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Ontogenesis in the mammalian cell reflects a continuum of integrated
biochemical events initated by fertilization, sustained by implantation and
placentation, and exquisitely susceptible to environmental influences. Nu-
merous investigations in this area have created a massive, primarily descrip-
tive literature, tending to emphasize correlations between the morphologic,
rather than biochemical effects of teratogenic and embryopathic drugs
(1, 2). It seems desirable that the actions of pharmacologic agents on devel-
oping biologic systems be viewed from a perspective which permits not only
the analysis of drug effects upon embryogenesis but also allows for an eval-
uation of how physiologic maturation basically influences the disposition of
and response to pharmacologically active molecules. Several reviews which
approach developmental pharmacology from a more fundamental viewpoint
are available for the interested reader (3-5).

INFLUENCE OoF MATURATION ON THE DI1SPOSITION AND
REACTIVITY OF PHARMACOLOGIC AGENTS

Analgesics—The molar potency and toxic effects of narcotic analgesics
are generally considered to be significantly greater in the mammalian neo-
nate than in the adult. Morphine is about 4 times more potent on a mg/kg
basis when 14 day old rats are compared with 28 day old animals (6). In
contrast, the LD;, of heroin and methadone is not significantly altered by
neonatal age (6, 7). The enhanced effectiveness of analgesics during the neo-
natal period has been attributed to more rapid penetration and greater ac-
cumulation within the central nervous system. This generalization may not
be applicable to synthetic analgesics possessing the 4-phenylpiperidine con-
figuration. They seem to differ from morphine, in that their toxicity (LDygq)
does not apparently correlate well with the central nervous system concen-
tration of plasma half-life of the drug (8). Meperidine is equi-toxic to neo-
nates and adults yet achieves plasma and brain concentrations at 30 minutes
which are several times greater in the immature rat than in the adult. No
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clear explanation for this discrepancy appears to be available at the present
time. Indeed, some of the 4-phenylpiperidine derivatives such as anileridine,
alpha- and beta-prodine are more toxic to the adult than the neonate (see
TableI).

The transplacental passage of morphine has been clinically recognized for
many years in human subjects (9). Administration of H?®-dihydromorphine
(subcutaneously) to pregnant rats produced maternal plasma levels of free
H3-dihydromorphine which were 2% times greater than fetal levels 3, 1 and
2 hours after administration (10). Despite the lower fetal plasma levels,

TABLE 1

ErrEcT OF Brorocic AGE oN LD;y, TIssuE DISTRIBUTION AND
HALF-LIFE OF NARCOTIC ANALGESICS*

Dose Brain . Plasma . Plasma
Drug LDm! Administered Concentrs..tlon Concentrgtlon Halflife
(mg/kg i.p.) (mg/kg i.p.) at 30 min. at 30 min. (min.)
P ug/2) (ug/ml) -
Neo®  Adult® Neo Adult Neo Adult Neo Adult
Morphine 60 220 50 10 4 23 15.5 ~40 ~40
Meperidine 115 128 20 15 7 2.6 0.7 42 18
Anileridine 60 30 12 10.3 5.4 1.2 0.9 24 22
Alpha-Prodine 120 33 10 11.9 23.1 1.4 2.6 >120 ~33
Beta-Prodine 95 5.5 —_ —_ — — — — —

& Data compiled primarily from references 6 and 8.
b Neonatal rat 14 days old.
¢ Adult rats 28 days old.

H3-dihydromorphine concentration in fetal brain was about 3 times greater
than maternal at the aforementioned time intervals. Conjugated H3-dihydro-
morphine was not detectable in maternal brain until 16 hours after its admin-
istration; however, small quantities were recovered from fetal brain tissues
after 2 hours. The central nervous system exhibits a selective permeability to
the conjugated form of morphine in that it does not appear to penetrate either
the fetal or adult brain nearly as well as the free drug. In general, higher
levels of conjugated drug were found in the livers and kidneys than in the
plasma of maternal rats; fetal liver-plasma and kidney-plasma relationships
of conjugated H3-dihydromorphine were extremely variable. These data
demonstrate that distribution of H3-dihydromorphine differs grossly in fetal
and maternal tissues but does not differentiate the sites (maternal or fetal)
at which conjugation of dihydromorphine may occur.

In the human, meperidine has been detected in fetal umbilical cord blood
2 minutes after intravenous maternal administration (11). Approximately 4
per cent of the total intravenous dose reached the fetus within 4 hour as
compared to 1 per cent following a maternal intramuscular injection. Neo-
nates who have received meperidine by transplacental passage or by the di-
rect intramuscular route excrete 25 to 40 per cent of the dose after 48
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hours, almost exclusively in the nonmethylated form. Anileridine, the N-p-
aminophenethyl derivative of meperidine, also crosses the placenta rapidly
and achieves significant levels in fetal plasma (12).

Local Amnesthetics.—Transplacental passage of local anesthetics em-
ployed for conduction blockade during obstetrical procedures may cause
fetal bradycardia (13, 14), depression (15), or stimulation (16, 17) of neu-
ronal activity during the neonatal period.

