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Introduction and Overview

C. Nora Chiang and Charles C. Lee

It has become obvious from both animal experiments and clinical
observations that the placenta does not act as a barrier to protect the
fetus from exposure to xenobiotics taken by the mother. Nearly all drugs
or foreign chemicals, following maternal exposure, enter the fetus and
may exert adverse effects, depending on the reactivity (dynamics) of the
drug in the fetus and the extent of fetal drug exposure, which may be
assessed from the kinetics of the drug in the maternal-fetal unit. The
fetus may be affected through the direct action of a drug as well as
indirectly due to drug effects on the mother. Hence, it is a primary
health concern to understand the adverse effects of a drug, taken by the
mother, on the fetus. In addition, it is of paramount importance to
determine the kinetics and the dynamics of a drug in the maternal-fetal
unit in order to elucidate the mechanisms of drug action.

Studies in humans regarding drug effects due to prenatal exposure are
usually limited because of ethical and technical considerations. Such
studies are usually restricted to clinical observations of pregnancy
outcomes or the determination of drug concentrations in maternal and
fetal biological fluid samples collected at the time of delivery. Much of
the research assessing the potentially harmful effects of prenatal drug
exposure, and particularly the mechanisms of such effects, is performed
in animals. Because of the continuous morphological and physiological
alterations during pregnancy in the mother, placenta, and fetus, both the
kinetics and dynamics of a drug in the maternal-fetal unit may change
progressively. Studies on the effects and mechanisms of drug action in
the fetus are therefore very complicated and involve a diverse range of
disciplines. Furthermore, there are questions concerning the extra-
polation of animal data to humans since there are anatomical differences
in the structure of placenta and species differences in the pharmacologic
action (dynamics) and the disposition (kinetics) of a drug.

The experimental complexity and broad spectrum of prenatal pharma-
cology and toxicology require the exchange of information as well as
integrated efforts among scientists from different disciplines, including
clinical research, chemistry, biochemistry, pharmacokinetics, pharmacol-
ogy, and physiology. To coordinate an effort for information exchange



and interdisciplinary interaction, the National Institute on Drug Abuse
sponsored a technical review on September 24 and 25, 1984. This volume
presents the proceedings of the preclinical portion of the technical
review. It focuses primarily on the current research findings of prenatal
drug effects and current approaches for the investigation of mechanisms
of prenatal drug effects through applications of state-of-the-art
technology. In addition, an appendix containing a comprehensive review
of literature data regarding the dynamics and kinetics of drugs in the
maternal-fetal unit has been added as a supplement. Research articles
presented of the clinical portion of the meeting are collected in a
separate volume entitled “Current Research on the Consequences of
Maternal Drug Abuse.”

Various animal preparations have been used for the investigation of
prenatal drug effects. An overview of animal models was presented by
Dr. Rudolph. The presentation highlighted the pregnant ewe as an animal
model for quantitative assessment of the extent of drug exposure and the
intensity of pharmacological/physiological responses of the fetus.
Techniques for the preparation of the pregnant ewe for such investiga-
tions were illustrated. This preparation is highly praised and indeed
provides a useful model for studies of drug effects in the fetus.
Nevertheless, an extrapolation to the human situation must be made with
caution.

Drug disposition plays an important role in the elicitation or termination
of a pharmacologic effect. The biotransformation of drugs or other
exogenous chemicals in the placental-fetal unit was presented by Dr.
Juchau. Recent findings indicate that fetal liver and placenta of human
and nonhuman primates develop drug-metabolizing enzyme activities
during gestational maturation, while other subprimate animals in general
lack enzyme activities at this stage. One set of drug-metabolizing
enzymes (monooxygenases) in the placenta has been found to exhibit
increased activity in tobacco smokers. Preliminary evidence suggests
that these enzymes may catalyze the generation of highly reactive
metabolic intermediates capable of eliciting deleterious effects in the
fetus and newborn. Since research in this area is still in a developmental
stage, continuing efforts are required to establish the toxicological or
pharmacological significance of these drug-metabolizing enzymes.

The application of pharmacokinetics, a quantitative description of the
time course of a drug in the body, to studies of drug transport mechanisms
between the mother and fetus and the elicited pharmacological effects
was discussed by Dr. Benet. Using the ewe model, pharmacokinetic
principles were demonstrated with acetaminophen as a model drug for
studies of the transfer of drug and metabolites between the mother and
fetus as well as fetal disposition of all chemical entities. Pharmacoki-
netics, as applied in drug abuse research, will certainly help to provide
insight into the extent of fetal exposure and toxic consequences.

Prenatal effects of diazepam on rodents were discussed by Dr. Miller.
Reports indicate that persistent and selective alteration of the central
nervous system is induced in rats following low-dose diazepam exposure
during the last week of gestation and that coadministration of a diaze-
pam antagonist effectively prevents these alterations. The data suggest



that administration of diazepam during pregnancy may result in perma-
nent, selective, receptor-mediated alterations in behavioral and
transmitter functions in the neonate.

The overall opiate effects on the somatic and neurobiological devel-
opment of the fetus and/or the infant were summarized by Dr. Zagon.
Laboratory investigations revealed that the actions of opiate agonists
were stereospecific and subject to blockade by coadministration of opiate
antagonists. This suggests that the locus of opiate action is at the level
of the opiate receptor. Recent research findings, which suggest that
opioid antagonists affect fetal development, led to the speculation that
endogenous opioid peptides may serve to regulate growth through
interaction with opiate receptors. The role of endogenous opioids on fetal
development clearly needs further investigation.

The adverse effects of opioids on the offspring due to maternal drug
exposure have been well documented, although the mechanisms of action
are not clear. In utero monitoring, utilizing the pregnant ewe model, of
the direct effects of morphine exposure on fetal behavioral, respiratory,
and cardiovascular functions was presented by Dr. Szeto. Results showed
that morphine exhibited a biphasic dose-response relationship, excitation
at low dose and suppression at high dose, and the fetal narcotic abstinence
symptom was precipitated in utero after a short 2-hour low-dose
morphine exposure. These findings suggest that the fetus may undergo a
cycle of acute physical dependence and withdrawal when opiates are
administered to normal clinical patients. Further research in this area is
needed to provide further insight into mechanisms for the neurobehavioral
disturbances observed in children born to pregnant narcotic users.

Noninvasive methods are clearly preferable for the study of drug distri-
bution in maternal and fetal tissues. The use of the new and noninvasive
technique, Positron Emission Tomography (PET) for the study of morphine
and heroin distribution in pregnant monkeys was illustrated by Dr.
Lindberg. Following drug administration, both drugs readily distribute to
the fetus, with heroin reaching the fetus more rapidly than morphine. In
combination with pharmacokinetic modeling, PET may prove to be a
powerful tool for the evaluation of rapid distribution and disposition of
drugs in the maternal-fetal unit. It is also a potentially useful means for
the determination of specific sites of drug action in the fetus.

Clinical reports on infants born to tobacco-smoking mothers suggest
several adverse effects. According to Dr. Kuhnert, three components of
cigarette smoke--cadmium, lead, and thiocyanate--were present at
substantially higher than normal concentrations in the newborn of
cigarette smokers. These components were shown to exhibit some
deleterious biological activities. For example, cadmium was shown to be
placental-toxic in both animal studies and in the in vitro human placenta
preparation, as presented by Dr. Miller. The factors that clinically affect
the infant or fetus are not yet identified. Dr. Kuhnert also reported
adverse effects for infants born to mothers who used phencyclidine,
meperidine, or alcohol during pregnancy. Quantitative analysis of these
drugs in the biological fluids of infants at birth demonstrated their
presence.



All data gathered to date support the notion that nearly all drugs taken by
the pregnant mother readily cross the placenta to the fetus. Research
efforts to determine the concentrations of drugs/chemicals in body fluids
of the newborn of maternal drug users have provided valuable information
for the assessment of potential adverse effects to the infants. These
efforts should be continued with particular emphasis on the application of
new analytical technologies which enable drug determination in microliter
volumes of sample fluid.

It is well recognized that information on perinatal effect of drugs of
abuse is very limited. In many instances, the available data are confusing
or contradictory. Discrepancies may be attributed to different method-
ologies employed, different animal species studied, and varying routes of
drug administration, doses, and dosage forms. Despite the limitations of
the animal model, it is generally agreed that animal studies do provide
valuable information on prenatal drug effects. It is recommended,
however, that researchers be cautious about the selection of the animal
model as well as the route, dose, and dosage form of the drug to be
administered. It is further emphasized that a dose-response curve should
be generated for the selection of a proper dose for the animal studies, as
some drugs may exert multiphasic pharmacological effects.

In summary, it is clear that further research efforts are needed in this
critical area to further contribute to the substantial base of knowledge on
prenatal drug effects due to maternal drug exposure which has been
generated over years of research. As new technologies advance, more
sophisticated means for the investigation of the mechanisms of drug
action can be implemented. Of particular importance is integrated
research involving interdisciplinary collaboration which will certainly
contribute to the overall understanding of the preclinical and clinical
facets of the subject. Combining clinical and laboratory findings can be
anticipated to yield an improved basis for the prediction and minimization
of toxicities in humans through more effective treatment and prevention
efforts on the part of both physicians and the lay public.
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Animal Models for Study of Fetal
Drug Exposure

Abraham M. Rudolph

Increasing concerns have developed regarding the potential harmful effects
on fetal developrnent of drugs injected into or ingested by the mother, and
from her exposure to chemicals encountered in occupations or the envi-
ronment. Much of the earlier work regarding these potential hazards was
done in humans, and involved the detection of drugs or their metabolites in
umbilical cord blood at the time of delivery, or in urine in the newborn
infant soon after birth. Although detection of the parent drug reflected
passage across the placenta, the presence of metabolites did not confirm
that the drug itself was transferred, because the placenta may have been
permeable to the metabolite but not to the drug itself. Additional earlier
studies in the human were concerned with the effects that drugs taken by
the mother had on fetal function. Moya and Thorndike (1962) reviewed the
work done on detection of drugs in umbilical cord blood, and on observation
of behavior and certain physiological parameters of the human infant after
birth.

Another major interest in drug effects on the fetus concerned the
examination of their teratogenic effects. Considerable attention has been
directed toward studying the potential of drugs administered to the mother
at different stages of embryonic and fetal development to induce
congenital defects or even embryonic or fetal death. Most of this work has
been done in small rodents (Warkany and Takacs 1959). In addition, much
knowledge has been derived from examination of the coincidental
occurrence of specific congenital defects and administration of certain
drugs to the human mother.

More recently, interest has been directed toward obtaining more specific
information about factors that influence drug transfer across the placenta
and drug distribution in the fetus, and about the effects of drugs on fetal
physiological and biochemical functions. The perfused human placenta in
vitro has been used extensively to examine transfer of metabolites and
drugs (Schneider et al. 1972). There are several major concerns regarding
these studies. First, the perfusion medium has usually been an electrolyte
solution, sometimes with low molecular weight dextran; the flow rates are
usually quite low compared with what might be expected in vivo raising
questions about the degree of vasoconstriction present. Also, the duration
of viability of the preparation has not been established.



Physiological responses of the human fetus to drugs have been difficult to
assess. Heart rate responses can be monitored, and Schifferli and
Caldeyro-Barcia (1973) studied effects on fetal heart rate after admin-
istering atropine or beta-adrenergic drugs to the mother. Recently, it has
also become possible to monitor human fetal respiratory movements by
ultrasound techniques, and it will be possible to examine the effects of
drugs on this activity.

