Response of the Fetus and Newborn to Drugs

William L. Nyhan, M.D., Ph.D.,* and Fritz Lampert, M.D.t

THE INFLUENCE of human developmental ma-
turity on the course of disease is nowhere
more dramatically evident than in the abnor-
mal responses of the fetus and young infant
to agents used in the treatment of disease.
Infants in the first month of life may have
alarming toxic reactions to doses of drugs
which are quite safe in older infants and adults
even when appropriate corrections for body
size are made!: and, in the fetus, grotesque
congenital anomalies may result from agents
whose effect on the mother are mild indeed.
Many of the syndromes resulting from drugs
in these populations are newly described;
others may currently go unrecognized and
further applications of drug therapy in this
age group will probably result in new types of
drug toxicity. The existence of these forms
of drug toxicity and the need for their preven-
tion indicate the importance of a systematic
developmental pharmacology.

Most drugs with a molecular weight less
than 1,000 pass easily through the so-called
placental barrier. The response to a drug
given early in fetal life may be death; during
organogenesis, particularly in the first trimester
of pregnancy, there may be malformation.
Late in pregnancy or during labor, drugs may
cause perinatal toxic reactions and morbidity.
These responses and those of the infant in
the approximately 30 day neonatal period con-
stitute the subject of this review. A number
of reviews have previously been published on
the subject.1-¢

Fetal Pharmacology—Teratogenesis

The pregnant woman is an unusually com-
monly chosen candidate for drug administra-
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tion. Peckham and King 7 recently found that
92 per cent of women had at least one drug
prescribed by their physicians during preg-
nancy and 3.9 per cent were given ten or
more. It can be assumed that all of these
drugs reach the fetus and it is now clear that
some of these produce congenital malforma-
tions. The etiology of approximately 90 per
cent of the human congenital malformations
remains unknown,® but further research on
chemical agents, viral infections,® and ionizing
radiation 1° may be expected to yield additional
information on this problem. On the other
hand, data from the Columbia Fetal Life
Study,’® on 3,200 pregnancies during 1953-
1957, indicate that “drugs in general” are not
an important factor in congenital malforma-
tions. This may provide a perspective, but
human teratology is still in the descriptive
phase. It is therefore important to examine
current knowledge of drug-induced human
teratogenesis.

Thalidomide. Quantitatively, the most im-
portant experiment in human teratology was
the outbreak of thalidomide embryopathy
which has had far-reaching influence on re-
search in the field as well as on the practical
aspects of food and drug legislation. This
experience lasted from 1959-1962 with high-
est frequency in West Germany, but significant
numbers in Great Britain, Australia and Can-
ada. According to estimations of the German
Ministry of Health, there were approximately
6,000 infants involved in the German Federal
Republic of whom about 3,000 are living. The
first cases of phocomelia in Germany were
demonstrated in September of 1960 by Kose-
now and Pfeiffer.)2 As the number of cases
increased, these began to assume the pattern of
an epidemic of malformations. The clinical
syndrome was characterized by Wiedemann,’s
who described the findings in 27 children.
Malformations of the extremities were the out-
standing feature with phocomelia or seal-like
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Fic. 1. Thalidomide-induced phocomelia.
(Courtesy of Dr. Helen Taussig.)

extremities the hallmark (fig. 1). A few mal-
formations of the intestinal tract, the ears,
and the heart were seen. Also characteristic
was a midline hemangioma of the face. The
infants were entirely normal mentally. The
association between the ingestion of the drug
during pregnancy and phocomelia was estab-
lished by Lenz.'* Similar observations were
made by McBride! in Australia. The rela-
tionship between thalidomide and malforma-
tions that ensued was confirmed through study
of the histories of early pregnancy in the
mothers of affected infants. This was an
impressive example of medical detective work
and a striking example of the value of retro-
spective studies. Lenz'* established consump-
tion of thalidomide in more than 80 per cent of
the women in his first group of 129 cases of
phocomelia.
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The chemical structure of thalidomide is in-
dicated in figure 2. 1t is a relatively simple
compound of phthalic and glutamic acid,
which cyclize to form the ring structure,
« (N-phthalimido) -glutarimide. The compound
was first synthesized in 1954, but abandoned
because the expected pharmacological effects
could not be discerned in animals. Neverthe-
less, in 1957, the drug was tried as an anti-
epileptic in man. Although worthless in epi-
lepsy, in the course of these studies it became
obvious that thalidomide was extraordinarily
safe and effective in inducing sleep.'® Be-
cause of the seeming lack of toxicity and
pleasant effect without hangover, almost over-
night it became West Germany’s most popular
sleeping medication. The only adverse effect
noted in adults was the occurrence of a few
cases of peripheral neuritis. This was the
property that delayed its official approval in
the United States.