Local anesthetics are rapidly absorbed from caudal, epidural, and para-
cervical sites of administration; significant concentrations are discernible in
the systemic maternal circulation 3 to 5 minutes after injection with peak
concentrations occurring 15 to 30 minutes thereafter. Umbilical vein levels
of local anesthetics depend on a variety of factors such as the type of local
anesthetic utilized, total dose administered, interval between injection and
delivery, site of conduction blockade, and presence or absence of vasocon-
strictor in the dose administered. Plasma levels of mepivacaine determined
30 minutes after maternal administration of 5.2 mg/kg for conduction block-
ade were as follows: maternal antecubital vein (2.9 pg/ml), umbilical vein
(19 pg/ml), and umbilical artery (14 pg/ml). Comparable maternal levels
were obtained with lidocaine ; however, at equivalent maternal plasma levels
the mean fetal blood level (umbilical vein) was higher after mepivacaine
(27 pg/ml) than following lidocaine (1.3 pg/ml). Similar differences have
also been noted in the partition ratios (umbilical vein/maternal vein) of
mepivacaine and lidocaine which are 0.7 and 0.5 respectively (15, 18). Ret-
rograde passage of mepivacaine from fetus to mother has been demonstrated
in the guinea pig. Intracerebral injections of local anesthetic in concentra-
tions which were lethal to the neonate proved without effect when admin-
istered to the fetus, attesting to the efficacy of this transport mechanism (19).

The human neonate appears to be considerably more susceptible to cardio-
vascular and respiratory depression induced by local anesthetics than are
physiologically mature individuals. Plasma levels producing these toxic ef-
fects in the adult are in the range of 5.3 pg/ml for lidocaine and 6.3 pg/ml for
mepivacaine as compared to 2.5 pg/m! for lidocaine in the neonate (15, 18).
The shift of the dose response curve to the right with advancing age is not
to be considered as conclusive at this time but does suggest an enhanced
sensitivity of the newborn to compounds possessing local anesthetic ac-
tivity.

Anticonvulsants.—Localization of diphenylhydantoin in fetal tissues
after transplacental passage has been demonstrated in pregnant rats admin-
istered diphenylhydantoin on day 21 of gestation (20). Fetal concentrations
in liver and brain were respectively 2 and 4 times greater than maternal
levels one hour after intravenous administration of the drug to the mother.
Thereafter, diphenylhydantoin disappeared from fetal tissues at a rate which
paralleled its removal from maternal tissues. In contrast, maternal liver con-
centrations were approximately 15 times higher than fetal levels 4 hours
after intraperitoneal administration of diphenylhydantoin to the mother, and
no diphenylhydantoin or metabolite was noted in fetal brain tissue at this



Annu. Rev. Pharmacol. 1970.10:255-272. Downloaded from www.annualreviews.org
by Central College on 12/16/11. For personal use only.

258 MIRKIN

time (see Table IT). The metabolic degradation and elimination of dipheny!-
hydantoin is diminished in neonatal rats until the fourth week of life when
plasma and tissue decay rates approach adult values (20). Administration
of diphenylhydantoin over a period of 3 days, significantly increases the
drug metabolizing activity of 5- and 10-day old neonatal rats. This treat-
ment produced an increase in hepatic microsomal cytochrome P-450 and
total heme content but did not affect cytochrome by (21).

Recently, the presence of diphenylhydantoin has been demonstrated in
umbilical cord plasma obtained from two epileptic mothers who received di-
phenylhydantoin throughout their entire pregnancy. The concentration of
diphenylhydantoin in both umbilical artery and vein was approximately 90
per cent that assayed in the maternal plasma. Neonatal blood levels deter-
mined 24 and 48 hours after delivery were slightly lower than those present
in cord plasma at birth, with complete clearance noted on the third day of
neonatal life (20).

The transplacental passage of diphenylhydantoin and its presence in de-
veloping fetal tissue has caused some concern, particularly in view of the
suggested association between anticonvulsant drugs and specific teratologic
effects. The chronic administration of diphenylhydantoin to primagravida
rats is associated with a significant reduction in fetal weight and an in-
creased percentage of nonviable fetuses (22). Cleft palate and lip can be
produced in fetal and neonatal A/J mice by administration of diphenylhy-
dantoin to the mother during gestation (23). Harelip and cleft palate have
also been reported in the children of mothers receiving anticonvulsant ther-
apy during their pregnancies (20, 24). Retrospective analysis of a larger
epileptic population has now identified 32 additional children with cleft lip;
however, a definitive cause and effect relationship remains to be established
(25).