In this presentation, I will not address the use of animal models for
assessing the teratogenic effects of drugs. I plan to discuss some models
that have been used, and some that have the potential to be used for
studying pharmacokirretics and pharmacodynamics in the fetal placental
unit, and to address some of the limitations of these studies. The following
issues will be considered, along with models available for their study:

1. Placental transfer of drugs and their metabolites;

2. Fetal distribution;

3. Intrauterine distribution and excretion of drugs and metabolites;
4. Fetal drug metabolism;

5. Pharmacological effects of drugs and metabolites.

PLACENTAL TRANSFER

The influence of physical properties on the diffusibility of substances
across the placenta has been reviewed by Faber (1973). Lipid soluble
materials diffuse readily across the placenta. Rate of movement is largely
affected by umbilical and uterine blood flow rates rather than by
permeability, because this determines the rate of delivery and removal of
the substance at the exchange site. However, transfer of lipid insoluble
substances is dependent on molecular size and on the morphology of the
placental membrane. The rate of transfer of lipid insoluble substances is
proportional to their coefficient of free diffusion in water. If molecular
size 1s very large, there may be no diffusion. Since placental morphology is
very different in different species, pore size will be quite variable, and
diffusibility is markedly affected. Thus, the rabbit and guinea pig have a
hemoendothelial placenta: the fetal and maternal blood streams are
separated only by fetal endothelium. Because of this, molecules larger
than plasma albumin can diffuse across the placenta. The sheep placenta is
syndesmochorial; it has five layers separating fetal and maternal blood:
maternal endothelium and connective tissue, and fetal trophoblast,
connective tissue, and endothelium. The placentae of the human and the
primate are hemochorial, consisting of three fetal layers. Thus, because of
the histology of the membrane, the sheep placenta presents a considerably
greater diffusion barrier than the human placenta, which in turn is less
permeable than the rabbit or guinea pig placenta. These potentially
enormous differences in placental diffusing capacity must be appreciated
in experimental studies of drug transfer.

Diffusion rate is dependent on the mean concentration difference between
maternal and fetal blood. As Faber points out, the relevant concentrations
are those of physically dissolved material, not the total content. Thus,
protein binding of drugs. will have a marked effect on placental transfer,
either from mother to fetus, or fetus to mother. Potentially, fetal and
maternal protein-binding capacities may be different, apart from the fact
that, at least in some speceies, albumin concentrations are lower in fetal
blood.



Several animal models have been used to study drug transfer across the
placenta. Mirkin (1973) described a technique for examining transfer and
tissue distribution of a drug in the fetus by injection of an isotopically
labeled drug into the mother. After killing the animals at various intervals
after injection, whole fetuses were examined by radioautography.
Although this technique does demonstrate which fetal tissues are labeled,
there are several drawbacks. First, only small rodents can be used; second,
caution would have to be exercised that the tissue labelling was not caused
by passage of labeled metabolites rather than the parent drug; and third,
the technique does not provide quantitative data regarding drug transfer.

Several investigators have used techniques for studying drug transfer to
and from the fetus by placing intravascular catheters in the fetus and
mother, and administering drugs either to the fetus or mother. Maternal
and fetal plasma concentrations were measured either after a bolus
injection or after infusion. Many of these studies were done acutely in
anesthetized animals; this raises serious concerns regarding the reliability
of any quantitative measurements of transfer rates because anesthesia or
acute stress could greatly modify circulatory dynamics in both mother and
fetus and also influence hormonal and metabolic activity. Fouron (1973)
studied placental transfer of digoxin in the dog acutely under anesthesia
after either acute or chronic administration of the drug. Cosmi (1976)
studied transfer of anesthetic agents and other drugs in sheep; and
Ruckebusch et al. (1976) reported on the transfer of thiopental,
meperidine, and acepromazine (a phenothiazine) in sheep, as well as
monitoring some fetal responses to these drugs. Also, Szeto et al. (1978)
studied some aspects of pharmacokinetics of meperidine in the fetus and
mother in a chronically catheterized pregnant sheep model.

Numerous studies of similar type have been performed in chronically
catheterized fetal and maternal sheep, in which a fetal hindlimb artery and
vein and maternal artery and vein have been catheterized. This model is
useful for determining the rapidity of transfer of drugs in either direction
across, the placenta and the relative fetal and maternal plasma concen-
trations. Thus, Morishima et al. (1972, 1975) showed that lidocaine, when
injected into the mother, appears in fetal plasma very quickly. With this
model, it is also possible, after a bolus of the drug is injected into the
fetal or maternal circulation, to determine its biological half-life in the
fetus or mother, as well as the presence of, and rates of disappearance of,
metabolites. However, the information derived does not differentiate
between actual placental transfer and removal by metabolism or excretion
by other routes.

Transfer rates of drugs across the placenta can be measured more specif-
ically by application of the Fick principle. Meschia et al. (1966) first
applied this approach to measure umbilical and uterine blood flows in
pregnant sheep by infusing antipyrine into the fetus. The rate of removal
of drug to the uterus and its contents is measured by the equation

A= Qut X (Cuta - Cutv)

where A is amount removed Q. 1s uterine blood flow, and C,, and C..
are concentrations of drug in uterine artery and vein at steady state. This
technique has limitations because the sheep uterus has several draining
veins, and sampling from a single vein may not be representative of mixed



uterine venous blood. Also, uterine venous blood is a mixture of blood
derived from placental site perfusion as well as uterine musculature.
Myometrial blood flow in the sheep in mid- to late-gestation accounts for
only about 15% of total uterine blood flow, but this must be considered in
estimates of placental transfer.

The amount of a drug that is removed or taken up at the placenta on the
fetal side can be calculated similarly from the equation

A = Qun X (Cumv - Cuma)

where Q. is umbilical blood flow and C,,, and C,,, are concentrations
of drug in umbilical vein and artery, respectively, at steady state. Prob-
lems with umbilical venous sampling may present difficulties in making
accurate measurements. A technique used commonly to catheterize the
umbilical vein is to pass a catheter from a peripheral cotyledonary vein
centrally into one of the two main veins (Rudolph and Heymaun 1980). It is
possible that the sample obtained may not reflect mixed umbilical venous
blood. To overcome this, we developed a method for chronically cathe-
terizing the common intra-abdominal segment of the umbilical vein (Young
et al. 1974). but recent experience has shown that there is no significant
difference in concentrations in the common vein as compared with the two
main veins.

Uterine and umbilical blood flow can be measured by several techniques.
The antipyrine steady-state diffusion method mentioned above suffers
from the inability to make repeated measurements after any manipulation
without waiting a considerable period for a new steady state to be
achieved. Techniques for applying electromagnetic flow transducers to the
vessels have been described for both the mother and fetus. Flow
transducers can be applied to the branches of the uterine artery, but to
measure total flow, the transducer can be applied to the distal aorta
beyond the origins of the common iliac arteries. In the sheep, this segment
of the aorta gives rise to the two uterine arteries, from which also arise
some small branches to the pelvis. Thus, measurement of flow at this site
slightly overestimates the uterine blood flow. In the fetal lamb, we
demonstrated that the umbilical arteries arise from a short distal segment
beyond the common iliac artery origin. We have described the technique
for applying a flow transducer to this segment to measure total umbilical
blood flow (Berman et al. 1975). Because some small arteries arising from
the umbilical arteries supply pelvic tissue, the measured flow slightly
overestimates actual umbilical blood flow. The great advantage of this
technique is that blood flow can be measured instantaneously and rapid
alterations can be monitored.

The radionuclide-labeled microsphere technique is a useful method for
measuring both umbilical and uterine blood flows (Rudolph and Heymann
1967; Heymann et al. 1977). In the mother, a catheter must be introduced
retrograde through a peripheral artery and advanced to the left ventricle.
If the placental portion of the uterus is separated from the surrounding
myometrium at autopsy, it is possible to measure uterine blood flow to
each portion separately. In the fetus, the microspheres can be injected
into a peripheral vein while a reference sample is collected from the
descending aorta or one of its branches. It is also feasible to measure
umbilical blood flow to the placental cotyledons separate from the
amniotic and chorionic membranes.



The placenta has high metabolic activity and a fairly large volume. Drugs
delivered to the placental site either from the maternal or fetal
circulations will be distributed in the placental volume. Also, some of the
drug may be metabolized by the placenta. Thus, even at steady state, the
calculated uptake of drug by the placenta on the fetal side may not equal
the calculated amount leaving the uterine circulation at the placental site.
The difference is a reflection of placental removal of drug.

It should also be appreciated that the uptake or release calculated from the
Fick equations above represents net transfer. Some of the drug in the
umbilical artery may cross to the maternal circulation, whereas some in
the uterine artery may enter the fetal circulation.

FETAL DISTRIBUTION AND EXCRETION OF DRUGS AND METABOLITES

The fetal circulation is characterized by the presence of shunts which
provide preferential distribution of oxygen and substrates to upper body
organs and also function as a partial bypass of the lungs. The
radioautography studies developed by Mirkin (1973) are not quantitative
enough to define distribution patterns of drugs in fetal tissues. The blood
flow patterns in the fetus are important to our understanding of how drugs
and chemicals delivered to the fetus across the placenta into umbilical
venous blood are distributed in the fetus. It is also important in
experimental studies in which drugs are infused directly into the fetus for
pharmacokinetic or pharmacodynamic studies. Furthermore, because of
the shunting, arterial concentrations of drugs may be very different in
upper and lower body arteries.

The patterns of blood flow in major venous channels have been studied in
fetal lambs by applying the radionuclide-labeled microsphere technique.
Simultaneous injection of microspheres into various peripheral veins has
defined the flow patterns shown in figure 1. Umbilical venous blood
contributes about 40% of total venous return; about 55% normally passes
through the ductus venosus, thus bypassing the liver, while the remainder is
distributed to the left and right lobes of the liver. Portal venous blood is
distributed exclusively to the right lobe of the liver (Edelstone et al.
1978). Distal inferior vena caval blood is joined by blood from the left and
right hepatic veins and the ductus venosus just below the diaphragm.
However, blood does not mix completely in the thoracic portion of the
inferior vena cava. We have shown that ductus venosus blood streams
preferentially through the foramen ovale to the left atrium, whereas distal
inferior vena caval blood preferentially flows through the tricuspid valve
into the right ventricle (Reuss and Rudolph 1980; Edelstone and Rudolph
1979). Superior vena caval blood passes almost exclusively through the
tricuspid valve into the right ventricle. Right ventricular blood largely
flows through the ductus arteriosus to the descending aorta, while left
ventricular blood is ejected into the ascending aorta. These flow patterns
account for the higher oxygen saturation in ascending aortic blood as
compared with descending aortic blood in the fetus, and also could result in
higher concentrations of drugs in ascending aortic blood when they enter
the fetus through the placenta.

We have also shown that left hepatic venous blood follows the preferential

streaming pattern of ductus venosus blood, whereas right hepatic venous
blood is distributed in a similar manner to distal inferior vena caval blood.

9



VENOUS FLOW PATTERNS IN THE FETAL LAMB

Tricuspid valve

Umbilical vein
Portal vein

Figure 1. The course and distribution of venous blood entering the heart
in the fetus is depicted. Umbilical venous blood enters the hepatic hilum
and gives off branches to the left lobe. The ductua venous carries
predomanantley umbilical venous blood driecly to the inferior vena cava.
The umbilical vein then the arches, to the right to join the portal vein. Almost
all portal vnous blood enters the right lobe of the liver. The right hepatic
venous, blood, joins the abdominal inferior vena caval stream to be
preferentilly distributed through the tricuspid valve. Left hepatic venous
blood joins the ductus Venous stream and these two well-oxygenated
bloods are preferentially directed through the foramen orale. The superior
vena caval blood is almost completely directed through the tricuspid calve

(from Rudolph 1983, copright 1983, American Association for the Study
of Liver Disease)
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These distribution patterns could greatly influence concentrations of drugs
reaching different organs, depending on their route of administration and
on the rate of metabolism in various organs. Thus, if a drug enters the
umbilical circulation it first reaches the fetal liver, but about half passes
directly through the ductus venosus. If the drug is rapidly metabolized by
the liver, up to half of that entering the fetus may be removed on the first
pass. If the drug is administered through the portal vein, it will reach the
right lobe of the liver in highest concentration, with much lower
concentrations reaching the left lobe of the liver. When a drug is infused
into a forelimb vein, it will not be distributed to the brain or heart on the
first pass, and if the drug is readily removed by the placenta, large
amounts may be necessary to have an effect on the heart or brain. In the
same fetus, drugs infused at the same ratio could thus exert very different
effects, depending on the route of administration.

INTRAUTERINE DISTRIBUTION AND EXCRETION

In addition to distribution of drug administered to the mother into the fetal
body, some drugs may enter the chorioallantoic membranes and amniotic
and allantoic sacs. Exchanges between allantoic and amniotic fluids and
the fetal or maternal circulations are not clearly established. The
amniotic fluid surrounds the fetus, but the allantoic sac occupies a small
segment of the uterine space. In the latter trimester of the sheep, the
allantoic space is well defined in the horn of the uterus and in the cervical
region, but in the body of the uterus the allantoic and amniotic membranes
are closely applied and there is little allantoic cavity in this region (Mellor
1980). Because of this, there could well be poor mixing within the allantoic
cavity. Similarly, although the fetus is surrounded by amniotic fluid, the
degree of mixing of substances that enter the amniotic fluid is not well
established. In early gestation in the sheep, the fluid is a clear liquid and
mixing may be good, but beyond about 120 days gestation the fluid becomes
increasingly viscid and considerable mucus is present, and distribution of
materials added to it may be quite poor.