The studies of Lenz'* indicated that the
period in which the embryo is sensitive to
thalidomide is quite brief. Malformations
were seen in the offspring of women who took
the drug between the thirty-seventh and the
fiftieth day following the first day of the last
menstrual period, or, when data could be ob-
tained, between the twenty-seventh and forti-
eth day after conception. Statistical analysis
of the data indicated that it was extremely
unlikely that such an association could have
occurred by chance (y* = 207). Further evi-
dence for the validity of the association has
been the decline in incidence of phocomelia
almost to negligible figures within 8 months
after the attendant publicity and withdrawal
of the drug from the market. The story of
the thalidomide-induced outbreak of embryop-
athy has been extensively described.t? 1

The effect of thalidomide on organogenesis
is among the most highly specific biological
effects of a chemical agent. Doses of the
drug which produce only pleasant sleep in the
mother result in distinct and severe malforma-
tion in the embrvo. Many experiments have
since been carried out on pregnant animals,
Large numbers of rats, mice, chick embryos,
and other species have been studied with nega-
tive results. Somers ' has been able to pro-
duce lesions similar to those observed in man
by the administration of much larger doses to
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an inbred strain of New Zealand white rab-
bits. It is becoming apparent that there are
marked genetically determined differences in
the responses of animals or man to the effects
of drugs; the teratogenic effect of thalidomide
is an example of this newly recognized field
of pharmacogenetics. The problem of repro-
ducing the human disease in a suitable experi-
mental model dramatically highlights the diffi-
culty of developing adequate methods for the
screening of drugs prior to release for use in
man. The requirement that all drugs be
screened in pregnant animals represents an
important legislative advance. It is, however,
quite clear that mandatory screening programs
would not have predicted or prevented the
thalidomide tragedy.

These observations indicate the need for
research in the field of developmental phar-
macology. Methods of screening need eluci-
dation and refinement. For instance, it might
be of interest to explore the use of isotopically
labeled compounds in screening programs in
order to assess transmission of drug to the
fetus: if there is no transmission of the drug
to the fetus the likelihood of teratogenesis
would appear to be small.2

Another apparent example of the discrep-
ancy between teratogenesis in the animal and
in man is that of meclizine. This compound
(1-[p-chloro-a-phenyl  benzyl]-4-[m-methyl-
benzyl]piperazine) has been shown by King 2!
to produce malformations in the rat fetus when
administered to the mother. The doses em-
ployed have been large but not unreasonably
so; the lesions have constituted a distinct syn-
drome with particular effect on the face and
skeleton; and the defects could be produced
in essentially 100 per cent of the animals ex-
posed. This constitutes strong evidence for
chemical teratogenesis. On the other hand,
this drug is widely emploved as an antiemetic.
It is considered by many obstetricians to be
the drug of choice in emesis gravidarum and
has been given to thousands of pregnant
women. The weight of this clinical experience
indicates it to be without effect on the human
fetus.*  Therefore, comparative data on this
compound in man and animals make a point
just opposite to that of the thalidomide story.
Close analysis of human experience is in
order and is now proceeding; It would be
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Structure of thalidomide, a-(N-phthali-
mido) -glutarimide.
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surprising if such a clearcut teratogenic agent
in one species were to be without effect on
at least some human subjects. Thalidomide
does have an effect on some experimental ani-
mals, but this is not easily demonstrable.
Meanwhile, the avoidance of all drugs in
women in the latter portion of the menstral
cycle and certainly in the first trimester of
pregnancy would appear to a be a good gen-
eral rule.

Chemotherapeutic Agents in the Treatment
of Cancer. Experimental teratology 22 and
cancer chemotherapy are closely related fields.
Many of the agents developed in the search
for effective drugs against cancer have terato-
genic effects in laboratory animals. In fact,
chick and other embryos are used in screening
programs for new drugs in cancer research.

Experiments on pregnant rats and mice have
demonstrated that aminopterin produces abor-
tion or death and resorption of fetus.2? As a
result, this drug was considered as a thera-
peutic abortant and Thiersch 2* reported that,
after giving aminopterin to 12 pregnant
women, successful abortion occurred in 10.
In 2 cases, however, abortion was not achieved
and malformations such as cleft palate and
harelip, hydrocephalus, and meningoencephalo-
cele were found in the offspring. Two other in-
stances of attempted abortion were reported 25, 26
in which multiple malformations were observed.
It is of interest that the reported malformations
produced by this folic acid antagonist have
differed from one another in contrast to the
uniform syndrome produced by thalidomide.
Malformations of the eyes, cleft palate and
early neonatal death* were seen in the baby
of a leukemic mother treated with the alkylat-
ing agent busulphan (Myleran). This woman
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also received B6-mercaptopurine during the
pregnancy, but had also received this drug
during a previous gestation in which the infant
was normal. With these exceptions, there is
little documentation of human embryopathy
following chemotherapeutic agents in the
treatment of cancer. In a thorough review,
Sokal and Lessmann ¢ assessed the effects of
cancer chemotherapy in 50 patients. Only
the folic acid antagonists (aminopterin, ameth-
opterin) could be shown to be definitive tera-
togenic agents when administered during the
first trimester of pregnancy. These com-
pounds are effective inhibitors of the de novo
synthesis of nucleic acid purines via the inhibi-
tion of the enzyme dihydrofolic acid reductase.
Thus, it appears that it may be easier to pro-
duce malformations in experimental animals
with these agents than in man. Experimen-
tally, of course, larger doses are generally em-
ployed.