Barbiturates—Ontogenetic factors signifiantly influence the duration of
barbiturate induced sleeping times. Dose-response curves (sleeping time
versus drug concentration) obtained with hexobarbital have demonstrated a
potency which is 5 times greater in the 5- as contrasted to the 44-day old rat
(26) and a fortyfold increase in effectiveness when mice (Bar Harbor
strain #129) are compared at birth and 21 days thereafter (27). The plasma
levels of hexobarbital obtained upon awakening were similar in 14, 21, and
28 day old mice despite marked differences in the duration of sleeping time
(See Table II). In sharp contrast, the brain concentrations of hexobarbital
were lower in neonatal than adult rats when they awoke from hypnosis
(neonates—20 pg/gm; adult—30 pg/gm) and also after death due to respi-
ratory depression (neonate: 78 upg/g; adult 257 pg/g). A similar pattern
has been reported for pentobarbital wherein adult rat brains contained ap-
proximately three times more barbiturate than the neonate at death (28).
These observations suggest an intrinsic sensitivity of the immature nervous
system to barbiturate induced depression which cannot be attributed solely
to an impaired drug metabolizing capability.

It is possible of course, to enhance the effects of some barbiturates by



Annu. Rev. Pharmacol. 1970.10:255-272. Downloaded from www.annualreviews.org
by Central College on 12/16/11. For personal use only.

DEVELOPMENTAL PHARMACOLOGY 259

retarding their biotransformation. Hexobarbital sleeping time can be signif-
icantly prolonged by pretreating rats with morphine which inhibits side
chain oxidation of the barbiturate (29). This response appears to be sex and
age dependent since it has only been observed in mature male rats or imma-
ture female rats treated with testosterone proprionate.

Psychopharmacologic agents—Considerable difficulty has been encoun-
tered in developing analytical techniques which can quantitatively validate
the transplacental passage and neonatal disposition of phenothiazine deriva-
tives (31, 32). Lacomme & LeLorier (33) found minute quantities of
chlorpromazine in the urine of infants whose mothers had received the drug
at term. Paper chromatographic analyses have been utilized to identify
chlorpromazine and promethazine in neonatal urinary samples (34). This
study demonstrated placental transfer of 5 to 1 per cent of the maternally
administered dose and complete clearance of the drug from the infant 48 to
60 hours after its transplacental passage.

Promazine has been identified in umbilical cord blood (35, 36). Peak lev-
els occurred about 4 minutes after maternal administration with an esti-
mated 14 per cent of the intravenous dose reaching the fetus. Within the 24
hours following delivery, the neonate excreted approximately 314 per cent of
the placentally transferred drug into the urine as promazine and its sulfox-
ide, monomethyl, and monomethylsulfoxide metabolites. The ratio of sulfox-
ide metabolites to promazine in urine was 4.4 (0 to 24 hours) and 2.1 (24
to 48 hours). An interesting aside to Crawford & Rudofsky’s (35, 36) study
was that 24 hour urine collections obtained from pregnant females given
promazine (50 mg iv). contained a significantly greater percentage of the
drug and its metabolites than did similar samples from nonpregnant women.
(pregnant 4.7 per cent; non-pregnant 1.8 per cent).

Drug Toxicity—An intriguing ontogenetic relationship has recently
been described for the cataractogenic activity of 2-4 dinitrophenol (37).
Initial studies have demonstrated that immature rabbits and ducklings are
unusually more susceptible to experimental cataract formation by dini-
trophenol than are adult rabbits. Sub-lethal concentrations of 24 dini-
trophenol administered between the tenth and sixty-second postnatal day
had fivefold less cataractogenic activity than in the neonate; a similar dose
given on the ninetieth postnatal day was without any effect on cataract for-
mation. The distribution of 24 dinitrophenol in immature animals was
characterized by higher concentrations and a longer duration of peak levels
in the aqueous humor, vitreous humor, and lenses. The clearance of 2-4 di-
nitrophenol from the circulation of neonatal animals is also much slower and
concentrations within the aqueous humor are directly proportional to the
level of free, nonprotein bound drug in plasma (38). These observations
suggest that some manifestations of selective toxicity in developing orga-
nisms may result from their limited transport capability leading to differen-
tial sequestration of exogenous substrates, elevations in local drug concen-
trations, and ultimately, noxious effects upon susceptible tissues.

The impaired metabolism of drugs in the newborn period generally tends
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TABLE 1II

ErFECT OF B10LOGIC AGE ON T1sSUE DISTRIBUTION OF BARBITURATES AND ANTICONVULSANTS

. . P - [— I — N
i Tissue concentration (gg/ml or gm) at specific ! 3
Dose Spe- Age i time (hrs) after injection of drug '
Drug (mg/kg) | cies (days) Tissue ! _| Reference
1/6 | 1/4 | 1/2 1 2 3 4 8 24 |death

Hexobarbital | 100 i.p. | mice 14 plasma 36 Q@7
100 i.p. | mice 21 plasma 39 1 ! Conc. on
100 i.p. | mice 28 plasma 34 : awakening

Hexobarbital 24 ip. | rat 5 brain 515 l (26)

301i.p. | rat 5 brain | | l 20 | Conc. on
38i.p. | rat 5 brain ! | 21 awakening
95i.p. | rat 44 brain 31 {
120i.p. | rat 44 |brain | 29 ! =
156i.p. | rat 44 | brain | 31 | 2
= ! —
]

Barbital 150 i.p. | rat 22 | plasma | 134 130 | 128 105 (30) =
150i.p. | rat 38 ! plasma | 174 . - 155 | 165 134 ‘ | Conc. at
150i.p. | rat 50 plasma | 185 190 | 169 144 ! time

indicated

Pentobarbital 23i.p. | rat 1 . brain : 27 (28)