It is possible to place catheters into the amniotic and allantoic sacs and to
maintain them chronically. The amniotic catheter can be readily inserted
adjacent to the fetal body. To catheterize the allantoic sac, the muscle of
the horn of the uterus is carefully incised and the allantoic cavity is
entered; it 1s recognized by the presence of clear yellowish fluid, in
contrast with amniotic fluid, which is often turbid and, in later gestation,
viscid. Also, the cotyledonary branches of the umbilical arteries and veins
are clearly visible on the chorionic membrane.

The allantoic and amniotic spaces may have a prominent role in kinetics of
the parent drug or its metabolites. if the drug or metabolite enters these
spaces, it could be reabsorbed into the maternal or fetal circulation. The
drug or metabolite may enter the amniotic sac from fetal urinary output
via the urethra, or the allantoic sac from urine via the urachus. In
addition, drugs may enter the amniotic fluid in tracheal fluid, secreted by
the lung, or possibly via the gastrointestinal tract, but the latter source is
not likely.

The excretion of drug or metabolites by the fetal kidney can be measured

readily in the lamb fetus in which a catheter is implanted chronically into
the bladder. This can be done directly through a suprapubic abdominal
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incision (Iwamoto and Rudolph 1983), but can also be readily accomplished
by passing a catheter through the urachus either intra-abdominally or as it
enters the umbilical cord, external to the umbilical ring. I now prefer the
urachus approach because, since the urachus is ligated, urine will not enter
the allantoic sac. Also, to be sure that no urine enters the amniotic sac,
the urethra can be ligated at the skin surface. If this is done, the urinary
catheter must be allowed to drain, so that retention does not occur. When
catheters are placed in the bladder and in the allantoic and amniotic sacs,
it is possible to measure the urinary excretion rates of drugs and their
metabolites, and also examine their rates of entry and removal from the
allantoic and amniotic fluid. As mentioned above, because there may be
problems of even distribution of substances in the allantoic and amniotic
fluid, the information regarding drug and metabolite concentrations and
kinetics in the allantoic and amniotic sacs may not be precise.

FETAL DRUG METABOLISM

A great deal of work has been done on developmental aspects of enzymes
involved in drug metabolism, but most studies have concentrated on
detection of enzymatic activity in vitro in microsomal fractions or
homogenates of fetal organs, or in fetal cell cultures. This work has been
reviewed extensively by Dutton (1978). However, the techniques used may
possibly interfere with activity of some enzymes and, furthermore, may
activate all enzyme present in inactive form, but which may not be active
in vivo. Study of metabolism of drugs by the fetus in vivo have taken two
directions. First, analysis of metabolites of the drug in fetal blood provide
an indication that the fetus has the capacity to metabolize the drug,
assuming that the metabolites do not cross the placenta. If they do cross
the placenta, it is difficult to determine whether they are derived from
maternal metabolism. Also, measurement of metabolite concentration
does not indicate where the drug is being metabolized.

We have developed a preperation ion in fetal lambs which allows the direct
measurement of rates of metabolism by the liver. Catheters are implanted
into a lower limb artery and vein, an umbilical vein, a mesenteric venous
tributary of the portal vein, and a left or right hepatic vein. These
techniques have been reported previously (Bristow et al. 1981). Blood flow
to each lobe of the liver from the umbilical veins, to the portal vein, and to
the hepatic artery can be measured using the radionuclide-labeled
microsphere method. By measuring concentrations of drugs or metabolites
in the various vessels and using the blood flow data, rates of hepatic uptake
or release can be calculated by the Fick method. We have shown that, in
the fetus, only a very small percentage of liver blood supply is derived
from the hepatic artery, and it can readily be discounted in these
calculations. Thus, for the left lobe

A= QLuv X Cuv - QLuv X Cth
and for the right lobe
A= (QRuV X Cuv + QRpV X va) - (QRuV + QRpV) X CRhV
Where A is the amount taken up or released, Q.. is blood flow to the left

liver lobe from umbilical vein, and C,, and C;,, are concentrations of
drug or metabolites in umbilical venous and left hepatie venous blood.
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Qryv and Qg,, are blood flows to the right liver lobe from the umbilical
and portal veins. Cyy, Cp, and Cg,, are concentrations in umbilical vein,
portal vein, and right hepatic vein.

These calculations depend for reliability on adequate concentration
differences across the liver; if this does not occur, it may be necessary to
use radioisotopically labeled drugs, with measurement of specific activity
of metabolites in hepatic venous blood.

Recently, we have also developed a preparation in fetal lambs in which the
renal vein is catheterized chronically (Iwamoto and Rudolph 1983). In
association with lower limb artery catheterization and measurement of
renal blood flow either by the microsphere method or by clearance
techniques, the rate of uptake of drugs or release of metabolites from the
kidney can be calculated.

PHARMACOLOGICAL EFFECTS OF DRUGS AND METABOLITES

Numerous fetal physiological and biochemical functions can now be
monitored in the chronically instrumented fetal lamb. Heart rate and
arterial pressure can be monitored from intraarterial catheters, or heart
rate and electrocardiogram can be recorded from chronically implanted
ECG leads sewn to fetal skin. Venous pressures or atrial and ventricular
pressures can be recorded from catheters inserted directly, or via
peripheral vessels.

Continuous measurement of blood flow in several fetal vessels has been
achieved by chronic implantation of electromagnetic flow transducers
around the vessel. Thus, umbilical blood flow can be measured by placing a
flow transducer around the common umbilical artery (Berman et al. 1975)
or the common umbilical vein (Oakes et al. 1976). Transducers around the
pulmonary trunk measure right ventricular output and around the ascending
aorta measure left ventricular output minus coronary flow (Rudolph and
Heymann 1973). The fetal circulatory effects of drugs administered to the
mother or fetus can be examined in these preparations. However, when
drugs are administered to the mother, fetal responses may not be a direct
effect, but may result from interference with uterine blood flow, causing
fetal hypoxemia and possibly aeidemia. Also, drugs that may depress the
fetal circulation or constrict the umbilical-placental vessels could cause
hypoxemia as a result of inadequate oxygen delivery. It is therefore
advisable to exarnine the effects of drugs administered directly to the
fetus as well as to the mother. Also, maternal cardiovascular variables
such as blood pressure and heart rate, and particularly uterine blood flow,
should be measured to assess maternal responses.

The radionuclide-labeled microsphere technique has greatly advanced the
opportunity to exarnine fetal cardiovascular responses to drugs (Rudolph
and Heymann 1967). Injection of microspheres with two different labels
into an upper and lower limb vein with simultaneous sampling from upper
and lower limb arteries allows measurement of cardiac output and blood
flow to every organ and tissue and to the placenta. Currently, we can
discriminate nine different gamma emitters, so that it is possible to obtain
a control measurement and the effects of a drug at three different
concentrations, if desired. The changes in vascular resistance in each
organ can be assessed.
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Some of the effects of drugs on the central nervous system can be
examined by implanting leads to measure electrocortical activity or
electroocular activity and limb or nuchal muscle movement (Ruckebusch et
al. 1976).

The effects of drugs on renal function can readily be examined in the
preparation we reported (lwamoto and Rudolph 1983). Renal blood flow
and urinary output, as well as urinary electrolyte composition, can be
examined. Biochemical and endocrine effects of drugs can be studied by
measuring plasma concentrations of metabolic substrates or hormones.

This review indicates that there have been considerable advances in the
ability to study pharmacokinetics and pharmacodynamics of drugs in the
fetus and mother during pregnancy. At present, the pregnant sheep
preparation provides a useful model for drug studies. It must be
appreciated, however, that there are important species differences in
placental function. Furthermore, the state of maturation of the developing
fetus varies greatly in different species at the time of birth. It is
therefore not appropriate to assume that drug effects can be compared at
similar proportions of the total gestational period.
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Biotransformations of Drugs and
Foreign Chemicals in the Human
Fetal-Placental Unit

M.R. Juchau

Prenatal drug biotransformation has attracted investigative attention
since the late 1950s (Fouts and Adamson 1959; Jondorf et al. 1959) when it
was recognized that differences between mature and developing organ-
isms, in terms of their responses to the pharmacologic/toxicologic actions
of drugs, could be due (at least in part) to developmental differences in
biotransformation. The common biotransformation pathways for drugs
and foreign chemicals are presented in table I. Early studies on fetal
drug metabolism primarily focused on hepatic tissues because the liver
was recognized as the principal site of drug biotransformation reactions in
adult animals. When compared in vitro with hepatic tissues from mature
experimental animals, the corresponding tissues from fetuses and
neonates exhibited extremely low or, in many cases, undetectable drug
biotransforming activities. Based primarily on studies in rats, mice,
rabbits, and guinea pigs, the concept arose that the drug biotransforming
capacity of prenatal animals was virtually negligible. Early studies of
fetal and neonatal drug biotransformation were reviewed by Brodie and
Maickel (1962) and Fouts and Hart (1965). This concept (absence of
prenatal drug biotransformation) persisted until the early 1970s when it
was discovered independently, in three separate laboratories (Pelkonen et
al. 1971a, 1971b; Rane and Ackerman 1972; Rane and Sjoqvist 1972; Juchau
1971; Juchau et al. 1972; Juchau and Pedersen 1973), that the human fetal
liver and adrenal gland contained enzymes capable of catalyzing various
monooxygenation reactions--reactions for one of the common biotrans-
formation pathways of drugs and foreign chemicals (table 1), at
reasonable respectable rates and at fairly early stages of gestation.
Several reviews of these findings also have appeared in the literature
(Pelkonen 1973, 1979, 1980d, 1980b, 1982; Yaffe and Juchau 1974; Rane et
al. 1973; Juchau et al. 1980; Juchau 1980a).

Almost simultaneously, it was discovered that human placental tissues
exhibited the capacity to biotransform drugs via each of the major
metabolic pathways. Possibly the most striking aspect of placental drug
biotransformation was the remarkably increased monooxygenase activities
observed in placentas as of tobacco smokers. Such increases were observed
primarily in placentas delivered near term and contrasted with a relative
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TABLE 1. Common biotransformation pathways and enzymes involved in
biotransgermotaion

PATHWAY

I. Oxidation

a) Monooxygenation

b) Dioxygenation

¢) Dehydrogenation

d) Peroxidation

e) Monoamine oxidation

I1. Reduction

ML

Iv.

a) Nitro groups

b) Azo linkages

¢) Epoxides

d) Carbonyl groups

e) Unsaturated carbon-
carbon bonds

Hydrolysis

a) Carboxylic acid esters
b) Amides/peptides

¢) Sulphate esters

d) Glucuronic acid esters
e) Epoxides

Conjugation
a) Glycosylation
1. Glucuronidation

2. Riboside formation
3. Glucoside formation
b) Sulphation
¢) Acylation
1. Acetylation
2. Clycine/glutamine
conjugation
d) Glutathione conjugation
e) Methylation

ENZYMES

I. Oxidoreductases

1L

al) Cytochrome P-450-
dependent systems

a2) Flavin-dependent
monoxygenases

b) Dioxygenases

¢) Dehydrogenases

d) Peroxidases

e) Monoamine oxidases

Oxidoreductases

a) Nitro reductases
b) AZO reductases

¢) Epoxide reductases
d) Dehydrogenases

e) Dehydrogenases

III.Hydrolases

Iv.

a) Esterases

b) Amidases

¢) Sulphatases

d) Glucuronidases

e) Epoxide hydrolases

Transferases
a) Glycosyl transferases
1. Glucuronosyl
transferases
2. Ribosyl transferases
3. Glucosyst transfeases
b) Sulphokinases
¢) Acyl transferases
1. Acetyl transferases
2. Amino acid
transferases
d) Glutathione transferases
e) Methyl transferases



lack of response during the first third of gestation. Fetal livers and
adrenal glands also appeared not to respond significantly to inducing
agents present in tobacco smoke between weeks 7 to 20 of gestation.
Aspects of these researh findings have been reviewed on numerous
occasions. (For recent reviews, see Juchau 1980b, 1982, 1984; Chao and
Juchau 1983; Juchau and Rettie, in press).

