levels in human AF are low throughout gestation, but at term,
PAF content undergoes an eight-fold increase with the onset of
labor. PAF is elevated in AF of preterm fetuses whose mothers have
failed tocolysis as well as AF of complicated pregnancies. The major
PAF degrading enzymes are platelet activating factor acylhydrolase
and platelet activating factor acetyl transferase; both show activity
in AF, although their exact role is still unclear.>! In addition,
significant amounts of polyamines are found in AF; these have
a cationic charge and may play both a nutritive and an
antimicrobial role.
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AF AS A DIAGNOSTIC MEDIUM

Amniocentesis has been a valuable tool in assessing fetal well-being
since the 1970s. The most common evaluation of AF in the US is
assessment of fetal chromosomes. Amniocentesis is commonly
offered to women who will be at least 35 years of age at the time of
full-term delivery or who have other risk factors for a chromosomal
abnormality. As the diagnosis of aneuploidy moves into the first
trimester with ultrasound assessment of nuchal translucency and
more useful maternal serum markers, the use of amniocentesis
will decrease with a corresponding increase in chorionic villus
sampling. Amniocentesis is also offered when a previous child has
a chromosomal abnormality, a parent carries a balanced
chromosomal rearrangement or an autosomal recessive disorder,
a mother carries an X-linked disorder, or a major structural
abnormality or group of anomalies is identified on ultrasound.
Assessment of AF is also helpful in the prenatal diagnosis of neural
tube defects and an impressive array of inborn errors of
metabolism and hematologic and genetic diseases (excellent
reviews can be found in Wilson®* and Kramer and Cohen™).

Evaluation of AF bilirubin level hased on optical density has
been an important tool to predict the severity of fetal hemolysis in
red-cell alloimmunized pregnancies. Currently, the combination of
amniocentesis to assess optical density, Doppler flow studies of the
intra-hepatic umbilical vein and the middle cerebral artery and
fetal blood sampling by cordocentesis are recommended to closely
monitor the isoimmunized anemic fetus.** Allele-specific
polymerase chain reaction of AF fetal cells can also be used to
identify fetuses at risk for hemolytic disease of the newborn due to
minor blood group incompatibilities. >’

AF assessment has been studied in patients with preterm labor
and/or PPROM to investigate possible TAL. AF indicators suggestive
of infection include elevated levels of matrix metalloproteinase
(e.g., MMP-9), interleukins (e.g., IL-6 and IL-1f3), tumor necrosis
factor (TNF-), G-CSF, elevated white blood cell count, low
glucose, and the presence of bacteria identified by Gram stain or
culture. When preterm labor occurs with intact membranes, the
rate of documented IAI is consistently lower than when preterm
labor occurs with PPROM. While routine amniocentesis in preterm
labor/PPROM has not been shown to be effective in decreasing
perinatal mortality, there is still disagreement as to its optimum
role in identification of Al Amniocentesis has also been helpful in
prenatal diagnosis of cytomegalovirus, toxoplasma and parvovirus
B-19 infection; this has become particularly relevant with the
increasing use of the polymerase chain reaction allowing earlier
diagnosis.

Assessment of fetal lung maturity by determination of the
lecithin/sphingomyelin ratio and/or the presence of phosphatidyl
glycerol in AF has become a well-accepted procedure. The
assessment of lamellar body counts in AF,* the surfactant to
albumin ratio in AF,”” and electrical conductivity of AF** have
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more recently been proposed as potentially superior methods for
evaluation of fetal lung maturity.

A search for substances in AF that indicate fetal well-being has
been ongoing since the 1980s. Changes in levels of inhibin-related
proteins in both maternal serum and AF throughout pregnancy
have been proposed as indicators of good fetal health, While the
studies are contradictory, elevated levels of inhibin-A and activin-A
may be useful markers related to fetal well-being during pre-
eclampsia, trisomy 21, preterm delivery, and intrauterine growth
restriction.* More research in this area is needed. A recent review
of evaluation of AF S100B protein concentration as an early marker
for br?in injuries and/or brain maturation also merits further
study.*

