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FRIEDLER, G. Paternal exposures: Impact on reproductive and developmental outcome. An overview. PHARMACOL 
BIOCHEM BEHAV S(4) 691-700, 1996.-Experimental and epidemiologic investigations document the adverse conse- 
quences of an array of paternal exposures on the development of subsequent offspring. Male-mediated abnormalities have 
been reported after exposure to therapeutic and recreational drugs, to chemicals in the workplace and environment and to 
ionizing radiation. The impact on progeny outcome includes: an increase in congenital malformations, spontaneous abortions, 
fetal resorptions; low birth weight; increase in childhood cancers; developmental, neurobehavioral. neuroendocrine, neuro- 
chemical abnormalities; effects in FZ generation progeny. Fertility is often unaffected. The comparative influence of genetic, 
epigenetic and nongenetic mechanisms in the etiology of paternally-mediated adverse outcomes is unknown. There is no a 
priori reason to assume that male-mediated effects are limited to the agents studied to date. The broad spectrum of alterations 
recorded after exposure to a variety of unrelated agents suggests the need for a more focused effort and multidisciplinary 
exploration of the potential impact of the male parent on reproductive outcome. Copyright 0 1996 Elsevier Science Inc. 
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INTRODUCTION 

A significant concern associated with exposure to potential 
chemical or physical toxicants is their effect upon parents’ 
ability to produce healthy offspring. It has been estimated 
that over 75% of all conceptions do not result in a successful 
reproductive outcome (128). Each year approximately 8% of 
all babies born in the U.S. have defects detectable at birth 
(130) and there is no identifiable cause in over sixty percent 
of these cases (54). The extent to which the male contributes 
to these reproductive failures is not known but is believed 
to be substantial (134). Yet until recently, investigations of 
developmental sequelae of parental exposure to pharmaco- 
logic or other chemical and physical agents have focused al- 
most exclusively on maternal factors. 

Historical references to male-mediated effects on progeny 
date from antiquity, with the prime concern of these reports 
on the harmful effects of alcohol drinking. An extensive review 
of this literature (126) cites several references to paternal 
drinking: for example, Carthage and Sparta had laws prohib- 
iting the use of alcohol by newlyweds; Anatomy of Melan- 
choly, published in 1621, cited Gellius: “if a drunken man get 
a child it will never likely have a good brain”; the gin epidemic 
in England, in the first half of the eighteenth century, evoked 
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deep concern over the harm caused by drinking of either 
parent (126). The concern that conception during intoxication 
was a particular hazard continued until the early part of the 
twentieth century. Animal studies reported adverse effects of 
paternal alcohol inhalation on offspring including: malforma- 
tions, low birth weight, retarded growth and high neonatal 
mortality over several generations (112). These studies were 
controversial and conflicting findings were reported by oth- 
ers (126). 

The first systematic observations to link adverse effects 
on reproduction with occupational exposure appeared in the 
latter part of the nineteenth century (12). High rates of infertil- 
ity, spontaneous abortions and infant deaths were recorded 
in lead-working communities in many parts of Europe (95); 
the reports suggested that exposure of either parent adversely 
affected reproductive outcome but only women were banned 
from work in the heavy lead trades (12). Although the prime 
emphasis was placed on maternal exposure, interest in pater- 
nal lead continued into the twentieth century. Several studies 
identified a positive association between male workplace expo- 
sure to lead and reproductive failure (69,95). 

Except for protecting pregnant women from excessive radi- 
ation exposure and occasional references to women in the 
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chemical industry during World War Il. the early history 01 
the deleterious effects of industrial chemicals on reproductive 
outcome was largely ignored prior to Minimata (12). It was 
this tragedy. where exposure to methyl mercury in fish resulted 
in neurologic abnormalitics in many adults and in 6% of all 
births, which finally led to greater emphasis on the vulncrabil- 
ity of the embryo and fetus to environmental toxins following 
maternal exposure (17). 

Male-mediated effects were not systematically cxamincd 
until the early seventics when independent studies reported 
adverse effects in both experimental animals and human off- 
spring after paternal exposure to several drugs or to paternal 
endocrine interventions. Common findings across studies in 
rodents were low birth weight, delayed appearance of carI> 
postnatal developmental landmarks. growth retardation. a- 
tered endocrine function. cross-generational effects ( I 1.36. 
37.46.109). Behavioral measures were not routinely cmployd 
in these studies. Epidemiologic studies reported an increased 
incidence of spontaneous abortions and congenital malforma- 
tions (27.28). 