PHARMACOLOGIC SIGNIFICANCE

A somewhat disturbing aspect of the finding of comparitively high
monooxygenase activities in human placental and fetal tissues is the
indication provided by somewhat preliminary research that various
enzymes deemed extremely important for bioinactivation of drugs and
chemicals are present in low to negligible levels in each of the three
aforementioned. tissues (but particularly the placenta). They also appear
to remain at low levels following esposure to inducing agents. Of
principal cocern is the low to negligible complement of glucuronyl
transferases (in all fetal and placental tissues), enzymes which play a
prime role in terminiatirng the biologic effects of drugs and other
chemicals. Activities of other conjugating enzymes may also be low,
although no generalizations should be made at this time because of the
fact that relatively high activities can be observed depending upon the
substrate under investigation, the tissue preparation being studied, the
stage of gestation, exposure to inducing agents, and a multitude of other
genetic, physiological, and environmental factors known to affect rates of
conjugation.

Under conditions in which the tissue monooxygenase activities are
comparatively high, it can be shown that enzymes from each of these
three organs will catalyze the conversion of promutagens to mutagenic
intermediary metabolites (Jones et al. 1977; Juchau et al. 1978, 1980;
Juchau 1980a). Other bioactivation reactions also have been documented
(Rollins et al. 1979; Pelkonen 1979, 1982). The toxicologic significance of
these observations is not fully understood at present but would suggest
that after exposure of pregnant women to drugs or chemicals,
steady-state levels of reactive, toxic intermediates would tend to be high
in fetal and placental tissues with high ratios of monooxygenase to
conjugating activities. Considerable research must be performed in order
to understand the implications of regulatory increases in xenobiotic
monooxygenation in the fetal-placental unit. From the viewpoint of
toxicologic effects of drugs and chemicals, the influence of such changes
will undoubtedly vary depending on the toxic chemical wunder
consideration. It is important to emphasize that we are now in possession
of only the barest framework of knowledge of xenobiotic biotransforma-
tion in human fetal and placental tissues and that it is entirely premature
to make predictions concerning the metabolic fate of a given chemical
within the human fetal-placental unit based on currently available
information. Recently, we discovered (Juchau et al. 1982; Namkung et al.
1983a, 1983b; Omiccinski et al. 1980) that additions of micromolar
quantities of hematin to reaction mixtures containing fetal or placental
tissues as enzyme source would increase rates of monooxygenation by as
much or more than a hundredfold, depending upon reaction conditions and
the tissue under investigation. The mechanism for elicitation of these
remarkable increases has not yet been elucidated, but evidence
accumulated to date suggests that the phenomenon may reflect a highly
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important, short-term mode of regulation of P-450-dependent monooxy-
genation reactions. In view of the implications for generation of toxic
reactive intermediates, it would seem important to gain a much firmer
understanding of the phenomenon. We are currently pursuing studies of
“hematin-mediated” regulation of P-450-dependent monooxygenase
activities in fetal and placental tissues with the following working
hypothesis:

Extrahepatic tissues of mature animals and both
hepatic and extrahepatic tissues of immature (pre-
natal and neonatal) animals (including human and
nonhuman primates) contain significant pools of
apocytochrome P-450 isozymes which, under normal
circumstances, exhibit a relatively low affinity for
the corresponding hematin prosthetic group. Fol-
lowing contact with certain small organic chemicals
(not necessarily xenobiotics, as hydroxylation of
estradiol 17B also appears subject to this regulatory
mode), interaction of the apocytochrome with the
chemical and/or its metabolite(s) results in a con-
formational change in the apocytochrome(s) which
increases the affinity for its hematin prosthetic
group. The increased affinity, in turn, results in an
increased steady-state level of active holocyto-
chrome(s) and thus, a marked increase in the corre-
sponding P-450-dependent monooxygenase activities.

Although the hypothesis remains unproven, we have provided substantial
evidence to rule out a large number of possible alternative hypotheses and
also have found that all data obtained to date are consistent with the
stated hypothesis. In addition, we have been able to show (Giachelli et al.
1984) that embryonic tissues contain unusually high quantities of mRNA
which serve as template for P-450 synthesis, suggesting the possibility
that correspondingly high levels of inacative apocytochrome may also he
present prenatally. In view of the importance of the role of P-450-
dependent monooxygenation in the generation of reactive intermediates
and in the potential serious toxic effects of such intermediates, it is felt
that pursuit of these questions could provide considerable light on
mechanisms of chemically initiated toxicity in the fetal-placental unit.

It should he emphasized, however, that our current understanding of drug
biotransformation in the human fetal-placental unit is very primitive. It
is not possible to predict the metabolic fate of drugs and foreign
chemicals within that unit--even for chemicals that have received some
investigative attention. For obvious reasons, investigators have utilized
model substrates (primarily) for the study of the metabolic capabilities of
the pertinent human fetal and placental tissues. Thus, specific infor-
mation on most drugs of abuse is not available at present, nor is it
possible to predict their biotransformational fate within the fetal-
placental unit. Understandably, in view of the ethical questions involved,
progress in the area has been rather slow, with only a few published
artickes appearing each year. For these and other reasons, our
understanding of the effects of drugs of abuse on the prenatal organism
(particularly in terms of the more subtle, nonmorphologic and/or
Long-term effects) is incomplete at best. Future research, however, will
undoubadly help to clarify many of the currently existing questions.
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SUMMARY

Several communications pertaining to research on human fetal drug
biotransformation have appeared in the literature in the past 3 to 4 years
(Aranda et al. 1979; Cresteil et al. 1982; Pacifici et al. 1981; Pacifici and
Rane 1982, 1983; Schroeter and Amon 1983). In general, research in this
area has produced no major recent surprises, but it has confirmed,
extended, and supported the earliest findings through those of the
mid-1970s and has served to expand our understanding of these important

systems.

The important aspects of our current knowledge may be

summarized very briefly as follows:

L.

Each of the major drug metabolic reactions (oxidations,
reductions, hydrolyses, and conjugations) can he catalyzed at
generally low rates by enzymes present in human fetal and
placental tissues.

Reaction rates appear, in general, to increase with advancing
gestational age.

Placental xenobiotic-biotransforming monooxygenases display a
high sensitivity to the effects of MC-type (methylcholanthrene)
but not PB-type (phenobarbital) inducing agents during the later
stages of gestation. Responsivity is minimal during early
gestation.

Monooxygenases in other fetal tissues (liver, adrenal gland,
etc.) appear to respond minimally to inducing agents, at least
during the earlier stages of gestation.

Glucuronyl transferase activities appear to be very low in all
fetal and placental tissues.

Epoxide hydrolase, glutathione S-transferase, and sulfo-
transferase (and perhaps others) activities can be relatively
high in prenatal primate hepatic tissues but, at present, are
difficult to predict. Some of these may respond to environ-
mental inducers in situ, but solid evidence for this is still
lacking.

Monooxygenases in all fetal and placental tissues (with the
exception of the liver in certain species) appear subject to a
hematin-Jnediated regulation of activity. Extremely large
increases have been observed.

Enzymes/enzyme systems present in human fetal and placental
tissues can catalyze the generation of reactive intermediary
metabolites capable of covalently binding to biomacromolecules
and inducing bacterial mutations.

In terms of substrates attacked by human tissue monooxy-
genases, the fetal hepatic enzyme exhibits a rather broad
specificity, the fetal adrenal gland exhibits a narrower spec-
ificity, and the human placenta exhibits an even narrower
specificity.
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10. In comparison with hepatica systems from adult male rodents,
human fetal and placental tissues are virtually unexplored with
respect to knowledge of drug biotransformation.
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Pharmacokinetics of Drugs and Metabolites
in the Maternal-Placental-Fetal Unit:
General Principles

Laurene H. Wang, Abraham M. Rudolph, and Leslie Z. Benet

Drug use during pregnancy may result in both pharmacologic and toxi-
cologic drug effects in the fetus. Prenatal pharmacology defines the
therapeutic use of drugs to treat fetal diseases in utero; while prenatal
toxicology evaluates the risks of drug exposure to the developing fetus.
To correctly assess the pharmacologic and toxicologic effects of a drug,
one must examine hoth the pharmacodynamics and pharmacokinetics of
the drug and its metaholites. Pharmacodynamic parameters which specify
the interaction of a drug or its metabolites with certain specific receptors
and the elucidation of their modes of action determine whether the drug
or its metabolites possess pharmacological or toxicological potential in
the fetus. On the other hand, pharmacokinetic parameters which
characterize the disposition of the drug and its metabolites in the
maternal-placental-fetal unit are of utmost importance in determining
whether an active form of the drug can reach the fetus, after maternal
administration, at a sufficient concentration and for all adequate period
to induce pharmacological or toxicological effects during the prenatal
period. Therefore, pharmacokinetic studies in the maternal-placental-
fetal unit which evaluate the rate and extent of drug exposure to the
fetus play an important role in developmental pharmacology and
toxicology.

An index of relative exposure of the fetus to the drug taken by the mother
has been defined as the ratio of the total area under the drug concen-
tration versus time curve for the fetus to that for the mother after a
single-dose administration (Levy and Hayton 1973). If multiple doses of a
drug are administered, the index of relative exposure of the fetus to the
drug can be determined by the ratio of the steady-state drug concentra-
tion in the fetus to that in the mother. Since the metabolite of a drug is,
in many cases, the active species responsible for a pharmacologic or
toxicologic effect, the concentrations of the metabolite should then be
measured to determine the fetal metabolite exposure. In addition, plasma
protein binding measurements should also be determined because the
unbound drug is generally believed to be the moiety that elicits a
pharmacologic or toxicologic action. The factors affecting the rate,
extent, and duration of exposure of a drug or its metabolites to the fetus
include the absorption, distribution,. and elimination of the drug in the
mother; the distribution and elimination of the drug metabolites in the
mother; the transfer of the drug and its metabolites across the placenta;
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the metabolism of the drug or its metabolites in the placenta; and the
distribution and elimination of the drug and its metabolites in the fetus.
Theoretical considerations of all the above processes of drug disposition in
the maternal-placental-fetal unit are presented in this chapter. Pharma-
cokinetic experiments which have been utilized lo assess appropriate
pharmacokinetic parameters for characterizing the kinetic processes are
also discussed.

PHARMACOKINETIC STUDIES DURING PREGNANCY

Pharmacokinetic studies in humans during pregnancy are usually limited
to a single point determination of drug concentrations in the mother and
the fetus (umbilical cord blood) immediately following delivery. These
determinations are carried out in different subjects, at different times
after drug administration, and usually under different conditions. Con-
sequently, pharmacokinetic chararterization of drug disposition in the
maternal-placental-fetal unit derived from these studies is extremely
difficult and by no means is definitive in reflecting in utero rondition.
Based on theoretical considerations, computer simultations various
pharmacokinelic models have been undertaken to predict the time course
of drug concentrations in the mother and fetus (Levy and Hayton 1973;
Gillette 1977). Nonetheless, the most useful information can only be
obtained from properly conducted experiments in which the time course
of maternal plasma concentrations of drug and metabolites is followed
after drug administration; and maternal, cord arterial, and venous blood
samples and amniotic fluid are collected at the time of delivery (Rajchgot
and MacLeod 1983). In addition, the plasma protein binding of the drug
and its metabolites should also be determined.

Since drug studies in pregnant woman are ethically and medically prohib-
ited, most multiple sample pharmacokinetic investigations of drugs and
metabolites have been carried out in animals. Rats, mice, and rabbits
have been frequently utilized with a single time sample obtained in both
the mother and fetus at sacrifice. Pharmacokinetic analyses are then
undertaken with combined data from many animals sacrificed at different
times after dosing. A few multiple time sample studies have been carried
out in monkeys, but the pregnant sheep has evolved as the most frequently
used animal model.