Antidiabetic  Compounds.  Larrson and
Sterky 2° reported a possible teratogenic influ-
ence of sulfonylurea therapy in the occurrence
of multiple congenital anomalies in the infant
of a mother treated with tolbutamide. Dia-
betics in general have a larger number of
offspring with congenital anomalies, and it is
difficult to distinguish the effects of disease
from the treatment. Jackson and his col-
leagues %° compared a group of diabetic moth-
ers receiving sulfonylureas with a group who
received insulin and dietary therapy only. The
group treated with sulfonylurea had a higher
fetal death rate, even with good diabetic con-
trol. In comparing the individual drugs, chlor-
propamide was associated with the highest
fetal mortality (63 per cent), whereas tolbuta-
mide was associated with the same figure as
insulin.  Congenital malformations in rats
have been produced by treatment of the preg-
nant female with the hypoglycemia-producing
sulfonamides.? In man, a teratogenic effect
for the sulfonylureas has not yet been estab-
lished.

Adrenal Steroids.  Cortisone administration
in pregnant mice results in cleft palate without
concomitant cleft lip, a distinct abnormality in
the mouse as it is in man.32  Susceptibility to
this effect is genetically closely regulated and in
some strains 100 per cent of offspring of treated
mothers develop the lesion. Cleft palate
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has also been reported in the rabbit following
cortisone administration 33 and in this species
cortisone enhances the teratogenic effect of
an excess of vitamin A.3* Several case reports
have appeared 3% 3¢ associating cortisone treat-
ment in early human pregnancy with this
palatal lesion in the infant. However, many
women have been treated with adrenal steroids
during pregnancy. Review of some 344 in-
stances recorded in the literature 37 *¢ revealed
4 infants with cleft palate. This seems to be
a significant but low level of association.

Drug-Induced Masculinization of the Fe-
male Fetus. The production of female pseudo-
hermaphroditism would be a result one would
expect intuitively from the administration of
testosterone during pregnancy. A large body
of experimental data indicates that before
sexual structures differentiate they are suscepti-
ble to the influence of exogenous endocrine
substances. Nevertheless, methyltestosterone
has been employed in the management of
hyperemesis gravidarum. Cases have been re-
ported 3 in which the degree of masculiniza-
tion was so striking that it was not recognized
for as long as 6 months that the infant was
actually a female.

A more frequent problem has resulted from
the use of synthetic agents administered for
progestational activity. Wilkins*® collected 100
cases of iatrogenic masculinization of the hu-
man fetus, most of which followed the use
of oral progestins for habitual or threatened
abortion.  Clinically, the infants presented
with a picture identical to that observed in the
adrenogenital syndrome, in that they resem-
bled cryptorchid males with normal female
internal structures and female sex chromatin
bodies in the buccal smear. The 17-ketoster-
oid excretion was, however, not increased.
Treatment of the mothers with progestins was
usually begun before the tenth week of gesta-
tion. The agents employed were 17-a-ethinyl-
testosterone and  17-q-ethinyl-19-nortestoste-
rone, which are marketed under suggestively
feminine names such as Pranone, Lutocylol,
Progesterol and Norlutin. Examination of the
chemical structures (fig. 3) indicates that in
the natural product, progesterone, the hydroxyl
at 17 is in the alpha position, while in the
synthetic progestins the hydroxyl at 17 is in
the beta position and the alkyl group is
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17-a-methyltestosterone

17-a-ethinyltestosterone

17-a-hydroxyprogesterone

(anhydro-g-hydroxyprogesterone)

Fic. 3. Comparison of the structure of a synthetic progestin with those of progesterone
and testosterone.

alpha. These configurations indicate that these
compounds are structural analogues of testos-
terone, the 17-a methyl-g8 hydroxy structure of
which is shown. Androgenic activity would
not be a surprising result. This has now been
tested in experimental animals, these com-
pounds do produce masculinization of the rab-
bit or rat fetus. It has been suggested that
masculinization in the fetus may represent an
abnormality in hormone metabolism in the
women thus treated. These data suggest,
however, that the compounds are simply an-
drogenic. The possibility of a genetic error
in steroid metabolism seems more likely in the
instance of a small number of mothers in
whom fetal masculinization followed the use
of progesterone.#® Instances have also been
reported 4 in which this syndrome followed
estrogenic therapy with diethylstilbesterol.

The efficacy of progestational and estrogenic
steroids in the management of pregnancy and
prevention of abortion is still uncertain. If
their use is indicated, the natural product,
progesterone, would appear to be the agent
of choice. The synthetic progestins represent
practices in the development of new drugs
that existed in the past. Such drugs were
synthesized and found to be active in animals.
Testing for toxicity in adult animals and man
indicated their safety. It is now evident that
if there had been the requirement before re-
lease for clinical use that these drugs were to
be tested in pregnant animals and the fetuses
examined, this syndrome would have been
recognized in the animal and the human fetus
would have beeen spared the clinical experi-
ment.

Thyroid Medications. The occurrence of
goiter in the infant of a hyperthyroid mother

who has been treated during pregnancy with
propylthiouracil is a relatively common clinical
experience. These babies are generally quite
well and do not show clinical or chemical signs
of thyroid malfunction. Spontaneous regres-
sion of the thyroid enlargement takes place
over a period of months. This syndrome has
also been observed with thiouracil and other
antithyroid drugs.*2 Treatment is usually not
indicated for these infants, but they should
all be studied because an occasional case of
hypothyroidism has been observed.*> Con-
genital hypothyroidism has also been reported
following treatment of the pregnant woman
with 131143 In this instance, a dose of 14.5
mc. was given at the end of the first trimester
to a thyrotoxic woman not known to be
pregnant.