38i.p. | rat 5 brain ‘ 47 | Conc. at
55ip. | rat 10 brain ; 71 | death
80 i.p. | rat 20 brain 88
87i.p. | rat 30 brain | 95
Diphenyl- 100 i.p. | rat 2 brain ‘ 147 171 | 143 | 107 (20)
hydantoin | 100i.p. | rat 7 brain ! 139 151 | 120 ; Conc. at
100 i.p. | rat 14 brain 42 54| 53 14 time
100 i.p. | rat 28 brain ‘ 34 65| 31 0 indicated
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Tissue concentration (ug/ml or gm) at specific
D Dose | Spe- Age Ti time (hrs) after injection of drug Ref
rug (mg /kg) | cies (days) issue eference
1/6 | 1/4)11/2 | 1 2 3 4 8 24 |death
Diphenyl- | 100 i.p. | rat 2 liver 397 455 | 411 | 287 (20)
hydantoin | 100 i.p. | rat 7 liver 360 429 | 336 Conc.at
100 i.p. | rat 14 liver 153 146 | 132 | 28 time
100 i.p. | rat 28 liver 76 153 [ 69 7 indicated
100 i.p. | rat Adult | liver 14| 16 22 | 30, 21
100 i.p. | rat 14 plasma 20 22 10 8
100 i.p. | rat 28 plasma 13 22 14 1
100 i.p. | rat Adult | plasma 91 12 12| 20 6
25 i.v. | rat Adult brain 34 30| 24 23 20 2
25iv. | rat Adult liver 101 4| 57| 61 36 4
25 iv. | rat Adult plasma 33 28| 19 9 2
100 i.p. | rat Maternal | brain 0 9 15 35
100 i.p. | rat Fetal brain 0 0 0 0
100 i.p. | rat Maternal | liver 0o 11 214 28
100 i.p. | rat Fetal liver 0 11 1§ 0
100 i.p. | rat Maternal | plasma 0| 10 16 19
100 i.p. |} rat Fetal plasma NS» | NS NS | NS
100 i.p. | rat placenta 0 9 48 | 24
25iv. | rat Maternal | brain 8 24 7 5 8
25iv. | rat Fetal brain 32 48 | 22 14 6
25iv. | rat Maternal | liver 0 11 25 9 3
25 i.v. | rat Fetal liver 43 58| 24 10 6
25iwv, | rat placenta i 49 55| 35 16 S

3 NS=no sample.
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to enhance their toxicity but does not always constitute a handicap for the
neonate. This is best demonstrated by analyzing the response of newborn rats
to the phallotoxins derived from mushrooms of the genus Amanita and to
the teratogenic effects of cyclophosphamide and chlorcyclizine.

Phalloidin acts only if it has been administered i wivo and is not toxic
in itself but must be converted to a toxic compound by hepatic drug metaboliz-
ing enzymes. Neonatal rats can endure extremely high doses of this sub-
stance without being killed. The basis for this resistance appears to correlate
best with the absence of an active drug metabolizing system (39).

The cytotoxic action of cyclophosphamide is contingent upon biotrans-
formation to an active alkylating agent (40, 41). Teratogenic effects result-
ing from the administration of this compound have been well documented
and the active cyclophosphamide teratogen is probably a nonalkylating com-
pound (42). Induction of hepatic microsomal activity by phenobarbital sig-
nificantly increased the rate of conversion of cyclophosphamide to its active
alkylating form and decreased the teratogenic effects of a given dose. SKF-
525A decreased the concentration of cyclophosphamide alkylating product
and enhanced the teratogenic action of this compound (42). The teratogenic
and cytotoxic properties of cyclophosphamide may be separable with an in-
creased teratogenic potentiality present when this compound is administered
to immature organisms with limited hepatic drug metabolizing capability.

In contrast, the incidence of cleft palate in fetal rats delivered from
mothers receiving chlorcyclizine is decreased when pretreated with SKF-
525A (43). Chlorcyclizine is demethylated to form nor-chlorcyclizine and
SKF-525A has no effect upon the teratogenic effects of the latter compound.
It is likely therefore, that mutagenic activity resides primarily in the deme-
thylated metabolite whose formation is inhibited by SKF-525A.

MeTAROLISM OF DRUGS BY THE FETO-PLACENTAL UNIT

In conjunction with its role as a transport organ, the placenta contains
numerous active enzyme systems which function in the biosynthesis and deg-
radation of steroids during embryogenesis (44). Conjugation of steroids
markedly diminishes their placental transport and by analogy maternally ad-
ministered drugs are generally considered to cross the placenta primarily, if
not exclusively, in a nonmetabolized state (45). Since pharmacologically ac-
tive molecules of exogenous origin may undergo placental biotransformation
in a manner described for endogenous substrates, it is essential to understand
how this process may affect the transplacental passage of drugs.