The establishment of a chronically catheterized pregnant sheep model has
allowed complete pharmacokinetic studies in the maternal-placental-
fetal unit in utero. Surgical procedures are used to implant chronic
indwelling catheters, enabling repeated sampling from various maternal
and fetal blood vessels, from maternal and fetal bladders, and from
amniotic and allantoic fluid cavities at predetermined time intervals after
drug administration. Chronic studies with multiple dosing of a drug to the
mother and kinetic studies with direct introduction of the drugs into the
fetal circulation can also be readily carried out. Additionally, the preg-
nant ewe preparation permits pharmacokinetic studies on the develop-
mental aspects of drug disposition in the maternal-placental-fetal unit.
Therefore, the following discussion of the experimental methods utilized
in prenatal pharmacokinetic studies will concentrate on the use of
pregnant sheep as the animal model. However, comparative studies using
different animal models are essential to gain a full understanding of the
overall scheme of drug disposition in the maternal-placental-fetal unit.
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Pharmacokinetic Models

Various compartmental models have been suggested for characterizing the
kinetics of drug disposition in the maternal-placental-fetal unit during
pregnancy (Levy and Hayton 1973; Krauer and Krauer 1977; Szeto 1982;
Szeto et al. 1982; Kajchgot and MacLeod 1983; Cabrielsson and Paalzow
1983). To obtain the pharmacokinetic parameters which best describe the
rate, extent, and duration of drug exposure to the fetus, all accountable
kinetic processes must be considered when constructing the pharmaco-
kinetic model. The compartmental model can be as complicated as that
shown in figure I in which all possible physiological conditions of the
system are considered. However, the practicality of a kinetic model is
usually limited by the availability of sampling sites, and, thus the
experimental data. Therefore, preliminary in vivo and in vitro exper-
iments should always be performed to provide the basis for a particular
model. Furthermore, model independent or noncompartmental methods
should be utilized to substantiate the validity of the derived compart-
mental parameters using the proposed model. If the experimental results
of both methods are not consistent, a model describing more complicated
processes should then be proposed and tested.

At present, it appears that the simplest kinetic model would be a two-
compartment (maternal and fetal) model with transplacental transfer and
nontransplacental elimination occurring in both compartments (Szeto
1982). As depicted in figure 1, complicated situations arise when the drug
is metabolized in the placenta, which constitutes a third compartment, or
when the drug is transferred via nonplacental routes between the fetus
and the mother. This is exemplified by the reversible diffusion of the
drug between the amniotic fluid and the mother across the chorioallantoic
membranes (Mellor 1980). the reversible diffusion of the drug between the
amniotic fluid and the fetus across the fetal skin, chorioamnion, or
respiratory epithelium (Seeds 1981; Carson et al. 1979; Dawes 1973). or the
oral-renal-amniotic fluid recycling (Amon and Amon 1976). The pharma-
cokinetic scheme is further complicated when metabotite kinetics is
considered. Overall, the significance of each process in a kinetic model
depends upon its contribution to the overall estimation of the
pharmacokinetic parameters which govern the rate, extent, and duration
of drug exposure to the fetus.

Experimental Methods

Once a compartmental model is proposed for the disposition of a drug in
the maternal-placental-fetal unit, the rate equations describing the
change of drug concentration in each compartment can be written. When
steady-state infusions of the drug into each compartment are carried out
on separate occasions, the rate of change of drug concentration at steady
state in each compartment is equal to zero for every infusion experi-
ment. The drug concentration in each compartment at steady state and
the infusion rate for each experiment allow one to determine the
clearance of the drug for each process describing the disposition of the
drug in the maternal-placental-fetal unit. A two-compartment open
model with elimination from both the maternal and fetal compartments
has been utilized by Szeto (1982) and Szeto et al. (1982) to determine the
transplacental clearances from both sides of the placental membranes and
the nontransplacental clearance from the mother and the fetus, as
expressed in the following equations:
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FIGURE 1. Schematic Representation of the Drug Transfer and
Elimination Processes in the Mother, Placenta, and Fetus.
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Where CLyr and CLpy are the respective transplacental clearances of drug
from the mother to the fetus and from the fetus to the mother; CLyo and
CLpo are the respective nontransplacental elimination clearances of drug
from the mother and the fetus; J and J’ are the respective infusion rates of
the drug into the maternal and the fetal compartments; Cy and Cy are the
respective steady-state drug concentrations in the mother and the fetus after
maternal infusion; and Cy and Cy are the respective steady-state drug
concentrations in the mother and the fetus after the fetal infusion.

When experimental techniques permit, direct measurement of these clear-
ance terms should be undertaken independently in the mother, placenta, and
fetus to verify the credibility of the clearance terms obtained with the
compartmental model method. With catheterization of uterine and umbilical
veins in addition to the maternal and fetal femoral arteries, it is possible to
determine clearances across the placenta from either side using the extraction
ratio method by measuring the arterial and venous drug concentrations across
the placenta and the uterine and umbilical venous blood flow rates with
radiolabeled microspheres (Rudolph and Heymann 1980). The placental
clearance determined by the extraction ratio method consists of both the
transfer clearance across the placenta and the metabolic clearance, if any, in
the placenta; while the transplacental clearances (CLyr and CLgy) obtained
from the two-compartment model method solely represent the transfer
clearances. (For the two-compartment model method, placental metabolic
clearance would be included in the CLyo and CLgg terms.) If placental
metabolism does not exist, clearance values obtained from both methods
should be equal. In addition to the in vitro placental incubation experiments,
the extraction ratio method provides justification for incorporating placental
metabolism in the pharmacokinetic model.
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The validity of the nontransplacental clearances in the mother and the
fetus, calculated from the compartmental model method at steady state,
can be verified by determining the metabolic and renal clearances of the
drug in the mother and the fetus following single-dose administration of
drug or metabolite to both the mother and fetus. If the drug metab-
olite(s) is (are) not transferred across the placenta, metabolic clearance(s)
of the drug can be determined using the general methods described by
Benet (1984). Thus, the disposition of the drug metabolite(s) in the
maternal-placental-fetal unit should be characterized prior to the
assessment of metabolic clearances of the drug in the mother and the
fetus. A valid nontransplacental clearance obtained from the model
dependent method should be equal to the sum of the clearances of the
drug via all elimination routes (metabolism and excretion) other than
placental transfer.

Preliminary experiments to provide evidence of drug transfer through
nonplacental routes can be performed by administering single bolus doses
of the drug respectively into the mother, fetus, amniotic fluid cavity, and
allantoic fluid cavity on separate occasions. Samples are collected from
the amniotic fluid and allantoic fluid cavities, the maternal femoral
artery and uterine vein, and the fetal femoral artery and umbilical vein.
The rate and extent of drug appearance at each sampling site, e.g., the
lag time, the peak time, peak concentration, and total area under the
concentration-time curve, can then be compared between the sampling
sites and between the studies. These comparisons allow one to better
understand the mechanism of drug transfer via nonplacental routes, and
they serve as a basis for upgrading a kinetic model to incorporate all the
necessary transfer routes for describing drug disposition in the
maternal-placental-fetal unit.

Metabolite Kinetics in the Fetus

Drug metabolism in the fetus has been extensively studied using in vitro
enzyme preparations (Petkonen 1980; Dutton and Leakey 1982). Very
limited literature information is available regarding the in utero drug
metabolism in the fetus. Since an understanding of the metabolic
activation and deactivation pathways in the fetus is essential to deter-
mine drug effects and toxicity during the prenatal period (Lucier et al.
1979). studies of in utero drug metabolism in the fetus are indispensable in
prenatal pharmacology and toxicology. Pharmacokinetics along with
appropriate animal models provide us with a very useful tool to
investigate fetal drug metabolism in utero.

A drug metabolite detected in the fetal circulation after drug admin-
istration to the mother may not reflect the ability of the fetus to
metabolize the drug. Further investigation is required to determine
whether the metabolite found in the fetus originates from fetal metabolic
activity or results from transfer of the metabolite from the mother across
the placenta. In addition, if a metabolite is formed in the fetus, the
distribution and elimination processes of the metabolite in the fetus must
be examined in order to quantitate the fetal metabolic activity in utero.
To this end, a single dose of the metabolite can be administered to the
mother to determine whether placental transfer of the metabolite
occurs. The metabolite should then be given to the fetus to examine the
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fetal disposition of the metabolite. Upon the identification of all
elimination processes of the metabolite in the maternal-placental-fetal
unit, rate equations describing the change of the metabolite concentration
in the fetus can be written. As stated earlier, if the metabolite is not
transferable across the placenta, the formation clearance for the
metabolite (or metabolic clearance of the drug) can be determined using
general pharmacokinetic methods (Benet 1984). An example of these
methods will be demonstrated in the following section of this paper. If
the metabolite is formed in the fetus and is transferred across the
placenta from both sides, computer simulations and data fitting may be
helpful in obtaining the formation clearance for the metabolite in the
fetus. Studies of in utero metabolite kinetics in the fetus at different
gestational ages can then be carried out to investigate the prenatal
development of various metabolic pathways.

EXAMPLE OF PHARMACOKINETIC STUDIES DURING PREGNANCY

We have chosen acetaminophen as a model compound to carry out
pharmacokinetic studies of drug disposition in the sheep maternal-
placental-fetal unit. These studies are presented here to illustrate the
concepts and methods discussed above. The primary reasons for choosing
acetaminophen are: (1) acetaminophen is the most widely administered
nonprescription drug during pregnancy and clinicians frequently question
the safety of its use in pregnant women; (2) acetaminophen is mostly
glucuronidated and sulfated in various animal species and can thus serve
as a model substrate to study the prenatal development of the two
conjugation pathways; and (3) pure acetaminophen conjugates can be
chemically synthesized in sufficient quantities for metabolite kinetic
studies in the mother and the fetus.

Single bolus doses of acetaminophen were first administered intravenously
(1.v.) into the mother and the fetus on two separate occasions (Wang et al.
1983). Acetaminophen was found to be transferred across the placenta
from both sides of the membrane and its half-life was about 1 hour in
both the mother and fetus. Both acetaminophen glucuronide and sulfate
were measurable in the fetus and their concentrations gradually increased
until the end of study. Both conjugates stayed in the fetal circulation for
a much longer period than in the maternal circulation. Compared to
acetaminophen glucuronide, acetaminophen sulfate had a higher con-
centration in the fetus but a lower concentration in the mother. This
preliminary study revealed the bidirectional placental transfer of
acetaminophen and the presence of its two conjugates in the fetus.
Half-Lives of acetaminophen and its conjugates in both the mother and the
fetus were also determined. Acetaminophen glucuronide and sulfate were
then administered i.v. simultaneously in single bolus doses into the mother
and the fetus on separate occasions to examine the possibility of placental
transfer of the two conjugates and to study the disposition of the two
conjugates in the mother and the fetus (Wang et al. 1985a). Samples were
collected from the maternal femoral artery and the uterine vein and
bladder catheters; and from the fetal femoral artery and the umbilical
vein and bladder catheters. It was found that acetaminophen glucuronide
and sulfate were not transferred across the placenta from either side and
that renal excretion is the predominant route of elimination for both
conjugates in the mother and the fetus. Considering the glomerular
filtration rate and the extent of plasma protein binding, we concluded
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that renal elimination of both conjugates was primarily through
glomerular filtration in the fetus, but through renal tubular secretion in
the mother. The increasing glomerular filtration rate with gestational
age resulted in an increase of total (renal) clearances of both conjugates
with gestational age. Steady-state volumes of distribution were
determined for both conjugates in the fetus and were also found to be
linearly related to the age of the fetus. This study demonstrated that the
two conjugates detected in the fetal circulation following acetaminophen
dosing originated from metabolic conjugation activities in the fetus, but
not from placental transfer. Following the characterization of conjugates
disposition in the fetus, it was then possible to quantitate conjugation
activities in fetal lambs in utero using acetaminophen as the model
substrate.