Neonatal goiter has been seen in infants
whose mothers received iodides for the treat-
ment of asthma during gestation.** These
goiters have been among the largest reported
and have resulted regularly in death by suf-
focation shortly after birth. In infants so
affected, emergency tracheotomy is recom-
mended in order to relieve the obstruction
produced by the huge thyroid gland. On the
other hand, prevention is preferable. Uncon-
tested data supporting the fact that potassium
iodide is of benefit in respiratory disease, par-
ticularly asthma, are not available. Its use
during pregnancy can only be condemned.

Anticoagulants. Dicumarol and its deriva-
tives have been reported to cause intrauterine
hemorrhage and fetal death.45-46 The fetus
may be particularly sensitive to these agents,
for even small dosage with good maternal con-
trol of prothrombin time has been associated
with severe hemorrhage in the fetus. In the
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rare instance when an anticoagulant is really
needed in pregnancy, it is probably safer to
use heparin, a larger molecule thought not to
cross the placenta readily.

Anesthetic Agents. The possibility that an-
esthetic agents might possess teratogenic ac-
tivity is of considerable concern, not because
of their use in labor but because women may
be anesthetized and operated on earlier in
pregnancy for unrelated conditions, particu-
larly in the vulnerable period before pregnancy
has been diagnosed. Studies in this field are
being actively pursued, but it is premature to
calculate the effects.

Nitrous oxide has been found to exert cvto-
pathogenic effects on mouse heart myoblasts
in tissue culture.*”™ Growth disturbances, de-
creased hatch rate of chicks as well as occa-
sional spastic paralysis in surviving chicks
have been observed following exposure of de-
veloping eggs to atmospheres of 80 per cent
N,O in 20 per cent 0..#% A survey of the
effects of anesthetic agents on the developing
chick embryvo has been undertaken by Smith
and Moya** who observed an increased inci-
dence of fetal anomalies and higher fetal death
rates with exposure to clinical concentrations
of the fluorinated volatile anesthetics, meth-
oxvfluorane, fluroxene and tetrafluorobromo-
methane. In similar studies by Gaub, Smith
and Moya ** diethyl ether and trichlorethylene
did not result in significant differences from the
controls, in the production of fetal anomalies.
These investigators have cautioned against ap-
plication of these results to man because of
marked differences in the biological svstems,
and experimental conditions from those of
clinical practice. However, the data do sug-
gest caution in employment of elective surgery
in early pregnancy and indicate the need for
further research in mammalian systems.

Paranatal Pharmacology

Agents administered to the mother during
labor usually can be expected to be transmitted
across the placenta and the infant may be
born still under the influence of these drugs.
Some of these agents such as tetracycline
(which will be discussed later) produce cffects
that are not too different whether administered
early in fetal life, close to term or to the infant.
Similarly, the hemolysis induced by the water
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soluble vitamin K preparations is similar
whether administered to the infant or to the
mother at term. On the other hand, agents
administered to the mother to ease the course
of labor would almost never be administered
directly to the neonate. Anesthetics, analgesics
and tranquilizers largely constitute the area of
paranatal pharmacology. Knowledge in this
field is of a most general nature and experi-
ence and, therefore, will be considered only
briefly.

Reserpine.  Reserpine is a relativelv mild
tranquilizer; for this reason, it is not surprising
that it has been employed to ease the course
of labor. The adverse effects in the adult are
not disturbing, stuffiness in the nose being a
frequent complaint. A stuffy nose in the
newborn may, on the other hand, produce se-
vere respiratory embarrassment because of the
relative inability of the infant to breathe
through the mouth. Budnick and colleagues #"
reported a series of 12 infants with nasal stuffi-
ness and discharge whose mothers had been
given reserpine during labor. In all of the
infants evidence of respiratory obstruction was
seen in marked thoracic retraction. Three be-
came cyanotic and 2 died. Among a group
of 77 mothers who received the drug, symp-
toms were found in 16 per cent of the infants.
There appears to be little reason not to inter-
dict this agent in the management of labor.

Antihypertensive Agents.  Hexamethonium
has been shown to pass readily through the
human placenta. Paralytic ileus has been re-
ported in infants whose mothers received hexa-
methonium bromide for the treatment of tox-
emia.’* The syndrome in the infant may be
fatal. In surviving infants, symptoms may
last as long as three weeks.

Hypnotics and Narcotics. It is common ex-
perience and well known to anesthesiologists
that hypnotics and narcotics administered to
the mother may adversely affect the fetus. Re-
sultant depression of the respiratory center is
often seen in the immature, as evidenced by
apnea or signs of hypoxemia. It has been
shown that barbiturates are transported in
large amounts to the human fetus and accumu-
late preferentially in the fetal liver and in the
brain near the fourth ventricle.”*  Concentra-
tions in cord blood were found to be higher
than those of maternal blood. There are data
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Fic. 4. Structure of chloramphenicol and the glucuronide.

to indicate an unusual respiratory depressant
susceptibility of the newborn infant to mor-
phine (v.i.). It has recently been demon-
strated ** that infants undergoing cyclopro-
pane anesthesia are more likely to develop
bradveardia and arrhythmias with scopolamine
than with atropine. Nalorphine and levallor-
phan are effective in combating neonatal re-
spiratory depression induced by maternal ad-
ministration of morphine or related narcotics
such as codeine, heroin, methadone, dihydro-
morphine, meperidine, racemorphan, metopon
and alphaprodine. The narcotic antagonists
are, at the same time, themselves respiratory
depressants and should therefore not be used
in babies depressed for other reasons. Clini-
cal data also indicate that prolonged respira-
tory depression may follow the use of chlor-
promazine for obstetrical analgesia.’* It is, in
general, surprising that respiration functions
so well in the newborn after the usually ad-
ministered maternal analgesia and anesthesia.