The principal carbon monoxide binding pigment of placental mitochon-
dria and microsomes has been identified as a cytochrome, P-450, which re-
sembles that associated with hepatic, microsomally localized, drug metaboliz-
ing enzymes (46). Electron microscopy of placental tissue has demonstrated
significant quantities of smooth endoplasmic reticulum in trophoblastic cells
(47 ) The appearance of cytochrome P-450 in placental tissue may follow
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an ontogenetic pattern paralleling that of the developing liver, since P-450 is
not detectable in human placenta obtained between the ninth and twelfth
weeks of gestation (48). The presence of P-450 and smooth endoplasmic re-
ticulum in the human term placenta does not categorically establish that
drug metabolism occurs under physiologic conditions but merely indicates a
potential capability for such activity.

Several in vitro studies have indicated that homogenates and microsomal
fractions (9,000 x g supernatant and 100,000 x g pellet) prepared from
human term placenta can effectively metabolize certain drugs. Hydroxyla-
tion and demethylation of polycyclic hydrocarbons by benzpyrene hydroxylase
and aminoazo dye N-demethylase lias been demonstrated in both human and
rat placenta (49). The metabolism of a variety of substrates has been com-
pared in microsomal fractions obtained from human term placenta and rat
liver in order to determine the relative activity and identity of degradative
pathways in each tissue (50). Pentobarbital and amphetamine were meta-
bolized in placental extracts at rates which were respectively 60 and 99 per
cent that of rat liver when the comparison was based upon uM of drug me-
tabolized/g total protein/hour. If placental drug metabolism was expressed
in terms of uM of drug metabolized/g wet weight of tissue/hour the rates
of metabolism for both pentobarbital and amphetamine relative to the liver
were significantly lower. In contrast to these data, Welch et al. (49) ob-
tained little or no metabolism of pentobarbital-2-C!* after incubation for 30
minutes with an NADPH-generating system and homogenates containing up
to 400 mg of human term placenta. Meperidine is metabolized at a slower
rate by placental than by hepatic homogenates and probably is degraded via
a different metabolic pathway. In the liver, meperidine is primarily con-
verted to normeperidine by N-demethylation; the placenta appears virtually
devoid of N-demethylase activity for this particular substrate (50). Homog-
enates of rabbit placenta and liver at 14, 21, and 28 days of gestation are un-
able to metabolize hexobarbital whereas zoxazolamine is readily hydroxylated
(51). Placental homogenates prepared from rodent tissue can catalyze the
following reactions: reduction of azo-linkage of neoprontosil, reduction of
the aromatic nitro group of p-nitrobenzoic acid, and conjugation of the
amino group of p-aminobenzoic acid (52). These reactions do not appear
to involve cytochrome P-450 of NADPH cytochrome C reductase since they
are not activated by flavins nor inhibited by carbon monoxide.

A selective increase in the activity of specific hydroxylase reactions has
been demonstrated to occur in the livers of developing rats (53). Hydroxy-
lation of testosterone at the 16-@ position is diminished at birth and remains
low for the initial four weeks of life whereas 6-8 and 7-« hydroxylation in-
crease significantly during the first postnatal week. The inductive effects of
phenobarbital and 3-methylcholanthrene on hydroxylase activity also appear
to be selective (see Table IIT). Phenobarbital administration to immature
male rats stimulates 16-a hydroxylation of testosterone several fold and 6-8
and 7-a hydroxylation to a much smaller degree. In contrast 3-
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methylcholanthrene has no effect on 6-8 and 16-¢ hydroxylation but en-
hances 7-a hydroxylation significantly,

The human placenta at 9 to 12 weeks of gestation appears to have lim-
ited drug metabolizing capability. Homogenates prepared from such pla-
centae can reduce the azo group of neoprontosil but are unable to reduce the
nitro group of p-nitrobenzoic acid (48). In addition this tissue cannot carry
out oxidative procedures such as the hydroxylation of 3, 4-benzpyrene, deam-
ination of l-amphetamine, sulfoxidation of chlorpromazine, side-chain oxi-
dation of hexobarbital, N-demethylation of aminopyrine, O-demethylation
of codeine, or p-hydroxylation of aniline. Dvordk (54) has demonstrated the
metabolism of two anti-inflammatory drugs (ketophenylbutazone and benzo-
pyrazone) in the human feto-placental unit during the first trimester of
pregnancy. These drugs and their metabolites have been identified in cho-
rionic tissue and in fetal organs. Unfortunately, the metabolites are identical
to those obtained from maternal serum and urine, so that it is not clear
whether they represent placental transport of a maternal metabolite or fetal
and placental degradation of the parent compound.