These investigations received littlc attention or credence 
prior to the report of infertility in male workers exposed to the 
nematocide dibromochloropropane (DBCP) (I 27). Although 
rat studies in the early sixties had reported that DBCP pro- 
foundly decreased spcrmatogencsis (I IX). it was the I977 
DBCP report of human male infertility which finally directed 
attention to the deleterious effects of chemicals on male repro- 
duction (68). As noted by Lamb (6X), the DBCP incident aptly 
illustrated the failure to be alerted by animal data identifying 
a potential reproductive hazard. It was the DBCP-exposed 
workers. not trained observers. who first suggested the possi- 
ble relationship of their low fertilty to occupational expo- 
sure (6X). 

In 1991, a case reviewed by the Supreme C’ourt addressed 
occupational exposure to lead and contained amicus briefs on 
the deleterious effects of paternal exposures on reproductive 
outcome (61). This case, and a scientific symposium on malc- 
mediated effects convened shortly before the Court’s decision 
(107). were widely publicized and may have contributed to 
the recent refocus of attention. in both the scientific and public 
arena, to potential male-mediated influences on the develop- 
ment of progeny (17.107.12S). 

Focus on the singular role of the pregnant female in the 
health of the fetus and neonate has tended to minimize con- 
cern for possible male-mediated effects. Studies in the male 
have primarily explored the effects of toxic agents on fertilit!, 
rather than on developmental outcome. This may reflect past 
emphasis on fertility as the sine qua non of successful conccp- 
tion, and by inference normal birth. Fertility alone is an inade- 
quate indicator of a toxic insult to either developing or mature 
spermatozoa (71). Which of the most frequently used mea- 
sures of fertility (sperm concentration, motility. morphology) 
are the best predictors of reproductive success or failure m 
humans is unknown as is the relationship of these and other 
measures of sperm structure and function to reproductive 
outcome. should fertility occur ( 130.132.134). 

In the past. the primary sources for information on chem- 
cals affecting male reproduction were: spermatotoxic side ef- 
fects of various therapeutic agents. drugs used to treat suhfer- 
tile men, potential male contraceptives (134). The recent 
report of the marked decrease in male sperm production ovel 

the past half century has renewed concern over the effect of 
environmental exposures on male reproductive potential (22). 

The development of spermatozoa involves highly complex 
cellular processes which may be impacted by environmental 
factors at several stages of their development (68). Develop- 
ment of mature sperm from primordial sperm cells is a cyclical 
process which begins at sexual maturation and continues 
throughout the reproductive life of the male (68). Each cycle 
takes 74 days in man, 35 days in mice. 48 days in rats (68). 

The tirst stage of spermatogenesis involves the proliferation 
and renewal of undifferentiated stem cells (spermatogonia): 
some spermatogonia (Type A) will remain to replenish precur- 
sor cells at each new cycle: others (Type B) will undergo 
additional rapid mitotic divisions and eventual differentiation 
(6X). Similar to other actively replicating cells, spermatogonia 
are particularly susceptible to environmental insult during this 
phase of cell proliferation (31). This process is in marked 
contrast to females, where all oocytes capable of participating 
in the fertilization process are produced before birth and are 
no longer dividing (54). 

Following the proliferative stage, spermatogonia will un- 
dergo meiosis. a process which will eventually result in chro- 
mosome reduction from diploid to haploid state. The lengthy 
phase between primary and secondary spermatocyte produc- 
tion is characterized by accelerated RNA and protein synthesis 
(6X). During this period there is marked cell atresia and only 
half of the participating stem cells survive (134). The reasons 
for this high level of cell loss is unknown; this period is also 
thought to be highly susceptible to environmental insult (134). 

The now haploid spermatids undergo a complex morpho- 
logic transformation (spermiogenesis) during which DNA and 
nuclear proteins condense. mitochondria form the midpiece 
and the tail is formed (68). Testicular spermatozoa are released 
into the lumen of the seminiferous tubules of the testis and 
carried by seminal fluid within a lengthy system of ducts (the 
cpididymls) where they undergo a further process of matura- 
tion and become motile (6X). The ability of spermatozoa to 
actually fertilize the ovum does not occur until they enter the 
female reproductive tract: this process (capacitation) involves 
changes on both the surface of the sperm and within the 
gamete itself (134). 

Mechanisms that govern many of the complex structural 
and functional transformations that occur during spermato- 
genesis are unknown (68). Toxic agents can disrupt these pro- 
cesses at any stage of sperm development. maturation and 
fertilization: the effect and prognosis for recovery depends 
upon the stages affected (1.14). The duration of each stage of 
spcrmatogenesis. spermiogencsis and storage in the epididi- 
dymis prior to release is known for man and several test species 
(54). Consequently. by controlling the duration of exposure 
prior to mating, experiments can be designed to determine 
stage-specific effects of potential toxicants. 