Since preliminary in vitro and in vivo data suggested negligible placental
metabolism of acetaminophen, we proposed a two-compartment open
model (Szeto 1982). with elimination from both the mother and fetus, to
investigate the bidirectional placental transfer of acetaminophen and the
total nontransplacental elimination of acetaminophen in the ewe and the
fetal lamb (Wang et al. 1985b). Based on the data from steady-state i.v.
infusions of acetaminophen into the mother and the fetus on separate
occasions, the transplacental clearances from both sides of the membrane
and the total nontransplacental clearances in the mother and the fetus
were calculated using the equations stated above (1 to 4). The ratio of
steady-state acetaminophen concentration, fetus to mother, after
maternal infusion was found to be 0.77 and remained unchanged
throughout the gestational age of the fetus. Transplacental clearances
from mother to fetus and vice versa did not differ, indicating that
acetaminophen is transferred across the placenta exclusively through
passive diffusion since the plasma protein binding of acetaminophen is
insignificant and comparable in both the mother and the fetus. The
placental clearance was also determined using the extraction ratio
method and found to approximate the transplacent clearances obtained
from the compartmental model method, indicating that the model
dependent method yields credible results for transplacental clearances,
and that the placental metabolism is either nonexistent or negligible. The
model independent total nontransplacental clearance of acetaminophen in
the mother and the fetus were determined using the plasma and urine
data. Since acetaminophen conjugates are not transferred across the
placenta from either direction and renal excretion is the only elimination
route for both conjugates (Wang et al. 1985a), the metabolic clearance of
acetaminophen in the mother with respect to glucuronidation (CLu, a+g)
or sulfation (CLu, a+s) was determined at steady state as the amount of
the glucuronide or sulfate excreted in the urine divided by the area under
the plasma acetaminophen concentration-time curve at steady state. The
metabolic clearance in the fetus with regard to glucuronidation or
sulfation was estimated based on the following equation:
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Where CLg_ a-+c is the metabolic clearance of acetaminophen to a
particular conjugate; Vggp ¢ is the steady-state volume of distribution of
the conjugate in the fetus and is obtained from the previous conjugate
dose experiments; Cpc and Cp, are the respective plasma conjugate
and acetaminophen concentration in the fetus; and Uy is the cumulative
amount of the conjugate excreted in the fetal urine.

The sum of glucuronidation and sulfation clearances and the renal clear-
ance of acetaminophen in the mother accounted for 98% of the nontrans-
placental clearance in the mother obtained from the compartmental
model method. This provides further evidence of the validity of the two
compartment model used for describing acetaminophen disposition in the
sheep maternal-placental-fetal unit. Glucuronidation and sulfation
activities in the fetus in utero were found to be 15% and 50% of the
respective activities in the mother on a body weight basis. However, the
sum of glucuronidation and sulfation clearances and renal clearance of
acetaminophen cannot account for the overall nontransplacental
clearance in the fetus obtained from the model dependent method. We
speculate that diffusion of aretaminophen into the slow equilibrating
amniotic fluid or metabolism of acetaminophen across the amnion, fetal
intestine or lungs may partly explain this discrepancy. We now plan to
collect both amniotic and allantoic fluids in addition to blood samples and
to administer acetaminophen intra-amniotically and intra-allantoically to
study the kinetics of acetaminophen disposition in the two fetal fluids and
the possible drug transfer in relation to the maternal and fetal
circulations. By these means, we hope to be ahle to propose a more
sophisticated model to characterize the disposition of acetaminophen in
the sheep maternal-placental-fetal unit.

FACTORS AFFECTING FETAL DRUG EXPOSURE

The factors which may influence the rate, extent, and duration of drug
exposure to the fetus are essentially the factors that modify the
pharmacokinetic parameters characterizing the absorption, distribution,
metabolism, and elimination of the drug or/and its metabolites in the
pregnant mother, the placenta, and the developing fetus. The
determinants of fetal drug exposure during pregnancy are therefore
categorized as the maternal, placental, and fetal factors. Several review
articles on drug disposition in the maternal-placental-fetal unit have been
published (Mirkin and Singh 1976; Krauer et al. 1980); Juchau and
Faustman-Watts 1983; Bogaert and Thiery 1983), in which the maternal,
placental, and fetal factors affecting fetal drug exposure have been
discussed. Extensive and specific discussion of the maternal factors
which modify the absorption, distribution, and elimination of the drug
or/and its metaholites in pregnant women arc presented in the articles by
Krauer and Krauer (1977). Juchau and Faustman-Watts (1983), and Bogaert
and Thiery (1983). Articles by Mirkin and Singh (1976), Juchau (1976), Nau
and Liddiard (1978), and Goodman et al. (1982) specifically discuss
placental metabolism of drugs and factors affecting placental transfer of
drug or/and its metaholites. The distribution and elimination of drug
or/and its metabolites in the fetus are specifically discussed in the
articles by Mirkin and Singh (1976), Pelkonen (1980), Aranda and Stern
(1983). Juchau and Faustman-Watts (1983), and Rajchgot and MacLeod
(1983). Similar topics are addressed by Drs. Juchau and Miller in this
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volume. The following section summarizes the literature discussions and
presents a brief review of the maternal, placental, and fetal factors
affecting fetal drug exposure.

Maternal Factors

Absorption. The gastrointestinal absorption of drugs in pregnant women
will be influenced by pregnancy-related physiological changes, such as
decreased gastrointestinal motility, delayed gastric and intestinal
emptying, reduction of gastric acid secretion, and increased mucous
secretion. During late pregnancy, an increase in alveolar ventilation as
well as tidal volume is observed (Alaily and Caroll 1978), which may
enhance the pulmonary absorption of drugs given by inhalation. In
addition, the increase in venous pressure in the lower limbs could alter the
absorption rate of drugs administered intramuscularly.

Distribution. The physical changes related to pregnancy which may
modify the distribution of a drug and/or its metabolites include the
increase in total body water (both intra- and extra-vascular), large
accumulation of body fat, the decrease in drug binding to plasma proteins
(albumin), and profound hemodynamic changes.

Metabolism. Maternal drug biotransformation could be a major
determinant of the therapeutic and/or fetotoxic effect(s) of a drug.
Increased hepatic microsomal production of a diol (via epoxide)
metabolite has been found for phenytoin during early pregnancy (Blake et
al. 1978). Increased plasma free fraction due to decreased albumin binding
may increase the rate of metabolism. Pseudocholinesterase concen-
trations fall during pregnancy and may result in an impaired ability to
hydrolyze the muscle relaxant succinylcholine. However, the rates of
maternal drug biotransformation may vary as a function of gestational
age and may be affected differently in various organs of the same
animal. The relative rates of bioactivating versus inactivating reactions
for any given substrate may also be affected by pregnancy. Most studies
on the effects of pregnancy on rates of drug biotransformation have been
performed using in vitro enzyme preparations. Therefore, further studies
need to be carried out various species of whole animal to demonstrate
the pregnancy-dependent differences in drug biotransforming enzyme
systems.

Excretion. Pregnancy-dependent increases in renal plasma flow and
glomerular filtration rate would increase the kidney excretion rates of
drug and/or its metabolites. Decreases in plasma albumin binding may
also increase the rate of renal excretion of the unbound drug or/and its
metabolites. Biliary excretion of the injected dye sulfobromophthalein
was found to decrease during pregnancy (Tindall 1975). Whether the
biliary excretion of other foreign chemicals would be similarly affected is
unknown. Pulmonary excretion of gases and volatile substances would be
increased due to increased respiratory rate, tidal volume, and minute
volume.

Placental Factors

Placental Transfer. The placental transfer of a compound may be
influenced by the following factors: blood flow rates of the placental
circulation--uterine and umbilical; lipid solubility of the compound and
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its degree of ionization in the maternal and fetal circulations; molecular
weight of the compound; protein binding of the compound in the maternal
and fetal plasma and the stage of developement of the placenta. Mirkin
and Singh (1976) have provided a thorough review of this subject.

Placental Metabolism. Placental metabolism of drugs and foreign
chemicals has been thoroughly reviewed by dJuchau (1976). The
therapeutic significance of drug biotransformation in in the placenta
remains to be defined under in wvivo conditions. However, fetotoxic
effects of drugs or foreign chemicals may be induced by placental
metabolism and this area of research requires further investigation
(Goodman et al.1982).

Fetal Factors

Distribution. Nearly all drugs distribute to various tissues after entry into
the fetus. The distribution is influenced by the altered permeability of
specific membranes, or by the content of total body water and lipids in
the fetus, and the altered distribution of fetal circulation. A variable
proportion of umbilical venous hlood will bypass the liver and an
alteration in hepatic hlood flow would occur. Some drugs accumulate in
the amniotic fluid via urinary excretion or by exchange across the
nonkeratinized fetal skin or across the chorioamnion or respiratory
epithelium. Recycling of drugs between the fetus and amniotic fluid may
occur through fetal swallowing of amniotic fluid.

Metabolism. Fetal drug metabolism has been extensively investigated
using in vitro enzyme preperations. Experiments under in vivo conditions
are essential to determine the role of fetal metabolism in eliciting the
therapeutic and fetotoxic effects of drugs in the fetus. The
development aspects of drug metabolizing enzymes at different
gestational ages should also be investigated in utero.

Excretion. Renal function in the fetus is underdeveloped. Both
glomerular filtration rate and renal plasma flow rate are lower on a body
weight basis; tubular secretion of organic compounds is restricted. This
results in prolonged elimination half-life for polar, water soluble
compounds in the fetal circulation.

CONCLUSION

The therapeutic and toxicologic effects of drug exposure to the fetus are
governed by a combination of factors which modify the pharmacokinetics
of drugs and metabolites in the mother, placenta, and fetus. The role of
pharmacokinetic studies in prenatal pharmacology and toxicology 1is,
therefore, to characterize the essential pharmacokinetic parameters that
determine the therapeutic benefits or/and fetotoxic risks of drug use
during pregnancy. Well-designed and properly conducted pharmacokinetic
experiments will provide valuable information on drug disposition in the
maternal-plac,fetal-fetal unit.

A systematic pharmacokinetic study of drug and metaholite disposition in
the maternal-placental-fetal unit was described. The model drug,
acetaminophen, was found to be transferred across the placenta via
passive diffusion into the fetal circulation and metabolized in the fetus to
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the glucuronide and sulfate conjugates. Transplacental clearances of
acetaminophen from the maternal and fetal circulation were found to be
equivalent. No placental metabolism of acetaminophen was observed. No
transplacental transfer of acetaminophen conjugates was detected. Both
acetaminophen glucuronide and sulfate are predominantly eliminated from
the plasma through renal excretion via glomerular Filtration in the fetal
kidney and by renal tubular secretion and glomerular Filtration in the
maternal kidney. Knowing the disposition of the conjugates, we could
then determine the conjugation activities in the ewes and in the fetal
lambs in utero. Glucuronidation and sulfation activities are much lower in
the fetal lambs than those in the ewes. Therefore, both conjugation
pathways could possibly be saturated in the fetus should a large dose of
acetaminophen be taken by the mother. If a reactive metabolite of
acetaminophen could be formed in the fetus, saturation of the conjugation
pathways could lead to toxic effects in the Fetus. Further studies are
required to characterize the oxidative metabolism and glutathione
conjugation pathways in the fetus in utero before the potential toxicity of
acetaminophen to the fetus can be assessed.
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The Pharmacodynamics of Prenatal
Chemical Exposure

Richard K. Miller and Carol K. Kellogg

Pregnancy represents a unique time in the life cycle of a species. It is a
collage of interacting and interdependent variables in the mother, con-
ceptus, and placenta--modifying all three during the course of gestation in
mammals. If one superimposes the introduction of a chemical in this com-
plex milieu, the number of interactions relating to the distribution,
metabolism, and effects of such an agent in mother and conceptus can be
considerable.

Substantial interest has recently been focused in three major areas of
developmental investigations which relate to: (1) the ability of chemicals to
be metabolized to toxic products which may then produce their effects in
either mother and/or conceptus; (2) specific interactions with developing
processes, e.g., cell-cell interactions necessary for appropriate organ
development, or receptor-specific responses; and (3) organ-specific re-
sponses leading to lethality, or reduced functional or structural capacity,
e.g., the central nervous system (CNS), reproductive system, and placenta.

No single set of experimental tools can be applied to explore such ques-
tions. Most often a comprehensive evaluation of the distribution, metab-
olism, and interactions of a compound, whether drug or environmental
chemical, must be completed for both mother and conceptus before any
understanding of mechanistic actions can be established. These are
common recommendations for or from a pharmacologist or toxicologist;
however, these principles are often not considered critical or widely ap-
preciated by teratologists, obstetricians, or pediatricians. Other clini-
cians not devoted to studies in developmental pharmacology or toxicology
do not appreciate the fact that the conceptus can be a separately
functioning organism from a pharmacological point of view and, therefore,
these investigators are content with extrapolating observations of drug
distribution, metabolism, and interaction from the nonpregnant adult, and
applying them directly to the pregnant patient. This fallacy must be
eliminated forever and in its place must be imprinted the following:

L. There are dramatic and continuing changes in the physiology and

biochemistry of pregnancy, which include both mother and
conceptus and do persist throughout the entire course of gestation.
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2. There are two entirely separate and distinct genomes existing in
the same organism (mother).

3. There are two separate and distinct blood supplies with a unique
interface, the trophoblast.

4, There is rapid and selective growth of specific cell types in the
conceptus at particular stages of gestation.