Specific placental enzyme systems can be induced under appropriate con-
ditions. Benzypyrene hydroxylase and aminoazo dye N-demethylase activity
is absent or extremely low in the placentae of nonsmoking mothers whereas a
high level of activity is present in the placentae of smoking mothers (49).
Benzpyrene hydroxylase can be induced in rodent placenta by the injection
of polycyclic hydrocarbons but not by phenobarbital administration (55). This
enzyme is not detectable in the livers of 15 or 20 day old rat fetuses. How-
ever, 24 hours after the administration of 3-methylcholanthrene to rats preg-
nant for 14 or 19 days, benzypyrene hydroxylase activity in the fetal liver
is approximately the same as that obtained in the untreated maternal liver.
In contrast, the oral administration of phenobarbital failed to induce similar
activity in the fetal liver (56). A similar pattern for the -induction of
zoxazolamine hydroxylase and hexobarbital oxidase has been noted in the
pregnant doe (51). Chlordane pretreatment stimulated the metabolism of
these substrates by both placental and fetal liver homogenates while pheno-
barbital was without effect in this regard. Pecile et al. (57), utilizing strych-
nine as a substrate, studied phenobarbital induction of drug metabolizing
enzymes in the rodent placenta and liver. Metabolic activity was greatest
in homogenates of maternal liver and virtually absent in both fetal liver
and placenta. Administration of phenobarbital to pregnant animals signifi-
cantly increased the drug metabolizing activity of maternal liver in both
rats and rabbits with a parallel effect noted in fetal rabbit liver and a lesser
one in fetal rat liver. The response of the placenta to the inducing action
of phenobarbital was consistently negative in rabbits and rats. These authors
concluded that participation of the fetal-placental unit in the detoxifying
mechanisms of the body is possible but that fetal liver and not placental
tissue is primarily involved. .

An interesting yet poorly documentated relationship may exist between
the urinary excretion of D-glucaric acid and hepatic microsomal conjuga-
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TABLE III

EFFECT OF INDUCING AGENTS ON DRUG METABOLIZING ACTIVITY OF DEVELOPING TISSUES

Fetal Liver Neonatal Liver Placenta
Enzyme or o me—
Substrate Metab. l' After Ref.
Untreated | After Treatment®* | Untreated | Treatment | Untreated ! After Treatment
P 3-MC CHL P 3-MC, P BP CHL

Benzpyrene Hydroxylase Absent 0 +4+ — — — — Absent 0 ++ — |49,5556
Azo Dye N-Demethylase Trace 0 +4+ — — — — Absent — — — 49, 55, 56
Zoxazolamine Hydroxylase | Absent 0 — 4+ — —_ — Present 0 — 4+ 51
Hexobarbital Oxidase Absent 0 — -+ — — — Absent 0 — 4+ 51
Strychnine not metab. ++ not metab. 57
Testosterone 6-8

Hydroxylase Low + 0 53
Testosterone 7a

Hydroxylase Low + 4+ 53
Testosterone 16«

Hydroxylase Low +4 0 53
Key:

magnitude of response:

++ =several fold increase in enzyme activity or drug metabolism
+ =small increase in enzyme activity or drug metabolism
0=no effect on enzyme activity or drug metabolism
P =phenobarbital
BP=3-4 benzpyrene
3-MC =3 methylcholanthrene
CHL =chlordane
s All inducing agents were administered into the maternal circulation.
b Response noted but not statistically significant.
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tion reactions involving D-glucuronic acid (58). The livers of developing
organisms (human and rodent) contain much lower levels of D-glucurona-
lactone dehydrogenase activity than those of adult specimens (59). The low
D-glucaric acid excretion in newborn infants correlates well with the dimin-
ished D-glucuronalactone dehydrogenase activity noted above, and the grad-
ual increase in D-glucaric acid excretion with age and weight reflects an in-
creasing activity of this enzyme in liver. In premature infants, there appears
to be a direct relationship between the serum bilirubin level and urinary D-
glucaric acid excretion (60). D-glucaric acid excretion was significantly
higher in patients taking oral contraceptives than in woman receiving no
drugs (60). The primary implication of these studies is that excretion pat-
terns of D-glucaric acid may ultimately serve as a valuable clinical index
for assessing drug metabolizing capability and the influence of pharmaco-
logic agents on this process.

Placental drug metabolism has also been studied in dogs (8 to 9 weeks
gestational age) utilizing an extracorporeally perfused in sifu uterine-pla-
cental-fetal preparation which allows parallel analyses of drug metabolism
by the placenta and drug distribution in fetal tissues (61). Reactions involv-
ing the conversion of aminopyrine to 4-aminoantipyrine and 4-
aminoantipyrine to N-acetyl-4-aminoantipyrine were evaluated. This prelim-
inary study demonstrated a 29 per cent decrease in plasma aminopyrine lev-
els after perfusion for 60 minutes, which was associated with the appear-
ance of 4-aminoantipyrine and N-acetyl-4-aminoantipyrine in the fetal tis-
sues.