Heritable genetic defects in sperm may be due to either 
gene mutations or chromosomal abnormalities ( 131). Suscepti- 
bility to mutation varies with both stage of sperm development 
and the mutagen itself; germinal mutations have been identi- 
fied at all stages of sperm development in mice (130-132). In 
addition. manifestation of sperm-induced prelesions depends 
upon the repair ability of the ovum (131). 
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Chromosomal abnormalities may be either structural (e.g. 
chromosomal translocations or deletions) or aneuploid (nu- 
merical) (54). The dominant lethal test in mice can infer these 
effects by the extent of pre- or postimplantation loss following 
mating with treated male mice; chromosomal aberrations can 
also be identified in treated males by cytologic or fertility 
testing of their surviving offspring (54). 

Epigenetic changes refer to non-mutational changes (in 
DNA of gametes) which affect gene expression (131-132). 
Genetic imprinting is a type of epigenetic alteration in which, 
for some genes, only one allele (either paternal or maternal) is 
expressed during development (114). Although both parental 
genomes are essential for normal mammalian development 
and contribute a similar number of chromosomes, recent evi- 
dence indicates that the two pronuclei (male and female) 
which form the zygote at fertilization are not functionally 
identical (83,114). Certain genes are expressed in only one of 
the alleles. Any perturbations of this imprinting process can 
affect gene expression and subsequent developmental out- 
come (92). 

In addition, the sperm is surrounded by a perinuclear ma- 
trix containing hundreds of “novel” proteins whose function 
is unknown (14). The proteins may serve as receptors and 
provide a mechanism for the regional distribution of genes 
within the sperm nucleus (14). Any interference with the struc- 
ture or function of these matrical proteins could adversely 
impact birth outcome. 

POTENTIAL MECHANISMS 

Male-mediated effects have been recorded after paternal 
exposure at specific stages of spermatogenesis and spermio- 
genesis or throughout the spermatogenic cycle. Given the var- 
ying profile of agents which have been been implicated and 
the wide spectrum of deficits which have been reported, no 
single mechanism can adequately explain male-mediated 
changes (42,131). 

Effects of xenobiotic agents on sperm function may result 
from: direct exposure of germ cells at any stage of sperm 
development and maturation; indirect effects on the testis, 
epididymis, accessory sex organs; complex physiologic interac- 
tions of spermatozoa within the female reproductive tract at 
copulation and fertilization; direct transmission of toxicants 
to the female in seminal fluid or by contaminated clothing 
(58,87,93.117,134). 

Relevant exposures may occur at any time between concep- 
tion of either parent and the production of their gametes which 
will eventually participate in the fertilization process; this in- 
cludes each parent’s development in utero, during childhood 
and at puberty (131). An integrated approach for assessing 
male-mediated effects requires the development of “bridging 
biomarkers” to both evaluate animal data for risk assessment 
and discriminate between genetic, epigenetic and nongenetic 
mechanisms of abnormal reproductive outcomes of paternal 
etiology (131). A preliminary model to discriminate the com- 
parative role of genetic, environmental and nonlinear epige- 
netic processes in underlying phenotypic differences, both so- 
matic and behavioral, has been proposed (79). 

The comparative influence of genetic and environmental 
variables in the etiology of childhood cancers has yet to be 
established (20). While it is known that humans contribute to 
the baseline frequency of mutations in their progeny, methods 
of evaluation in human sperm or in offspring lack sensitivity 
(132). A cogent illustration is the present inability to detect 
human germinal mutations above background for either ioniz- 

ing radiation or chemotherapeutic agents (131) although in 
animals, the induction of germinal mutations by these agents 
is well documented (6,73,82,131). 

With known gametotoxic agents, mutagens or carcinogens, 
it is plausible to invoke a genetic basis for male-mediated 
changes. However, several of the reported paternally-medi- 
ated effects involve agents which are probably not either muta- 
gens or carcinogens. These chemicals often induce subtle but 
significant functional alterations in physiologic, neurochemi- 
cal, neuroendocrine and behavioral parameters. Alternative 
hypotheses are required to explain these observations. 