Narcotic addiction in the pregnant mother
may lead to withdrawal symptoms in the in-
fant after birth. Fatal reactions have been
described. In a survey of the literature,
Schneck %% collected more than 50 cases of
newborn infants born to addicted mothers.
Most of these women were heroin addicts.
Withdrawal symptoms in the infants consisted
of tremors, vomiting, diarrhea, cyanosis, ano-
rexia, inanition and increased secretions in the
respiratory tract. The severity of symptoms
depended to a large extent upon the time

that the mother had received the last dose of
narcotic,  Despite judicious treatment with
opiates and tranquilizers, a high mortality
ensued.

Thiazide Diuretics. A relation between
thrombocytopenia in the newborn and the
antepartum administration of thiazide or chlor-
thiazide to the mother has recently been re-
ported by Rodriguez and associates,® Seven
cases of neonatal thrombocytopenia were ob-
served with one fatality. The bone marrows
examined appeared to be deficient in the pro-
duction of platelets. It is not vet clear whether
this was a direct chemical depressant effect in
the marrow or the result of an antigen-
antibody reaction.

Neonatal Pharmacology

At one time the special aspects of pediatric
pharmacology were restricted to a considera-
tion of the size of the patient as reflected in
the calculation of drug dosage in terms of units
of body weight or surface area. This problem
will not be discussed in this review because it
is not considered safe to extrapolate to the
newborn dosage of drugs determined in older
age groups. In order to predict neonatal re-
sponses, the reaction of newborn animals and
humans per se must be studied.

Developmental Enzymology and
Drug Toxicity

Neonatal Toxicity of Chloramphenicol. Toxic
responses may result from incomplete metabo-
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lism of drugs, as a consequence of the fact
that the infant may lack certain enzymes which
are synthesized later. In the absence of an
enzyme involved in the metabolism of a drug,
high blood levels may result from conventional
therapeutic doses. One example is the dem-
onstrated toxicity of chloramphenicol in the
young infant.5

Chloramphenicol is detoxified by conjugation
(fig. 4). The resulting glucuronide is more
soluble than the free compound, and is se-
creted by the renal tubules, while free chloram-
phenicol is excreted by glomerular filtration.
Anatomical or physiological renal immaturity
could contribute to neonatal toxicity.®” How-
ever, adults with anuria have been given large
doses of chloramphenicol without development
of toxic symptoms. In these individuals, there
were high levels of chloramphenicol metab-
olites, but the levels of free chloramphenicol
were low. It is therefore unlikely that renal
mechanisms account for the untoward neo-
natal response to chloramphenicol and atten-
tion must be directed to the mechanisms by
which the nontoxic glucuronide is formed.

The carbon source for glucuronidation is
glucose. The following reactions are signifi-
cant:

(1) G-1-P + UTP = UDPG + PP

(2) UDPG + 2 DPN*= UDP Glucuronic
acid + 2 DPNH 4 2H*

(3) UDP Glucuronic acid + ROH = R-glu-
curonide + UDP

The R in the third reaction signifies com-
pounds conjugated at a hydroxyl group,
(chloramphenicol) or at an amino or carboxyl
group. Compounds of biological importance
which are conjugated with glucuronic acid in-
clude bilirubin, thyroxine and hydrocortisone.
The development of these enzymes was studied
by Brown and Zuelzer ** in an investigation of
the mechanisms underlying neonatal hyper-
bilirubinemia. It was found that glucuronyl
transferase which catalyzes reaction 3 was
virtually absent in fetal guinea pig or rat liver,
and markedly reduced in that of the newborn.
Increase in activity to adult levels took place
within the first month of life. The activity of
UDPG dehydrogenase (reaction 2) was also
low in fetal and neonatal liver and increased
gradually to adult levels over the first two
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weeks. Inefficient glucuronidation has also
been documented for the human infant, but
the data available do not indicate when the
enzyme deficiency is overcome.

The observed deficiency is consistent with
the production of higher levels of free chloram-
phenicol in the blood of the newborn than in
the older child or adult, following the same
dese. Very high blood levels have been docu-
mented in infants dying of chloramphenicol in-
toxication.® Infants in the first week of life
develop considerably higher blood levels than
do older children following the same dose of
chloramphenicol,?” and these levels are main-
tained for longer periods of time.

The clinical findings in infants with chlor-
amphenicol intoxication have consisted of a
characteristic syndrome of ashen gray cyanosis,
hypothermia and flaccidity. These symptoms
have been indicative of cardiovascular collapse,
followed shortly by respiratory failure and
cardiac arrest. Symptomatology of this sort
might be expected to occur in any age group,
if miscalculation or other events led to over-
dosage. However, in newborn or premature
infants this picture has been observed with
regularity with doses of 100 mg./kg. or more.
It has been recommended that daily doses for
full term and premature infants not exceed 50
and 25 mg./kg., respectively. A better way
to insure safety would be to determine dosage
by the estimation of the levels of the drug in
blood.