While the diverse drug metabolizing activities of placental tissue suggest
a potential regulatory role for this organ insofar as it may influence the
quantity and form in which certain drugs ultimately reach the fetus, the ef-
fects of pharmacologic agents upon essential physiologic functions of the
placenta must also be considered. Glucose catabolism in the human placenta
occurs via glycolytic and direct oxidative pathways. The relative utilization
of the pentose phosphate shunt for glucose metabolism in human placentae
varies with the stage of pregnancy. Between the sixth and twentieth weeks
of gestation, carbohydrate metabolism procedes along the pentose phosphate
pathway to a much greater extent than it does at term (62). Protein syn-
thesis, nucleic acid, and ribose turnover rates are increased in early placen-
tal tissue and tend to parallel elevations in pentose shunt activity (63). Car-
bohydrate metabolism in the placenta is affected by the following agents:
liver alcohol dehydrogenase depresses glucose metabolism by the pentose
route (63); oxytocin increases shunt utilization in early placental tissue
(64) ; epinephrine increases placental glycolytic activity, lactate production,
glycogen breakdown, and glucose uptake (65); monoamineoxidase inhibi-
tors do not affect the placental response to epinephrine (64). Modification
in fundamental metabolic functions of the placenta can occur as the result
of specific drug action and these effects may profoundly influence fetal

physiology.
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EFrFeEcTs oF DRUGS ON MONOAMINES IN DEVELOPING TISSUE

5-Hydroxytryptamine.—Significant phylogenetic differences have been
demonstrated in the levels of 5-hydroxytryptamine, monoamine oxidase,
and 5-hydroxytryptophan decarboxylase present at birth. Species which
are developmentally immature at delivery, such as the rat and rabbit, contain
low levels of 5-hydroxytryptamine in their cerebral tissues (66). At term,
concentrations of 5-hydroxytryptamine in the neonatal goat (67) and guinea
pig brain (68) are equivalent to those of the adult. The latter species by
contrast are born with relatively well developed physiologic and biochemical
mechanisms. The low tissue content of 5-hydroxytryptamine observed in
neonatal rats and rabbits is probably not attributable to impairment of 5-
hydroxytryptamine storage or binding. Fetal enterochromaffin cells of the
rat contain 5-hydroxytryptamine at the eighteenth day of gestation and can
also take up J-dihydroxyphenylalanine upon incubation with this amino acid
(69). Cerebral mechanisms for the binding of 5-hydroxytryptophan seem to
be fully developed at birth in the rat (70).

The activity of monoamine oxidase is respectively 38 and 43 per cent of
adult levels in the brains of newborn rats (70) and livers of neonatal rab-
bits (71). Monoamine oxidase activity is present only in the microsomal
fraction of one day old rabbit livers, appearing in the mitochondrial fraction
on the fourth day of neonatal life and increasing in both fractions thereaf-
ter (71). No developmental pattern has been noted for 5-hydroxytryptophan
decarboxylase which appears to be present in the brains of all newborn spe-
cies thus far assayed and in concentrations equivalent to those in the adult
(72). The rabbit liver, however, has low activity at birth and shows little
change until the fourteenth postnatal day when a significant elevation oc-
curs which parallels the increase in liver mass (71). Tryptophan hydroxy-
lase seems to be the rate limiting process in the formation of 5-
hydroxytryptamine (73) and the diminished levels of 5-hydroxytryptamine
in cerebral tissues of the immature rat correlate well with the reduced hy-
droxylating capacity of neonatal brain (70).

The chronic administration of either iproniazid, reserpine, tranylcypro-
mine, and alpha-methyldopa during pregnancy do not alter the ontogenetic
sequence in which 5-hydroxytryptamine, monoamine oxidase, and 5-
hydroxytryptophan decarboxylase appear. These agents produce mini-
mal, short lived effects on 5-hydroxytryptamine tissue levels, monoamine ox-
idase and S5-hydroxytryptophan decarboxylase activity (70) which con-
trast sharply with the significant depletion of fetal and neonatal catechol-
amines induced by reserpine (74, 98, see catecholamine section). The pla-
cental passage of C'-5-hydroxytryptamine is almost totally blocked whereas
the transfer of precursors such as C!-5-hydroxytryptophan is not impeded
(75). Peak tissue concentrations of C!4-5-hydroxytryptophan occurred 20
minutes after maternal administration and were localized primarily in the
adrenal medulla, intestine, and skin of the fetus,
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Histamine—While the overall rate of histamine synthesis is enhanced
in pregnant animals, specific organs such as the renal cortices of pregnant
mice and the hamster placenta possess unusually high histamine forming ca-
pacities. An extraordinary increase in histidine decarboxylase activity has
been noted in fetal rat liver, exceeding the adult by some thousandfold (76).
This enzyme appears in the kidneys of pregnant mice shortly after mating
and reaches maximal levels several days prior to parturition. The fetal
mouse develops a high activity of histidine decarboxylase a few days before
term with rapid disappearance occurring after delivery (77).

Histamine concentrations in fetal rat brain peak at 17 days gestation, de-
crease sharply at 21 days and achieve maximal neonatal concentrations 5 to
10 days after birth, Significantly, no histidine decarboxylase activity has
been noted in either fetal or neonatal brain tissue (78). The developmental
pattern of histamine, in the central nervous system, differs uniquely from
that occurring with other monoamines such as dopamine, norepinephrine,
and 5-hydroxytryptamine which progressively increase in brain tissues from
late gestation until maturity (66, 70, 79).

The precise role of histamine in the developing mammal is not clearly de-
fined. It would appear that the increase in histamine content of many differ-
ent tissues during embryogenesis is a reflection of the high level of protein
synthesis occurring at this time. However, inhibition of protein synthesis
with puromycin does not reduce the accelerated rate of histamine formation
which occurs in neonatal or fetal rat liver (80). In view of these observa-
tions it has been suggested that histamine may function as a neurohormone,
and in this capacity not merely reflect the active turnover of aminoacids
(81).