It has previously been proposed that some paternal expo- 
sures may result from selection of a particular population of 
gametes for participation in the fertilization process (41,108). 
This could occur by xenobiotic-induced alterations in: the func- 
tion of the paternal hypothalamic-pituitary gonadal (HPG) axis, 
the physical or chemical integrity of the sperm during develop- 
ment or maturation, accessory gland secretions and seminal 
fluid composition. Any such perturbations of the normal func- 
tion or environment of developing spermatozoa could ad- 
versely affect the gametes available for participation in the 
fertilization process (39,64,134). Active participation of the 
female in transport of sperm with particular structural or func- 
tional characteristics could also play a role in this process 
(87,118). 

Epigenetic changes in gene expression offer an additional 
explanation for male-mediated effects. Any paternal exposure 
which alters the normally occurring imprinting process in 
sperm could adversely impact subsequent development in 
utero (92,122). The mechanism of genetic imprinting is 
thought to involve differential DNA methylation during ga- 
metogenesis or prior to formation of the zygote nucleus after 
fertilization (114). Genomic imprinting may be involved in 
the genesis of some childhood cancers and has been proposed 
as a mechanism for the paternal induction of Wilms’ tumor, 
associated with several occupational exposures of the male 
parent (85,92). 

The paternal pronucleus is critical for the proliferation of 
progenitor cells of differentiated tissues (114). As a conse- 
quence, paternal exposures could have unique effects on male 
chromosomes and subsequent reproductive outcome (41). The 
selective loss of embryonic inner cell mass observed following 
paternal cyclophosphamide (CP) exposure suggests a direct 
effect on the function of the male pronucleus (66). Epigenetic 
chromosomal modifications resulting from paternal exposure 
could also impinge upon subsequent fetal development by 
affecting the placenta since the male pronucleus is essential 
for its normal development (31,41,83). 

Since imprinting affects only the Fl generation, and is 
therefore not heritable, other mechanisms must be invoked 
to explain male-mediated effects which persist in subsequent 
generations. A related hypothesis is the induction of chemical 
changes in the expression of cell surface receptor proteins 
which, by alterations in DNA, would permanently change cell 
phenotype (19). In addition, any toxin-induced interference 
with the function(s) of the sperm perinuclear matrix could 
alter reproductive outcome. 

A direct effect of xenobiotic exposure could also impact 
offspring development. A number of therapeutic and other 
exogenous chemicals have been identified in the fluids of all 
components of the male reproductive system in animals (75) 
and in human seminal fluid where they are often highly concen- 
trated (51,75). In addition, the vaginal epithelium is permeable 
to a wide range of organic and inorganic compounds (15,93). 

Experimental studies have shown that toxicants in semen 
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can result in exposure of the embryo postconception via magi- 
nal absorption. Paternal thalidomide (rabbits) induced several 
congenital malformations and “C thalidomide remained firmly 

bound to spermatozoa (72). A single injection of “C C’P to 
male rats just prior to mating was widely distributed in several 
organs of the female including brain (58). Whether xenobiotic 
agents in seminal fluid can alter embryonic or fetal develop- 
ment postconception in humans is unknown (93). 

Toxic agents may bind to sperm components (133). enter 
the oocyte at fertilization and affect the normal sequence 01 
genetic events: this potential for direct access of toxins to the 
oocyte has been largely unexplored (I 34). 

MALE-MEfIIATLD I~FI~I-‘~‘TS 

Experimental and epidemiologic studies have now idcnti- 
fied a number of pharmacologic and other xenobiotic agcntx 
which can adversely impact pregnancy outcome following pa- 
ternal exposure. Chemicals associated with male-mediated ef- 
fects range from commonly used therapeutic and recreational 
drugs to known carcinogens. mutagens or other toxic con- 
pounds associated with workplace exposures. 

Table 1 illustrates the types of agents that have been 
associated with adverse reproductive outcome following pater- 
nal exposure and includes: structurally and functionally unre- 
lated chemicals, physical agents. endocrine interventions. The 
broad spectrum of recorded abnormalities suggests that pater- 
nal exposures have the potential to significantly alter the nor- 
mal development of progeny. 

Pharmucologic Agrrlts 

Opioids. Morphine was the first drug identified with long- 
term neurobehavioral. neuroendocrine and cross-generational 

effects after prefertilization exposure of either parent (X-38, 
44). Following paternal morphine injections (S-8 days. with 
a similar drug-free period prior to mating), mouse progeny 
showed growth retardation and a delayed appearance of devel- 
opmental landmarks. With the exception of lower birth weight, 
reproductive indices were unaffected (36,37). There was a 
car-ryover of growth effects into the FJ generation (42). How- 
cvcr, extensive karyotyping failed to detect any abnormalities 
in chromosome morphology. number or configuration (46). 