5. There are direct and indirect interactions among mother,
embryo/fetus, and placenta.

With such sensitivity to basic principles of pharmacology and toxicology, it
is possible to begin to assess the reasons by which certain responses in the
pregnant female may differ from that of the nonpregnant female, and
equally important why the conceptus (whether embryo, fetus, or placenta)
may respond differently at one time from another time in its fife cycle
(figure 1). Yet, to evaluate the effects of chemical exposure during preg-
nancy, one must consider not only the immediate impact of such exposure
on those cells, organs, or systems, but rather the impact on the total
development and life of the mother and conceptus. How persistent or
transient are the effects? Are these effects due to the presence of the
chemical at the time of testing or are these effects the result of per-
manent alterations in system function without the persistence of the agent
at the time of testing? Does the conceptus have mechanisms to guard
itself against such chemical invasions or is it at the mercy and benevolence
of the mother to protect and sustain the growth and development of the
conceptus?

REPRODUCTIVE AND DEVELOPMENTAL
TOXICOLOGY

ADULT

CNS

REPROD.
TEaco0 FERTILIZATION

NEONATE EMBRYOQ ZREMPLANTATION

BIRTH

FETUS

FIGURE 1. The continuum of perinatal pharmacology and toxicology
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These questions of pharmacodynamics will be addressed by evaluating two
classes of compounds and organ systems: (1) Heavy metal toxicity and
placental function; and (2) ataratics and CNS function. Through these
examples, specificity and selectivity of chemical distribution in mother and
conceptus as well as organs/cells will be explored with an emphasis on the
selectivity of chemical response in mother and conceptus either in utero or
as an adult.

Before investigating specific examples, please refer to figure 2 which
presents a general review of the principal variables for consideration
during pregnancy for the mother, placenta, and conceptus. These factors
will be discussed in the following pages only as they relate to the specific
examples presented. For a detailed discussion of these factors, the reader
is referred to Miller et al. (1976) and Miller (1983).

MOTHER
ABSORPTION
CIRCUWLATION
PROTEIN BINDING
VOLUME
METABOLISM
INACTIVE CPD PLACENTA
ACTIVE CPD
SITE OF ACTION ‘,‘;ﬁ‘,’,‘s’,;;‘,’“
EXCRETION DIFFUSION
SIMPLE
FACILITATED CONCEPTUS
ACTIVE CIRCULATION
COUPLED VOLUME
ENDOCYTOSIS PROTEIN BINDING
METABOLISM DISTRIBUTION
INACTIVE CPD TOTAL BODY WATER
ACTIVE CPD LIPID CONTENT
AGING BLOOD BRAIN BARRIER
YOLK SAC METABOLISM
INACTIVE CPD
ACTIVE CPD
SITE OF ACTION
EXCRETION

FIGURE 2. Biochemical and pysiological consideration in prenatal

Iexp(jsure to chemicals (from Miller 1983, Cpoyright 1983, Alan R. Liss,
ne.

HEAVY METAL TOXICITY AND PLACENTAL FUNCTION

Heavy metals, in particular lead, mercury, and cadmium, are associated
with birth defects and alterations in growth (cf. Clarkson et al. 1983). The
usual exposure to such metals is considered to be occupational or envi-
ronmental (in air, water, or food); however, it is becoming apparent that
substance abuse in the form of cigarette smoking can result in the accu-
mulation of cadmium within the body. One organ which appears to
concentrate these metals is the placenta (cf. Miller and Shaikh 1983). The
concentration of these metals in the human placenta has been correlated
with such environmental and occupational exposures (Clark 1977;
Hubermont et al. 1978; Lauwerys et al. 1978; Khera et al. 1980).

Placentae from many regions of the world have been evaluated for the
concentration of cadmium (cf. Miller and Shaikh 1983). Unfortunately,
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there is wide variation within any given locale for the actual levels of
cadmium when compared with lead or mercury. As noted above, the reason
for such variation is attributed to the personal habits of the individuals as
correlated with the amount of cigarette smoking. Studies in multiple
laboratories and geographical regions have confirmed this association
between cigarette smoking and placental concentration of cadmium (table
1). It has been proposed that the placenta be an exposure index for selected
environmental chemicals. Yet, such questions as level of risk, dose-
response relationships, and actual form of the metals have not been
investigated extensively.

Cadmium rapidly appears in the blood when a person inhales it via ciga-
rette smoke. In our laboratory, we have noted cadmium levels hetween 4
and 8 ng/ml in blood after smoking a single cigarette. Thus, besides the
carbon monoxide, nicotine, cyanide, polycyclic aromatic hydrocarbons, and
other metals, cadmium is present in cigarette smoke and found in higher
concentrations in the placenta, whereas other metals are not significantly
altered, e.g., copper and zinc (table 1).

Such interest in cadmium and the placenta was first reported by Parizek
(1964) when he noted that a single injection of cadmium into a near-term
rat resulted in the death of the fetus and the appearance of placental
necrosis. This fetal lethality is now known to result from direct placental
toxicity and reduced placental blood flow rather than a direct effect on the
fetus (Levin and Miller 1980; Levin et al. 1981).

The sequence of toxic response (figure 3) is apparently an initial rapid
uptake of cadmium by the placenta at levels greater than that noted by the
kidney, an index for adult toxicity. The maternal blood levels of cadmium
peak at 18 to 20 nmoles/ml within 5 minutes, while the placental concen-
trations of cadmium reach 60 to 90 nmoles/gm by 1 hour. Interestingly,
only small quantities of cadmium (<0.1 nmoles/gm) actually enter the fetus
(Ahokas and Dilts 1979; Sonawane et al. 1975; Levin and Miller 1980; Levin
et al., in press). By 4 to 6 hours, there is a rise in mitochondrial calcium,
an index of cellular toxicity and ultrastructural damage (Levin et al. 1981,
1983; di Sant’Agnese et al. 1983). By 10 to 12 hours, a 5 percent incidence
of fetal death, a low incidence of histologic placental necrosis, and a 25
percent reduction in utero placental blood flow were all observed (Levin
and Miller 1981). By 18 hours, all of these observations increased
substantially. Recently, cadmium administration during late gestation in
rodents reduced the placental transfer of cobalamin while not significantly
altering neutral amino acid transfer (Danielsson and Dencker 1984). Such
dramatic changes indicate the potential for a single dose of cadmium
administered near term in the rat to produce placental toxicity with
resultant fetal lethality.

Wolkowski (1974) hypothesized that it is not cadmium which produces the
placental toxicity, but rather metallothionein, a 10,000 dalton protein
which binds cadmium and other metals. Metallothionein is a known
nephrotoxin. However, metallothionein injected intravenously into the
mother did not produce fetal death, but did produce nephrotoxicity. While
blood levels of cadmium dropped from 18 nmoles/ml to 1 nmole/ml, the
content of cadmium in the placenta did not increase comparably (Plautz et
al. 1980; Levin et al. 1981).
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The placenta levels of cadmium in the human study were similar to levels
found in the rodent (Wier et al. 1983b), and the resultant functions of the
placenta during prolonged perfusion with complete transfusions every 4
hours were notably compromised. The fetal circuit began to lose volume
>5 ml/hr) between 8 to 10 hours of perfusion; the production, tissue
content, and perfusate levels of human chorionic gonadotropin were
depressed by 85 percent. Further, the stroma became edematous,
Hofbauer cells were vacuolated, and subsynctiotrophoblastic vacuolization
became widely apparent, as has also been noted for cycloheximide exposure
(Wier et al., in press).

Therefore, besides studying the distribution, metabolism, and transfer of
chemicals between the maternal and fetal circulations, the tissue content
and alterations in both structure and function over periods between 12 to
16 hours can be examined to answer the question: Does a compound appear
in the fetal circulation? In addition, the human question of how chemicals
interact with the placenta and its circulation and function now can be
studied without risk to mother or baby.

MATERNAL CIRCUIT FETAL CIRCUIT

PLACENTAL
CHAMBER

OXYGENATOR

FIGURE 4. Diagram of a dual perfused recirculating human placenta
lobule perfusion

The placenta, whether human or rodent, does result in chemical-induced
pathology (Panigel 1981; Miller and Thiede 1981, 1984). It is proposed that
prolonged perfusion of the human placenta under in vitro conditions may
offer an opportunity for assessing not only transfer and metabolism by
human fetal tissue-trophoblast but also the potential for determining the
toxicity of both drugs and environmental chemicals. The transfer and
metabolism of diazepam has been studied under short-term perfusion
conditions for the human placenta (Guerre-Milo et al. 1982). It was found
that the degree of plasma binding by diazepam and other benzodiazepines
did alter the placental transfer of these ataratics.
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It is apparent that this dose of cadmium, which results in placental toxicity
in the rat, is greater than the levels in placentae from cigarette smokers
(table 1). A dose-response relationship for different species, including
man, presents multiple difficulties in gathering these epidemiologic data
following acute exposure.

Placental Cadmium Content

t Mitochondriat Calcium Levels

t Ultrastructural Changes
+ Utero-Placental Blood Floy

m
t Fetal Death

T T T T T |

0 4 8 12 16 20 24
' HOURS

40 umoles/Kg s.c.

FIGURE 3. Sequence of observed responses in the near-term pregnant rat
following single subcutaneous administration of 40 umoles/kg of cadmium
chloride. The lines represent a relative change in structure, concentration
or function without direct comparison to absolute values among the
variables measured. This figure summarizes the observation reported by
Levin and Miller (1980, 1981) Levin et al. (1981, 1983, in press), and Miller
et al. (1983).

To compare the species similarities and differences, an in vitro human
placental system that allows for 12-hour perfusion was developed (Miller et
al. 1985) to explore the direct toxicity of cadmium on the human placenta
(figure 4). This perfusion system is based on the model developed by
Panigel (1962) and Schneider et al. (1972). In the rat, following a subcu-
taneous dose of cadmium chloride of 40 nmoles/kg, the plasma levels of
cadmium were 18 nmoles/ml at 5 minutes and 1 nmole/ml after 1 to 2
hours (Levin et al., in press). These kinetics for cadmium were reproduced
in the in vitro human placental perfusion where initial doses were either 10
or 100 nmoles/ml. In particular, little cadmium passed to the fetal
circulation in either the rat or human study, while the placenta
concentrated cadmium in excess of 100 nmoles/gm.
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PRENATAL DIAZEPAM AND POSTNATAL FUNCTION

The developing brain can be permanently altered by drugs which have only
acute or transient effects on the adult nervous system. Such permanent
alterations in CNS function following exposure of chemicals to the
developing brain may be different from those effects noted following adult
therapy. The underlying mechanisms for such differences in responses
between the adult and developing brains are reflected in the sequence of
events, e.g., appearance of specific receptors, neurotransmitters, cell
types, and cell-cell interactions, which are spatially related to particular
stages of in utero and neonatal development (figure 5). In the adult, these
relationships are all established and, therefore, drugs affect a complete
system; however, depending upon the species and the growth stage, the
development of neurotransmitters, receptors, cell types, and cell-cell
interactions are different.

Drug Treatment Period

" Drug Persists
—
S":MYA";P“': increase In CA
arkers pear Levels & Enzyme Act
— Ml >
CA Cell
Pros ton ‘ Synaptogenesis -
L 1 4
8 910 11 12 13 14 1516 17 18 19 20 21 & 7 14 21 28
!
| Receptors to ‘g.'::
Neurotrangmitters pyeulll
Appear ' :
Neural B8Z Binding Sites Appear ——p- l
Tube |
Closure Birth
Prenatal Age : Postnatel Age
(days) | (days)
|

FIGURE 5. Prenatal exposure of diazepam to rats during the last week of
gestation and the persistnce of the drug in the brains of the progeny as
related to developmental events in the fetal and neonatal brains. Prenatal
and postnatal age are indicated on the horizontal line. Late gestation in
the rat is characterized by rapid neuronal proliferation and differentation
as well as by the begining of synaptic formation. Specific receptor for
drugs and transmitters begin appearing during this period. Abbreviations:
CS = catecholamine. BZ = benzodiazepine. ACH = acetylcholine. GABBA =
gomma aminobutyric acid.