Toxicity of Other Compounds Metabolized
by Glucuronidation. The inefficiency of the
newborn in carrying out conjugations with
glucuronic acid is potentially a general mecha-
nism by which toxic reactions could occur in
this age group. Few examples have as yet
been documented. Acetanilid, which is seldom
emploved in the newborn, thyroxine or hydro-
cortisone are likely possibilities, and proges-
terone has been found to be considerably more
toxic in infant mice than in the adult. Mor-
phine, which is excreted as a glucuronide con-
jugate, exhibits a greater toxicity in the infant
than in the adult rat.

Acetylations.  Acetylation is another mecha-
nism for the inactivation of drugs. Sulfona-
mides are acetylated inefficiently by the new-
born and premature infant; but this does not
increase toxicity because acetylated sulfona-
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mides are less soluble and therefore more
likely to cause renal complications. However,
the failure of newborns to acetylate sulfona-
mides efficiently suggests that other acetyla-
tions may not take place efficiently, leading to
greater toxicity in the newborn. Isonicotinic
acid hydrazide (isoniazid, INH) is excreted
almost quantitatively as the acetyl derivative,
and acetylation does appear to decrease the
toxicity of this compound. The relative ability
of the newborn to acetylate this compound is
not known.

Microsomal Oxidative Systems. Drugs which
are metabolized by enzymes in the hepatic
microsomes are not metabolized by the livers of
newborn rabbits.® These compounds include
hexobarbital, aminopyrine, amphetamine, acet-
anilid, nitrobenzoic acid, phenacetin and chlor-
promazine. Similarly, doses of hexobarbital
that have little effect on the adult mouse cause
prolonged sleeping time in the newborn. Cau-
tion is in order in the application to man, in
that Vest . found that the human newborn
readily metabolizes acetanilid to N-acetyl-p-
aminophenol; subsequent, however, glucuroni-
dation of this compound is inefficiently carried
out.

Interrelations of Enzymes, Substrates
and Cofactors

Toxicity of Vitamin K Analogues. Water
soluble derivatives of menadione, Hykinone,
and Synkayvite (fig. 5) have been widely em-
ployed for their activity as vitamin K ana-
logues. A syndrome has recently been recog-
nized in neonates receiving large doses of these
compounds. Nearly all have been premature
infants given at least 30 mg. of drug. Fol-
lowing the administration of the drug, Heinz
bodies have been seen in the erythrocytes, over
the next few days. As the Heinz bodies dis-
appeared, progressive anemia was observed
over the ensuing two weeks. Icterus was
maximal at 1 to 2 weeks. The incidence of
kernicterus in premature infants increased two-
fold when 30 mg. or more were administered,
as opposed to 1 to 2 mg.®? The concentra-
tions of bilirubin in the serum have consistently
been higher in infants receiving 30 mg., than
in untreated controls. Hyperbilirubinemia and
kernicterus can also be produced in the infant
if large doses of water soluble vitamin K prepa-
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rations are administered to the mother at
term. Levels of bilirubin in those receiving 1
mg. did not differ from controls, nor did those
of infants receiving vitamin K; (Mephyton).
In fact, it appears that vitamin K, increases the
ability of the neonatal liver to handle bilirubin.

The mechanism by which menadione pro-
duces hemolysis is not known, but it is prob-
able that multiple factors are involved. There
is evidence that such compounds are directly
toxic to circulating erythrocytes, for Synkayvite
induces Heinz body formation in vitro. He-
molysis and hemoglobinuria have been pro-
duced by these compounds in the rat, but
only in the presence of vitamin E deficiency.
In this respect, there is a considerable body
of evidence indicating that levels of vitamin E
are markedly lower in the newborn than in
older children. There are similarities between
the toxic effects of vitamin K analogues in the
newborn and syndrome of the drug-sensitive
erythrocyte. A variety of compounds, includ-
ing acetylphenylhydrazine, primaquine and
naphthalene, as well as menadione and its de-
rivatives, are capable of producing hemolysis
in both conditions. The drug sensitive erythro-
cyte represents a genetically determined de-
fect in red cell metabolism in which erythro-
cytes possess a decreased concentration of re-
duced glutathione (GSH): there is also an
altered GSH stability test, in that the GSH
decreases sharply after incubation with acetyl-
phenylhydrazine. The direct expression of the
abnormal gene is seen in the decreased ac-
tivity of the enzyme, glucose-6-phosphate de-
hydrogenase. The alteration in GSH metab-
olism appears to be a secondary defect, for the
oxidation of glucose through pathways involv-
ing glucose-6-phosphate dehydrogenase re-
sults in the generation of reduced triphospho-
pyridine nucleotide (TPNH); TPNH is a co-
factor for the enzyme glutathione reductase
which catalyzes the generation of GSH from
its oxidized form GSSG. The studies of Zink-
ham ¢ have indicated that glucose-6-phosphate
dehydrogenase activity is normal in the eryth-
rocytes of the newborn and that the concentra-
tions of GSH are normal. However, there is
marked GSH instability. The addition of
glucose in vitro prevented the abnormal GSH
stability test of the newborn, but was, of
course, without effect on the genetically deter-
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mined reactor. The mechanism of hemolysis
appears to be related both to the concentration
of glucose and to that of tocopherol, but the
relative contributions remain to be determined.
Nevertheless, it is clear that adverse reactions
to vitamin K analogues can be prevented
simply by the routine use of vitamin K; or the
use of doses in the range of 1 mg., which are
more than adequate to prevent the hyvpopro-
thrombinemia of the newborn.