Several learned and unlearned behaviors were affected 
including exploration, locomotion, passive avoidance and at- 
tenuated responsiveness lo drug and non-drug stressors 
(39.45). There were no overt indications of endocrine malfunc- 
tion. yet the morphine offspring showed selective abnormali- 
tics in reproductive endocrinology: a markedly attenuated se- 
rum LH response to castration. indication of altered function 
of the HPG axis: lower levels of serum testosterone and pitu- 
itary LH; depressed seminal vesicle weight (39.43). Similar 
endocrine abnormalities were present in rat offspring follow- 
ing chronic paternal morphine for 9 weeks (23): in addition. 
serum LH levels were lower and hypothalamic beta-endorphin 
levels were slightly elevated. No differences in measures of 
reproductive endocrine status were apparent in female off- 
spring who showed a significant increase in serum corticoste- 
rone and hypothalamic beta-endorphin (23). 

When male rats received a single large morphine injection 
and were mated after 24 hours. there were pronounced effects 
on litter size. mortality and sensitivity to morphine-induced 
antinociception (25). Depressed birth weight and elevated 
postnatal mortality. most pronounced in male rat pups, was 
also apparent after chronic paternal methadone with concomi- 
tant mating (63,108). These studies suggest a direct toxic effect 
of opioids via seminal fluid or caprophagy. Reproductive indi- 
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ces, including birth weight, were unaltered in methadone- 
derived F2 progeny (108). All behaviors tested in Fl metha- 
done offspring (open field, locomotor activity, passive and 
active avoidance, rotorod latencies) were significantly changed, 
with a complex interaction with offspring sex, test order and 
days of testing (63). 

Paternal exposure to either levorphan (a potent opioid) or 
dextrorphan (its analgesically inactive enantiomorph) affected 
the physiologic and neurobehavioral development of mouse 
offspring. These observations suggested that the paternal im- 
print was not unique to morphine and its congeners (39). 

Alcohol. The description of fetal alcohol syndrome in 1973 
led to extensive study on the effects of maternal consumption 
of alcohol during pregnancy on the fetus. It was not accompa- 
nied by similar concern for the possible influence of paternal 
alcohol on developmental outcome. Investigations of the ef- 
fects of alcohol on male reproduction have primarily focused 
on alcohol-induced reproductive impairment or genetic contri- 
butions to alcoholism (7,13,49,123). Neurophysiologic alter- 
ations in unexposed sons of male alcoholics provide strong 
evidence for a biological predisposition for these changes (13) 
but a direct impact of paternal alcohol itself on offspring 
neurobehavioral function has not been excluded. 

Early experimental study of male-mediated effects ex- 
amned reproductive and morphologic abnormalities. Chronic 
oral paternal alcohol in rats resulted in increased resorptions, 
lower fetal weight and increased postnatal mortality (67. 
74,90). In mice, a similar treatment regimen did not alter 
reproductive indices or induce malformations (91). 

A pronounced decrease in fertility, viability, and litter size 
was recently reported in offspring of male rats mated 24 hours 
following a single large injection of alcohol (26). In mice, a 
marked decrease in fertility and birth weight was observed only 
when matings were within five days of paternal ethanol (28 
day) exposure (8). In contrast, investigations in both species 
found that mating immediately following chronic (8-9wk) oral 
alcohol had no effect on fertility (2,3) or birth weight (2-4). 

The often subtle effects of paternal alcohol on perinatal 
and early postnatal development were similar in profile to 
paternal opiates: effects were induced by short-term or chronic 
exposure; reproductive indices other than birth weight were 
seldom affected. However, several functional parameters were 
compromised in rodent offspring by paternal exposure: immu- 
nologic competence (16,53), thermoregulation (40), several 
behaviors (1,3,40,129) and neuroendocrine function (24). 

Behavioral changes in offspring following paternal oral 
exposure varied with species, strain and test parameters and 
included: both hypo- and hyperactivity (1,3,40), and impair- 
ments in passive avoidance (1,3), in spontaneous alternation 
in a T-maze (l-3) and in radial maze acquisition and discrimi- 
nation (129). No behavioral effects were found in rat offspring 
exposed to paternal ethanol by inhalation but complex 
changes in levels of brain norepinephrine, 5hydroxytrypta- 
mine and met-enkephalin were detected (80). 