Catecholamines—Physiologic competency of the adrenergic nervous sys-
tem during ontogenesis is contingent upon existing capabilities for synthesis,
storage, inactivation, release, and response to adrenergic neurotransmitter.

The catecholamine content of most adrenergically innervated tissues is
low during fetal and early neonatal life, generally approaching adult levels
about 1 to 2 months after birth. This pattern is clearly demonstrable in
hearts obtained from the developing rat (79), rabbit (82), dog (83), lamb
(84), chicken (85), and frog (86); whereas, norepinephrine concentrations
in neonatal bovine myocardium appear not to differ from those of the adult
(87). The catecholamine levels of other tissues such as the spleen (rat),
kidney (rat and dog), gastrointestinal tract (rat), salivary gland (rat),
adrenal gland (sheep, human, rabbit), and brain (rat, rabbit, dog) also ap-
pear to follow a similar ontogenetic sequence.

The activity of catecholamine synthesizing enzymes is diminished in some
fetal and neonatal tissues, resulting in lowered rates of norepinephrine forma-
tion. Tyrosine hydroxylase, the rate limiting step in catecholamine biosynthe-
sis, exhibits very low activity in fetal sheep hearts (1/7 of adult levels) in
contrast to the fetal sheep adrenal gland whose activity is equivalent to that
of the adult (84). The sequential appearance of catecholamine synthesizing
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enzymes in chick embryos has been described and occurs in the following
pattern: tyrosine hydroxylase, day 1; dopa decarboxylase, day 2; dopamine
beta-oxidase, day 4; and phenylethanolamine N-methyl transferase, day 6
(85). The activity of phenylethanolamine-N-methyl transferase is allegedly
influenced by adrenal cortical steroids which exert an inducing effect upon
this enzyme when administered in high concentrations (88). However, re-
cent investigations in the neonatal rat which confirm the biphasic pattern of
adrenal activity with respect to age, do not demonstrate any apparent induc-
tive or regulatory influence of adrenal cortical hormones on phenylethanol-
amine-N-methyl transferase activity (89). This enzyme is of prime impor-
tance in the transmethylation of norepinephrine to epinephrine and its
absence may explain the dominance of norepinephrine as the primary cat-
echolamine in chromaffin tissues during embryologic development (90~
92).

The mechanisms required for storing and binding endogenously synthe-
sized or exogenously administered catecholamines are poorly developed in
fetal life. The embryonie chick heart initially takes up H3-norepinephrine on
the fifth day of development and demonstrates an increasing capacity for
uptake through the tenth day. Adrenergic innervation of the chick heart oc-
curs on the fifth day and at this time H3-norepinephrine can be localized in
the microsomal component of subcellular fractions prepared from chick my-
ocardium (93). Endogenous catecholamines may be identified in the total
rat fetus at the thirteenth gestational day and in the fetal rat heart on the
twenty-first gestational day (94). The binding of exogenous H3-norepi-
nephrine to microsomal fractions of fetal rat heart is not demonstrable until
the twenty-first gestational day with maximal binding capacity developing be-
tween 14 and 21 days of neonatal life (94). A similar time course for the
establishment of binding sites has been observed in the rat spleen. How-
ever, the gastrointestinal tract and salivary glands of neonatal rats are
able to bind Hs-norepinephrine to the same degree as those of the
adult (79).

The activity of catecholamine degrading enzymes appears to increase in
a distinct ontogenetic sequence. Catechol-O-methyltransferase and mono-
amine oxidase were initially detected in the embryonic chick on the fourth
day, reaching maximal levels by the nineteenth day and sharply declining
on the second and third day after hatching (95). The concentration of
monoamine oxidase in fetal lamb heart is about one-fourth that of the
adult whereas catechol-O-methyltransferase is slightly higher in fetal
myocardium than adult (84). The rat fetus and neonate are deficient in
both enzymes so that catechol-O-methyltransferase and monoamine oxi-
dase activity is present at levels about 20 per cent of that observed in the
adult (96). The human neonate also appears to be deficient in its capacity
for oxidative deamination of catecholamines with the result that the ma-
jority of excretory products are O-methylated (97).

The response of the neonate to the catecholamine depleting actions of
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reserpine and tetrabenazine appears to be greater than that of the adult
(98). Dose-response curves relating catecholamine depletion to the concen-
tration of reserpine administered indicate that the sensitivity of the neonatal
brain to the action of reserpine gradually decreases as age increases. Assays
of H3-reserpine after administering equivalent mg/kg doses reveal plasma
concentrations in the neonate which are 6 to 7 times greater and plasma/
brain concentration ratios twofold greater than corresponding adult values
(99). The susceptibility of the newborn to the catecholamine depleting
effects of reserpine appears to be caused by a diminished neonatal capacity
for metabolizing reserpine and may also reflect an intrinsically greater
sensitivity of immature norepinephrine storage sites to the action of this
drug.
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