Methemoglobinemia.  Methemoglobinemia
is not rare in young infants and may be life-
threatening. Among the reported series of
children with methemoglobinemia, the pa-
tients are nearly always under 3 months of
age. The fact that the neonate and young
infant still carry large amounts of fetal hemo-
globin may account for the tendency to de-
velop methemoglobinemia, for hemoglobin F
is more sensitive to oxidation. The young may
also evidence an insufficient amount of the
enzyme diaphorase which is active in the re-
duction of hemoglobin. The characteristic
finding is the chocolate color of the blood,
the skin and mucous membranes showing a
brown-gray cyanosis.

More than few substances have been found
to cause methemoglobinemia. As early as
1886 and as recently as 1963, the danger to
the infant of aniline dyes has been demon-
strated, as in the case of diapers marked with
aniline containing ink.6* 6  Well water con-
taining nitrate which is reduced to nitrite by
intestinal bacteria, remains a common cause
of methemoglobinemia in the infant.%¢ Aceto-
phenetidin (Phenacetin) and acetanilide are
common antipyretics and analgesics which may
produce methemoglobinemia; reactions have
been seen with 10 to 15 mg./kg.*” of phena-
cetin.

Naphthalene may produce methemoglobine-

(HYKINONER)

(SYNKAYVITER)

Menadione and the water soluble derivatives with vitamin K activity.

mia as well as hemolytic anemia in the infant.
Naphthalene toxicity is usually caused by ac-
cidental ingestion of moth balls or cough
syrups containing naphthalene.  Similarly,
menthol is found in cough preparations and
nasal inhalers: methemoglobinemia has been
reported following the inunction of a menthol
containing ointment to the chest of an infant
with respiratory infection.

Distribution of Drugs and
Neonatal Toxicity

The toxicity of chemical compounds in the
infant may be affected by a variety of factors
that influence the absorption or uptake of
drugs as well as their distribution. Little de-
tail is available on these points and this would
appear to be a fruitful area for research.
Studies will be reviewed here that have been
carried out on protein-binding in relation to
distribution of drugs and metabolites.

Sulfonamides and Kernicterus.  The sul-
fonamides have been incriminated in the pro-
duction of kernicterus in newborn and pre-
mature infants. This association was first
discovered by Silverman and his colleagues
who found a considerably greater mortality
and kernicterus in a group of premature in-
fants receiving penicillin and sulfisoxazole pro-
phylactically, than in a control group receiving
oxytetracycline. These infants did not have
hyperbilirubinemia. In fact, levels of bili-
rubin in the serum were much lower in the
group treated with sulfisoxazole. Johnson ct
al.®» held sulfisoxazole to be the agent most
likely responsible for the increased incidence
of kernicterus in treated rats of the Gunn
strain, in which there is a genetic deficiency of
glucuronyl transferase. A reciprocal fall in
serum bilirubin with rise in the serum level of
Gantrisin was documented.
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These findings have been elucidated by the
experiments of Odell 7 who found that sul-
fisoxazole competes effectively with bilirubin
for binding sites on serum albumin. In this
way, protein-bound bilirubin was displaced
by sulfisoxazole, and free bilirubin could then
be dialyzed or pass by ultrafiltration through
membranes which retain protein-bound bili-
rubin. Thus, the lowered bilirubin levels of
infants or rats treated with sulfisoxazole have
been interpreted to reflect displacement of
bilirubin from the serum proteins, and diffusion
into tissues. This effect of sulfisoxazole is not
at all specific, but is a property of a variety of
organic anions, including other sulfonamides,
caffeine sodium benzoate and salicylate.

Central Nervous System Permeability and
Metabolism.  Kernicterus, in general, occurs
only in the neonatal period. This sensitivity
to bilirubin reflects a general increase in the
permeability of the neonatal central nervous
system to substances circulating in the blood.
Experiments on the development of the blood-
brain barrier of the infant mouse have indi-
cated that dyes such as trypan blue readily
enter the brain from the blood, while in the
adult animal impermeability is the rule. Simi-
lar evidence of a differential permeability in
the infant and adult has been obtained using
glutamic acid and the radioactive isotopes of
phosphorus, chloride or potassium. Ct-
labeled phenobarbital has been observed to
penetrate the brain of the kitten much more
rapidly than that of the cat, and there ap-
peared to be an inverse relation between the
degree of myelinization and the cerebral drug
concentration attained. It is consistent with
these observations that infant animals have
shown increased sensitivity to both hexobarbi-
tal and pentobarbital.