Alcohol had profound effects on reproductive endocrinol- 
ogy of rat progeny exposed to chronic alcohol from prepubes- 
cence to early adulthood (24). Despite marked reduction of 
endocrine indices of sexual maturation (decreased testoster- 
one and beta-endorphin, decreased weight of testes, accessory 
sex organs) in the alcohol group of potential fathers, their 
fertility was unaffected. Litter size was smaller in alcohol- 
derived pups but other reproductive and developmental indi- 
ces were unchanged (24). However, testosterone and hypo- 
thalamic beta-endorphin levels and seminal vesicle weights were 
significantly decreased in the alcohol-derived offspring (24). 

In humans, a positive association between heavy paternal 
drinking and infant low birth weight has been reported (70). 
A recent extensive retrospective analysis found no negative 
impact of paternal alcohol on birth outcome (98); however, 
alcohol consumption in this population was far less than in 
the earlier report. 

Numerous investigations have confirmed the adverse ef- 
fects on reproductive outcome in drug-dependent pregnant 
women. With the exception of the alcohol studies above and 
the identification of drugs of abuse in human semen (.51,75) 
or bound to sperm (133), there is no information available on 
the potential male-mediated impact of any drug of abuse on 
human pregnancy outcome. 

Cyclophosphamide(CP). This drug is the most widely stud- 
ied agent for its male-mediated effects on reproductive out- 
come. Reports of a profound decrease in male fertility after 
CP chemotherapy first called attention to its profound effects 
in the male (127). In rats, a single high dose of CP resulted 
in: decreased testes weight, transient oligospermia, decreased 
DNA synthesis (in spermatogonia), decreased RNA and pro- 
tein synthesis (in spermatids) (57,93). In contrast, chronic low 
dose exposure did not adversely affect several measures of 
male reproductive function: epididymal sperm counts, repro- 
ductive organ weights, serum testosterone, LH and FSH were 
unchanged (119). Yet, chronic CP exposure had significant 
effects on pregnancy outcome: a dose- and time-dependent 
increase in both pre- and postimplantation loss, and an in- 
crease in both malformed and growth-retarded fetuses (62, 
119-121). Similar effects of chronic CP were also apparent in 
F, progeny (56). 

CP significantly delayed the appearance of standard neuro- 
behavioral developmental landmarks (pinna unfolding, eye 
opening, swimming development), cliff avoidance (longer la- 
tency) and affected locomotor activity after either acute or 
chronic exposure (5,33). Deficits in conditioned avoidance 
learning occurred in three subsequent generations following 
paternal exposure to low dose CP for 15 days but activity was 
unaffected (10). Male progeny exhibited greater sensitivity 
to CP-induced abnormalities(lO), a vulnerability previously 
noted in opioid- and alcohol- derived progeny (1,3,23,39). In 
humans, no increase in spontaneous abortions, congenital or 
behavioral abnormalities have been described after paternal 
CP but systematic studies are lacking (119). 

OCCUPATIONAL AND ENVIRONMENTAL EXPOSURES 

Animal Studies 

Comparatively few experimental studies on reproductive 
hazards of paternal exposure to occupational and environmen- 
tal chemicals have addressed effects on neurobehavioral out- 
come (71). In an early study in this area, exposure of male 
rats to lead resulted in decrements in maze learning in their 
offspring (19). Other investigators reported a decrease in birth 
weight, litter size, viability (113) and a reduction in dendrites 
of hippocampal pyramidal cells (106) in rat offspring following 
paternal lead exposure. 

Male-mediated neurobehavioral alterations have been ob- 
served in rodent progeny following following paternal expo- 
sure to industrial chemicals (71). Alterations in both behavior 
and neurotransmitter levels were apparent in offspring of male 
rats mated at 4 weeks after exposure to ethylene dibromide: 
the interval between exposure and mating indicated that the 
effect on developing sperm occurred during premeiotic stages 
of spermatogenesis (34,.59). Similar effects on brain neuro- 
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transmitters in offspring, in the absence of behavioral alter- 
ations, occurred after inhalation exposure to 2-methoxyetha- 
nol (Xl). Offspring of triethylene amine (TEM) male mice 
showed a neurologic impairment associated with an abnormal 
swimming pattern; cytogenetic study established concordance 
between the neurologic deficit and a TEM-induced chromo- 
somal translocation (71). 

An epidemiologic report of the deleterious effect of pater- 
nal exposure to inhalation anesthetics on birth outcome (27) 
prompted experimental investigation of nitrous oxide (N:O). 
In mice. a single paternal inhalation exposure to nitrous oxide 
(80% N?0/20%OZ/4 h) resulted in decreased birth weight of 
male pups. Other reproductive indices were unaffected. De- 
layed onset of developmental landmarks (pinna unfolding. eye 
opening) and an attenuated hypothermic response to morphine 
challenge were apparent in offspring derived from paternal 
treatment groups (39). No other alterations in pre- or post- 
weaning behaviors were detected. 