WHEN AF BECOMES PROBLEMATIC

Human AF may also contain substances that are potentially
harmful. Perhaps the most concerning AF contaminant is
meconium. There is good evidence that defecation in utero is a
universal phenomenon occurring occasionally in the second
trimester and frequently in the third trimester.*" This is the likely
explanation for the presence of bile pigments and enteric enzymes
in AF. Meconium-stained AF occurs in about 13% of live deliveries.
Most of these babies do well without associated acidosis or clinical
illness. The combination of perinatal asphyxia, passage of
meconium, and fetal gasping may lead to meconium aspiration
syndrome (MAS), a potentially life threatening pulmonary disease
caused by the combination of mechanical obstruction,
inflammatory response, disruption of surfactant function, and often
pulmonary hypertension (a recent review of MAS is found in
Gelfand et al.z‘z)‘ MAS is uncommon in preterm infants but when
present is associated with an increased risk of intraventricular
hemorrhage. Meconium may aiso play a role in stimulating
bacterial growth in the AF, perhaps by serving as an exogenous
iron source. A recent study found a correlation between the
presence and severity of meconium-stained AF and the rates of both
chorioamnionitis and endomyometritis.43

AF demonstrates an irritant effect to exposed neural tissue,
particularly after 34 weeks gestation. The precise identity of the
irritant(s) is unclear, but there are several candidates. Tissue factor
(TF), a procoagulant and initiator of disseminated intravascular
coagulation, is found in high concentrations in AF at term, while
TF pathway inhibitor, a natural inhibitor of TF, is found in
relatively low concentrations. It is likely that TF plays a significant
role in the devastating effects of AF embolism.* Late in pregnancy,
elevated levels of activin-A and inhibin-A stimulate production of
prostaglandin E2. As noted above, AF of pregnancies with
premature rupture of membranes contains elevated levels of
inflammatory cytokines (e.g. IL-1, IL-6, TNF-ot, and interferon
gamma). Whether this represents a fetal immune response or a
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preparatory step for the initiation of labor is not yet clear. The
presence of PAF in AF with the onset of labor has been previously
noted. Late in gestation AF contains vernix. While vernix contains
antimicrobial substances and may be a contributor in protecting
the fetus from IAL it also has potent inflammatory properties and
has been implicated as a cause of maternal antenatal peritonitis.
TGF-f3, present late in gestation, may also play a role as a potential
irritant.

AF plays a major role in the gastrointestinal inflammatory
changes associated with gastroschisis. An aseptic peritonitis leads to
a fibrous peel, which has also been referred to as perivisceritis. The
result is edema and thickening of the serosa, subserosa, and
submucosa. This process has been attributed to an increase in the
concentration of urea and nitrogenenous products and a decrease
in the sodium and osmolality of AF that occurs at ~ 30 weeks of
gestation. Gastrointestinal waste products (i.e., bilirubin, bile acids,
and meconium) have been shown to be elevated in the AF of
human gastroschisis patients.*” and in animal models are partly
responsible for the perivisceritis seen in gastroschisis.*®
Amnioinfusion® and serial amnioexchanges® have both been
performed in an attempt to minimize gastrointestinal
inflammatory changes with preliminary results that are
encouraging.

OTHER INTERESTING ASPECTS OF AF

Human AF contains factors that appear to minimize scarring.50 It
is interesting that a fetal incision made early in gestation will heal
without a scar whereas one made in late gestation heals with scar
formation. Two theories predominate: the first is that hyaluronic
acid, which is found in high levels in AF, inhibits collagen
synthesis. This hyaluronic acid-rich environment is due to a
relative lack of hyaluronidase in AF and to the presence of
hyaluronic acid-stimulating factor in AF. In one study looking at
the effect of AF on proteases important to wound healing, human
AF was shown to enhance collagenase activity, but to inhibit
activities of hyaluronidase, elastase, and cathepsin.’® The second
theory is that TGF-f, which is absent from AF early in gestation
but present late in gestation, plays a major role in scar
formation.® Disagreement remains as to whether healing occurs
without scar formation during early pregnancy because of a
favorable fetal environment (i.e., fetal serum and AF) or because of
the properties of fetal skin.

AF has been investigated as a potential way to deliver
therapeutic agents to the fetus. Instillation of antibiotics, thyroxine,
nutrients (i.e., dextrose, amino acids, and lipids), glucocorticoids,
growth factors, surfactants, and beta-adrenergic-receptor agonists
directly into the AF for delivery to the fetal circulation by either
fetal swallowing or via the intramembranous route has
been tried with mixed results. A 1999 National Institutes
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of Health (NIH) conference on AF biology superbly summarizes
this field.”