Even though organogenesis (embryogenesis) in both man and rat can be

compared, the rapid development of the rat suggests that even single
exposure to a drug may be equivalent to multiple exposures in man.
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Malformations of the CNS, such as spina bifida and anecephaly, are
developmental anomalies due to the effects of an agent directly on the
neural tube during embryogenesis. However, during this time of gestation,
the specific receptors and neurotransmitters apparently are not present or
functional. Therefore, the specificity of CNS drug action on the devel-
oping CNS would be predominant when the appearance of these specific
neurochemical processes are present. Such development is seen from
approximately the 10th week in the human and day 10 or 11 in the rat.
Therefore, for a number of functional defects the fetal period may be the
most susceptible time in the life cycle.

Is there though a comparison between the human and the rodent when one
is assessing behavior, function, and the effects of drugs? The answer must
be an emphatic yes with the caveat that one is examining mechanisms of
action and, therefore, the potential species differences are adequately
considered before conclusions are drawn. Such examinations rnust include
pharmacokinetics/dynamics, developmental sequences, intercurrent dis-
ease, and the exact timing of the drug exposures.

The question of whether drugs or environmental chemicals do alter post-
natal function has been reviewed extensively by other investigators (Rodier
1980; Vorhees and Butcher 1982; Hutchings, in press). Many psychoactive
agents act on specific mechanisms of neurotransmitter function, e.g.,
transmitter receptors, reuptake sites, synthesizing enzymes, or release
mechanisms. However, how specifically, selectively, and extensively can a
drug modify postnatal function following in utero drug exposure has not
been resolved.

Diazepam, a minor tranquilizer, has been investigated in animals to explore
these questions because of the variety of regulatory dysfunctions noted in
the human neonate whose mother had taken diazepam during pregnancy
(Scher et al. 1972; Cree et al. 1973; Safra and Oakley 1978; Rementeria
and Bhatt 1982). Even maternal stress itself induces functional impair-
ments in the progeny (Ward 1972). Such functional alterations due to
maternal stress have been prevented by concurrent diazepam therapy
during pregnancy (Barlow et al. 1979). However, does such therapy repre-
sent a specific and permanent interaction within the developing brain?

Diazepam, when administered between days 13 to 20 of gestation in the rat
(where gestation is 21 to 22 days), can modify a number of behavioral end-
points during postnatal development and in adult life, i.e., startle response,
auditory temporal resolution, and coping with stress, without significantly
altering more general behaviors (Kellogg et al. 1980, 1983b; Simmons et al.
1984b). These specific behavioral changes are related to maternal doses of
diazepam (1 to 10 mg/kg). Such selectivity in response indicates a specific
mechanistic interaction. Previous investigations have characterized a
benzodiazepine receptor in the adult which interacts with both the
GABAminergic and catecholaminergic neurons (cf. Gee et al. 1984).

These alterations in adult behavior following prenatal exposure to diaze-
pam are not related to the continued presence of diazepam into adult life
since the pups were fostered to control mothers at birth and diazepam was
undetectable in the neonatal brain or other tissues by day 20 (table 2).
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TABLE 2. The Distribution of Diazepam and its Metabolites in Selected Tissues of the Mother and Neonates
Following In Utero Administration of 2.5 mg/kg of 14C—Diazepam Between Days 13 to 20 of Gestation (Simmons
et al. 1983).

Total Diazepam/Metabolites Proportion of Diazepam and
in Selected Tissues Metabolites in Brain
pmoles/100mg
N-desmethyl-
Plasma iver Heart Brain Diazepam diazepam Oxazepam Glucuronide
Maternal 3.7+0.5 55.8%7.7 20.1+1.4 3.4£0.3 24%5% 28%4% 0% 49+2%
Neonatal 0 ND 7.8%0.9 6.3+0.5 3.2%0.3 24%9% 25%9% 0% 52+4%
Neonatal 10 ND ND ND 3.4£0.3 19+8% 39£9% 12+6% 32%5%
Neonatal 20 ND ND ND ND ND ND ND ND

ND - not detectable



Thus, persistent functional alterations are present in the adult progeny
following only prenatal exposure to diazepam, even though the drug is no
longer present.

A mechanistic evaluation of these aberrant behaviors was initiated to
determine: (1) the relationship to stress, (2) the neurochemical impair-
ments (GABA, GAD, norepinephrine), (3) regional specificity of such
changes, and (4) receptor specificity. Since sensory perception was altered
by prenatal exposure to diazepam, does diazepam permanently alter the
ability of the offspring to respond to stress? Following restraint stress, the
adult control progeny demonstrated the typical response for plasma corti-
costerone changes to such stress (figure 6). However, prenatal exposure to
diazepam prevents the surges in this hormone following such stress. Thus,
the ability of these animals treated in utero with diazeparn to respond
normally to stress was impaired.

PRENATAL EXPOSURE (DAYS 13-20)
O3 UNINJECTED

DIAZEPAM
_ (10 mg/kg/day)
<§I H DIAZEPAM
5 100+ (2.5 mg/kg/day)
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g RQ I15-1788
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2
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,,_ ]
[70)]
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FIGURE 6. Plasma levels of corticosterone in 90-day-old rat progeny
under basal conditions and following 30 or 120 minutes of restraint stress.
The stressor was restraint stress, which was induced by placing the animal
in a small plastic restraint cage located in a bright lighted room for
specific time intervals. Asterish denotes a significant differnce (p < 0.05)
from conrols at each individual time period as determinal by Student's -t-
test. Corticosterone was measured by a specific radioimmunoassay using
dog corticosterone binding globulin as the antibody (from Simmos et al.
1984b, Copyright 1984, Elsevier Science Publishers, B.V).
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Such hormonal regulation would implicate the hypothalamus in the control
of these processes. Regional neurochemical determinations of GABA
receptors, norepinephrine, and glutamic acid-decarboxylase demonstrated
that only norepinephrinre content and turnover were decreased in a dose-
related manner by diazepam in the hypothalamus of the adult progeny
(table 3). These alterations in norepinephrine neurons occured when no
significant changes in the number of binding sites, dissociation constant, or
maximal stimulation by GABA were noted for benzodiazepine binding in
newborns or adults prenatally exposed to 2.5 or 10 mg/kg/day of diazepam
(Kellogg et al. 1983b).

Such selectivity of neurochemical and functional responses would be
consistent with a specific activat ion mechanism. Fortunately, a benzo-
diazepine antagonist for the central binding sites (RO15-1788) is available.
KO15-1788 does not appear to have agonist activity but rat her blocks
diazepam at the receptor (Gee et al. 1984). To determine whether the
benzodiazepine recepot is involved in the product ion of these functional
impairments, RO15-1788 was coadministered to the pregnant dam with
diazepam. Prenatal RO15-1788 blocked the inhibitory effects of prenatal
diazepam on these stress-induced corticosterone surge (figure 6) and the
content and turnover of norcpinephrine in the hypothalamus of the adult
progeny (table 4).

Thus, it is becoming apparent that specific CNS functions may be perma-
nently altered by prenatal exposures to drugs which have selective inter-
actions with the CNS while many other functions may appear normal. Such
selectivity and specificity of interactions between drug and regions of the
brain demonstrate that what may be a transient yet spcific effect in the
adult brain may be just as selective and specific--receptor or mediated--in
the developing brain with a resultant permanent alteration.

CONCLUSION

Cigarette smoking has been associated with small for gestation age infants,
postnatal growth retardation, induction of mixed function oxidases, and
other delays in development. In particular, cadmium has been documented
to be at higher levels in placaentae of (cigarette smokers than in non-
smokers. In both animal studies and in vitro human placenta perfusion
studies, cadmium has been found to be placental toxic. Such specificity for
the placenta appears to be greater than for the organ commonly thought to
represent cadmium toxicity, the kidney. Yet, many other constituents of
cigarette smoke do modify the capacity of the conceptus, e.g., nicotine
affects uterine blood flow, placental transport of nutrients, and fetal
breathing; polycyclic aromatic hydrocarbons affect fetal and placental
metabolism of xenobiotics (cf. Sastry et al. 1983; Juchau 1980, 1982, this
volume; Pelkonen, 1980; Miller et al., 1983).

The metabolism of drugs and environmental chemicals has been implicated
in their developmental toxicity, e.g., benzo(a)pyrene (Nebert 1981),
phenytoin (Martz et al. 1977), cyclophosphamide (Manson and Smith 1977;
Kitchhin et al. 1981), diethylstilbestrol (cf. Metzler 1984), and thalidomide
(Gordon et al. 1981). Such formation of reactive intermediates may mean
that the parent compound has different therapeutic effects compared with
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TABLE 3. Kinetics of Norepinephrine Turnover in Adult Hypothalamus 1in Rats Exposed In Utero to Diazepam
Between Days 13 to 20 of Gestation (Simmons et al. 1984a).

Prenatal exposure No. NE Tevels Turnover rate Turnover rate Turnover Linear regression
days 13-20 (na/q) (ng/g/h) constant(h*t) time (h) coefficient

Uninjected 23 1895 + 221 322 0.17 £ 0.01 5.9 0.89

Vehicle 21 1688 + 108 388 0.23 £ 0.02* 4.4 0.88

Diazepam 1.0 mg/kg 20 1304 = 130% 241 0.18 £ 0.02 5.6 0.81

Diazepam 2.5 mg/kg 21 1238 = 110% 112 0.09 £ 0.02 11.1 0.92

Diazepam 10 mg/kg 17 657 + 108* 46 0.07 v 0.02' 14.3 0.90

*Significantly different from control value, P < 0.05.
Mean + S.E.M.
No. = number of animals



cs

TABLE 4. Kinetics of Norepinephrlne Turnover
Benzodiazepine Antagonist

Prenatal exposure No.
days 13-20

Uninjected 15
R0-1788 10 mg/kg 15

RO-1788 10 mg/kg & 15
Diazepam 2.5 mg/kg

Diazepam 2.5 mg/kg 15

*Significantly different
No. = number of animals
Mean = S.E.M.

(Simmons et al. 1984a).

in the Adult Hypothalamus:

NE Tevels Turnover rate Turnover rate
(ng/q) (ng/g/h) constant (h™')
1719 £ 138 292 0.17 + 0.01
1695 £ 152 278 0.16 = 0.02
1662 + 133 288 0.17 £ 0.01
1298 + 112* 117 0.09 £ 0.01*

from control value,

P < 0.05.

Effect of Prenatal Exposure to a

Turnover
time (h)
5.9

6.1

5.8

11.1

Linear regression
coefficient

0.88
0.82

0.92

0.90



the toxicity of their reactive metabolites (arene oxides, epoxides, phen-
oxyradicals). In fact, it may be the metabolic capability of the conceptus
which determines the developmental toxicity of a compound and not just
the maternal capabilities as demonstrated for benzo(a)pyrene metabolism
by embryos in the same litter (Shum et al. 1979). Thus, the pharmaco-
genetics of the conceptus may partially account for why only 1 out of 10
babies have the fetal phenytoin syndrome, especially since electrophilic
intermediates of phenytoin have been implicated in producing birth defects
in mice (Martz et al. 1977). Thus, for some drugs, it may not be the effect
of the parent compound but other effects of its metabolites.

Besides metabolism, protein binding of drugs in both mother and conceptus
may be critical to the expressed toxicity. In the rodent, synthetic es-
trogens such as diethylstilbestrol (DES) are both carcinogenic and terato-
genie at doses lower than those noted for natural estrogens, such as
estradiol. Such selectivity in response, especially in the rat, relates to: (1)
specific plasma binding protein for the natural estrogen, estradiol, which
circulates in the fetus; (2) the rapid metabolism of estradiol; and (3) the
responsiveness of the developing reproductive tract, which is substantially
different from that of the adult. In the fetus, one of the primary reasons
estradiol is less teratogenic than DES is that the affinity of alpha-feto-
protein for estradiol is much greater than for DES. Therefore, less
estradiol is available for entry into the tissue (cf. Miller et al. 1982, in
press).

Persistent and selective alterations in the CNS can be induced following
exposure to low doses of diazepam during the last week of gestation in the
rat. Aberrant responses to stress have been observed in the adult progeny
when no trace of the drug is detectable. Yet, of greater interest is the
selectivity of this prenatal diazepam exposure for reducing hypothalamic
norepinephrine levels and turnover in the adult progeny and the prevention
of these aberrant behavioral responses and neurochemical alterations in the
hypothalamus following coadministration of a diazepam antagonist with
diazepam during gestation. Thus, these examples of prenatal exposure to
cadmium, DES, and diazepam demonstrate the important differences in
their individual pharmacokinetics, which include distribution, metabolism,
protein binding, specific tissues, and even receptor interactions.
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