Anesthetics. The report of a positive association bctwccn 
paternal occupational exposure to inhalation anesthetics and 
an increase in spontaneous abortions was one of the lirst 
studies which systematically addressed male-mediated effects 
on reproductive outcome (27). Anesthetics in common USC at 
the time were N,O. halothane and cntluoranc: individual 
agents were not identified (76). Subsequent studies supported 
this early finding and NZO. the most commonly used of the 
inhalation anesthetics. was implicated (28.29). Other invest@- 
tors were unable to replicate these findings (1 16). Methodo- 
logic limitations of these studies included variable estimates 
of the magnitude of exposures. failure to identify specific 
agent(s), recall and response biases (116). 

A recent large retrospective study. with improved estimate\ 
of exposure and better control of confounding variables. rc 
ported an increased risk for both spontaneous abortions and 
congenital malformations in offspring after chronic paternal 
or maternal exposure to N:O (55). In this survey of operating 
room personnel in several Canadian hospitals. both the level 
and duration of exposure were much higher than in several 
prior investigations where no significant effects were detected 
(76). The results suggested that individuals are at greater risk 
in settings with inadequate scavenging of waste anesthetic 
gases (99). 

Dental operatories are usually less adequately ventilated 
than hospital operating rooms (27) and may explain the earlier 
positive findings in dentists (28.29). N:O is a known mutagen 
in some test systems (76) and may increase cancer risk in 
exposed populations (27). It has also been suggested that some 
of the adverse effects of N20 may be due to the increased 
concentration of NO and NO? in operating rooms (52): these 
chemicals may have teratogenic potential (76). 

A possible confounder in studies with dentists was the 
absence of any control for the possible toxicity from mercury 
amalgam. These fillings release mercury vapor into the mouth 
and are the principal source of this exposure in the general 
population (78). Mercury vapor. released from amalgam till- 
ings in pregnant sheep. has been detected in the fetus (124). 
In addition, paternal exposure to mercury vapor has been 
strongly implicated in spontaneous abortions (30.99). 

Carcinogens. The relationship between fathers’ employ- 
ment and childhood cancer was first suggested in 1974 (32). 
Shortly thereafter, a positive association between fathers’ ex- 
posure to solvents, or to employment in the aircraft industry. 

and brain tumors in their children was identified (X9). Subse- 
quent epidemiologic studies have replicated a significant link 
between childhood cancers and occupational exposure (35.85. 
89.110). Chlorinated hydrocarbon solvents, paints, petroleum 
products. pesticides and metals have been most strongly impli- 
catcd; specific etiologic agents have not been identified 
(3X84.97). 

The list of occupations at risk is lengthy and includes: work- 
crs in petroleum and chemical industry, hydrocarbon-associ- 
ated occupations. machinists and factory workers. workers 
with paints and pigments (84.86.97). There are frequently mul- 
tiple exposures within and across chemical categories and iden- 
tification of the causative agent(s) by job classification is often 
impossible (X4). 

Two extensive reviews. which cxaminc the putative link 
between male cxposurc and childhood malignancies. contain 
critical analyses of individual study designs for twenty four 
(97) and thirty two (84) studies. Both reviews concur on the 
consistent association of the above exposures (based upon 
occupational title) and outcome. They conclude that limita- 
tions of the available data do not permit identification of 
specific etiologic agent(s). and stress the need for improved 
methodology in order to furtheridentify relevant exposure 
risks. 

Paternal smoking (recreational/occupational) is another 
chemical exposure which has been associated with childhood 
malignancies. Congenital malformations and mental retarda- 
tion have also been reported in offspring (65.94.97). 

/ob:iq rutiiation. Children of fathers exposed to low-level 
tonizing radiation at the Sellafeld. England nuclear plant 
showed a 6-8 fold increase in leukemia (SO). This study con- 
flicted with an earlier extensive report on atomic bomb survi- 
vors which concluded that the risk of adverse reproductive 
outcome was not significantly higher than for nonirradiated 
parents (102). An earlier report of a significant association 
between paternal preconception exposure and congenital mal- 
formations at the Hanford, Washington site was interpreted 
as ‘false positives”: this conclusion was based primarily upon 
the discordance of these findings with the genetic studies on 
Hiroshima. Nagasaki survivors (105). In light of the Sellatield 
ireport. authors of the Hanford study are reconsidering their 
conclusions and urge additional study of populations occupa- 
tionally exposed to ionizing radiation (104). The Sellafield 
linding remains controversial (X8.104,105). 