Human AF also contains factors that alter metabolism of
opiates. Placental opioid enhancing factor has been found in
placentae and AF of rats, and in placentae of humans and
dolphins.”® In cows and rats, maternal ingestion of AF enhances
opioid-mediated analgesia. This effect has not been studied in
humans.

Human AF has been evaluated as a source for stem cells with
initial encouraging results.>* The potential to develop a
noncontroversial source of siem cells may stimulate research in
this area.

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS
FOR AF-RELATED RESEARCH

Many research questions about AF remain unanswered. The 1999
NIH conference sponsored by the National Institute of Child Health
and Development reviewed the current understanding of AF biology
and important future directions for research. The conference
summary called for more research in the areas of polyhydramnios,
oligohydramnios, AF pressure determinations, embryonic and early
fetal kidney development and function, control of lung liquid
secretion, development of fetal swallowing and gastrointestinal
motility, the dynamics of intramembranous absorption at the
cellular and molecular level, AF pharmacokinetics and the
potential therapeutic use of the amniotic space, and computer and
mathematical models of AF dynamics.**

The functions and significance of individual growth factors in
human AF remain incompletely described. It is interesting to note
that some infants with esophageal atresia have malabsorption of
intestinal nutrients. Other infants have a well functioning gut at
birth without having swallowed significant amounts of AF. This
disparity suggests that there is a redundancy of mediators that
promote fetal gut growth with some effectors being swallowed in
AF, while others arrive via the hematogenous route. Investigators
have speculated that components of AF may protect the preterm
infant against NEC or enhance intestinal recovery when NEC is in
its healing stages. Components of AF that may promote these effects
include glutamine,” arginine,56 EGE,”" EPO,”® PAF-AH,” and LF.%
Could harvested or synthetic AF be used as an enteral infusion in
the preterm neonate at risk for or recovering from NEC? Would
scarring of the gut be decreased? A recent “‘simulated AF”
containing G-CSF and EPQ was fed enterally to human neonates
and was “well tolerated” at a dose of 20 ml/kg/day.61 A follow-up
study by the same investigative group showed infants tolerated
simulated AF as an initial feeding when they were recovering from
NEC.

The skin is a major barrier to bacterial infection except in very
preterm infants. Whether harvested or synthetic AF could be used to
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bathe and protect the not-yet-keratinized skin of the extremely
preterm neonate is an appealing question. There is also much to
be learned about the immunoprotective properties of AF and
whether these can be enhanced to prevent TAL There is really little
information regarding how the innate host defenses of AF interact
with the adaptive immune system of the mother and fetus.

Can significant amounts of AF be harvested at elective caesarean
section in non-laboring women without harm to the fetus? Would
this harvested AF be safe and free of infectious agents or could AF
be processed (e.g., pasteurization) to render it free of infectious
agents without inactivation of the desired host defense molecules?
Storage and processing of AF has been investigated.* It is unclear
whether trophic factors in AF would survive processes such as
pasteurization, freezing, and storage. Given the apparent ease with
which the fetus can absorb large volumes of AF in utero, would
habies who are unable to tolerate regular enteral feeding (e.g. short
gut, lymphatic disruption sequence, gastroschisis) be able to
tolerate enteral AF infusion and thus nourish and stimulate the
mucosa and minimize villous atrophy? The value of early trophic
feedings in preterm infants has been well established. It is also
clear that human milk is superior to premature infant formulas for
these feedings. Unfortunately, breast milk is not always available.
Preterm infants for whom breast milk is not available might
benefit from a formula containing growth factors like those in AF
and/or human milk.

Finally, as the role of VEGF in control of human AF volume
becomes clear, it may be feasible to assess the role of VEGF
inhibitors (e.g. bevacizumab) in the treatment of oligohydramnios
and the role of VEGF receptor agonists in the treatment of
polyhydramnios.

SUMMARY

AF is a wonderfully complex and unique body fluid that nourishes
and protects the fetus. Just as breast milk is the optimum beverage
for the newborn, AF is the ideal, germ-free bath, cushion and
liquor for the fetus. Based on the significant contributions of AF to
fetal and neonatal health, additional research is needed to better
understand its functions and correct its disorders.
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