Differences have also been observed when
metabolism in the infant brain is compared
with that of the adult. Increasing resistance
of the animal to barbiturate intoxication over
the first 2 to 3 weeks of life has been corre-
lated with decreasing ability to withstand
anoxia. The brain progresses from a relative
dependence on glycolysis as an energy source
to a predominantly oxidative metabolism. Dur-
ing the neonatal period iodoacetate, primarily
an inhibitor of glycolysis, is relatively more ef-
fective in inhibiting brain metabolism, while
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malonate, which inhibits oxidative metabolism
through the inhibition of succinic dehydro-
genase, becomes more effective with maturity,
In contrast to the effects of most drugs, ethanol
has been found to be less toxic in the newborn
than in the adult.™

Hepatic Function—Novobiocin. Sutherland
and Keller ** reported an epidemic of jaundice
in a newborn nursery, which they were able to
relate to the administration of novobiocin:
there was no evidence of hemolysis. Icterus
was also produced by the antibiotic in experi-
mental animals and the toxicity of novobiocin
was considerably greater in newborn animals
than in adults.” Experiments in rabbits in-
dicated that novobiocin interferes with the ex-
cretion of bilirubin via the bile. It has more
recently been found ?*+ that novobiocin is an
inhibitor of the enzyme glucuronyl transferase.
These data indicate that drug-induced hyper-
bilirubinemia may result from enzymatic in-
hibition as well as effects on the erythrocyte.

Tetracycline and Dentition. Tetracycline is
deposited in growing bones and in teeth under-
going calcification. It has recently been recog-
nized that treatment of infants and children
during the period of odontogenesis results in
hypoplasia and staining of enamel. This ef-
fect is seen in the permanent as well as decidu-
ous teeth and the areas involved are dependent
on the stage of odontogenesis at the time of
treatment with tetracycline. The degree of
discoloration or hypoplasia is a function of the
dose of the drug.” The amounts of drugs
transported across the placenta during treat-
ment of the mother with ordinary doses are
sufficient to produce the abnormality in the
infant.7s

The involved teeth are usually of a yellow
color. They can be distinguished from other
types of teeth with staining or hypoplasia of
the enamel by the brilliant fluorescence seen
in ultraviolet light. Exposure of the teeth to
sunlight results in a gradual change to a
brown color with concomitant loss in fluores-
cence,

Inhibition of bone growth has also been ob-
served with administration of tetracycline to
premature infants and young rats. This effect
is transient, while the effects on the teeth ap-
pear to be permanent,
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General Conclusions

Responses to drugs in the very young in-
fant are sufficiently novel to warrant establish-
ment of a systematic developmental pharmacol-
ogy. Even when quantitative adjustments for
the size of the patient have been made, sur-
prising qualitatively different responses are
observed. It is clear that it is never safe to
extrapolate to the neonate pharmacologic re-
sults obtained at other times of life, and, the
effect on the fetus can never be predicted.
Optimal therapeutics requires that the re-
sponse to drugs of the newborn and fetus be
determined experimentally before the com-
pound is used clinically.

The following abbreviations have been used:
G-1-P—glucose-1-phosphate; UTP—uridine  tri-
phosphate; UDPG—uridine _ diphosphoglucose;
PP—inorganic pyrophosphate; DPN+ and DPNH—
the oxidized anc{ reduced forms of diphosphopyri-
dine nucleotide; UDP—uridine diphosphate; ATP
—adenosine triphosphate; UDPGlucuronic acid—
uridine diphosphoglucuronic acid; GSH and GSSG
—the reduced and oxidized forms of glutathione;
TPNH—reduced triphosphopyridine nucleotide.
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PLACENTAL CIRCULATION Perfusion of the in situ placenta with dextran
solution containing constant concentrations of carbon monoxide (CO) and nitrous
oxide (N,O) was carried out in pregnant ewes breathing oxyvgen to determine

relationships between placental and maternal circulation.

The concentration of

CO in the perfusion fluid after placental passage was found to be 19 per cent of

its original concentration, that of N,O 14 per cent.

The finding of CO in the

effluent perfusate after passage through the placenta substantiated a physiologic
shunt mechanism whereby part of the fetal blood did not contact maternal blood.
Further, because an efficient countercurrent pattern between placental and maternal
blood flows would be expected to reduce the concentration of N.O to zero in
the effluent placental perfusate, the finding of an appreciable concentration of this
gas in the perfusate (after suitable allowance was made for the shunting mentioned)

was interpreted as evidence against an exclusively countercurrent concept.

(Met-

calfe, ]., and others: Transfer of Carbon Monoxide and Nitrous Oxide in the Arti-
ficially Perfused Sheep Placenta, Circ. Res. 16: 95 (Feb.) 1965.)

MATERNAL DEATHS Between 1955 and 1962, 145 maternal deaths were re-
ported in the Province of British Columbia.
obstetrical causes, and of these, five cases (3 per cent) were classed as anesthetic

deaths.

One hundred of them were due to

These included two cases of cardiac arrest encountered under general

anesthesia, one sensitivity reaction to lidocaine infiltration, one anoxia and pul-
monary edema associated with thiopental induction, and one case of pulmonary

edema associated with the administration of intravenous ether.
(Carpenter, C., and Bryans, F.: Maternal

were noted in four of these five deaths.

Avoidable factors

Mortality in British Columbia: A Study of 145 Deaths from 1955 to 1962, Canad.

Med. Ass. J. 92: 160 (Jan. 23) 1965.)
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