Both epidemiologic and experimental evidence suggest 
that paternal exposure to a broad range of agentscan adversely 
impact reproductive outcome. Effects range from infertility. 
malignancies. neurobehavioral and neuroendocrine alter- 
ations in offspring to morphologic and behavioral abnormali- 
ties in subsequent generations. Extensive studies with CP illus- 
tratc the potential impact of paternal exposures on various 
stages of sperm development. Chronic low dose CP resulted 
in: a progressive increase in postimplantation loss, cross-gener- 
ational learning deficits (2-1 wk CP = post-meiotic maturation 
during spermiogenesis); increased preimplantation loss (4-6 
wk CP = spermatocytes. early spermatids); increased mal- 
formed and growth retarded fetuses (7-9 wk CP = spermato- 
gonia). The broad spectrum of alterations produced by stage- 
specific effects of CP (detailed earlier) was unaccompanied 
by detectable alterations in paternal reproductive function 
or fertility. 

In contrast, profound effects on the HPG axis of both male 
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parent and offspring were apparent after paternal exposure 
of spermatids or epididymal spermatozoa (1 wk, morphine) or 
throughout spermatogenesis (9 wk, ethanol). With both drugs, 
significant abnormalities in reproductive endocrine function 
of offspring were accompanied by subtle effects on growth 
and neurobehavioral development. These examples underline 
the importance of multisystem assessments in investigations of 
possible male-mediated influences on reproductive outcome. 

The available data on paternal effects suggest that the 
following groups of chemicals are prime candidates for study: 
highly reactive chemicals, chemicals that are cytotoxic and 
affect spermatogenesis, agents identified as potential muta- 
gens or carcinogens, chemicals which alter sperm parameters 
(morphology, motility), chemicals which affect neuroendo- 
crine regulation, with a particular focus on the HPG axis. 
These categories of agents comprise several of the alerts raised 
in an extensive review of chemicals affecting male reproduc- 
tive potential (101). The authors suggest that although the 
mechanism of action of many of these agents (e.g, potential 
teratogens, carcinogens, mutagens) in affecting male human 
reproductive potential is obvious, the reproductive hazard of 
greatest concern is probably the chemical that does not share 
many of these characteristics, “. . . is not generally cytotoxic, 
acts by disrupting biological processes unique to the reproduc- 
tive process, and is subtle in onset.” Several agents with male- 
mediated effects fit this description. 

SUMMARY AND CONCLUSIONS 

Both experimental and epidemiologic investigations docu- 
ment the adverse consequences of paternal exposure on repro- 
ductive outcome. Abnormalities in progeny outcome that have 
been reported in animal studies, with the exception of low 
birth weight, are usually not accompanied by alterations in 

fertility or other commonly used indices of reproductive suc- 
cess. Male-mediated effects have been recorded after exposure 
to: therapeutic and recreational drugs, chemicals in the work- 
place and environment, ionizing radiation, endocrine inter- 
ventions. 

Paternal exposures can induce a broad spectrum of delete- 
rious effects on the normal course of development. The impact 
on progeny outcome includes: increase in pre- and postimplan- 
tation loss, congenital malformations, increase in spontaneous 
abortions, fetal and neonatal growth retardation, increased 
incidence of childhood cancers, neurobehavioral and neuro- 
chemical deficits, abnormalities in reproductive endocrine 
function. Paternal exposures may also induce longterm func- 
tional alterations that are expressed as subtle developmental 
or neurobehavioral abnormalities which may persist in subse- 
quent generations. The comparative role of genetic, epigenetic 
and nongenetic mechanisms in the etiology of paternally-medi- 
ated effects is largely unknown. 

There is currently a rapidly expanding body of epidemio- 
logic information on the association between an array of male 
exposures and reproductive outcome. This active study by 
epidemiologists sharply contrasts with experimental science 
where relatively few investigators have examined male-medi- 
ated effects in animal models. The obvious advantage of this 
approach is the ability to control critical variables including 
exposure and relevant maternal factors. Animal models offer 
the opportunity to explore hypotheses which elucidate po- 
tential mechanisms for paternal effects. It is an intriguing 
challenge. 

There is no a priori reason to assume that male-mediated 
effects are limited to the agents studied to date. The broad 
spectrum of changes reported to follow paternal exposures to 
several classes of toxicants warrants a more concerted effort 
and multidisciplinary exploration of the role of male-mediated 
exposures on developmental outcome. 
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