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Abstract

Our understanding of the interactions between genetic and environmental factors in shaping

behavioral phenotypes has expanded to include environment-induced epigenetic modifications

and the intriguing possibility of their association with heritable behavioral phenotypes. The molec-

ular basis of heritability of phenotypes arising from environment-induced epigenetic modifications

is not well defined yet. However, phenomenological evidence in favor of it is accumulating rapidly.

The resurgence of interest has led to focus on epigenetic modification of germ cells as a plausible

mechanism of heritability. Perhaps partly because of practical reasons such as ease of access to

male germ cells compared to female germ cells, attention has turned toward heritable effects

of environmental influences on male founders. Public health implications of heritable effects

of paternal exposures to addictive substances or to psycho-social factors may be enormous.

Considering nicotine alone, over a billion people worldwide use nicotine-containing products, and

the majority are men. Historically, the adverse effects of nicotine use by pregnant women received

much attention by scientists and public policy experts alike. The implications of nicotine use by men

for the physical and mental well-being of their children were not at the forefront of research until

recently. Here, we review progress in the emerging field of heritable effects of paternal nicotine

exposure and its implications for behavioral health of individuals in multiple generations.

Summary sentence

Nicotine exposure of male experimental animals produces adverse influences not only on somatic

and germ cells of the exposed males but also on the brain and behavior of multiple generations

descending from the males.

https://doi.org/10.1093/biolre/ioab116
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Introduction

It is well established that the effects of environmental exposures
are not limited to the individuals who are directly exposed but can
be transmitted to their offspring. Historically, research efforts have
focused on identifying environmental factors that produce adverse
effects on the physical and mental development of children as a
result of prenatal or early postnatal exposures. For example, the
physical and mental development of children born to malnourished
mothers has been the subject of intensive scientific research [1].
Fetal alcohol syndrome, a debilitating lifelong condition affecting
children born to mothers who were exposed to ethanol, has also
attracted significant attention from clinicians and researchers alike
[2]. During the 1980s, the consequences of cocaine use by pregnant
women led to the troubling notion of a “crack baby epidemic”
[3]. Cigarette smoking by pregnant women and its effects on their
children’s health has been the subject of extensive research [4–6].
A common theme in research on the deleterious effects of environ-
mental factors on human development has been a focus on women,
especially pregnant women. The potential consequences of environ-
mental exposures of men for their offspring had remained largely
unexplored.

All this changed around the beginning of this millennium as a
result of the pioneering work by Michael Skinner and colleagues,
who demonstrated that environmental exposures produce epigenetic
alterations not only in the female but also in the male germline
and that deleterious effects of such exposures are transmitted to
the offspring [7, 8]. It was followed soon by the demonstration
that paternal exposure to cocaine produced heritable effects in mice,
and that the mechanisms of the heritability may involve epige-
netic modification of the spermatozoal DNA [9]. Since then, the
effects of exposure of males to a number of environmental factors
including psycho-social factors, nicotine, alcohol, cocaine, high-fat
diet, and endocrine disruptors on their progeny have been reported
[10–27].

Here, we review the literature on the heritable effects of nicotine
exposure of male experimental animals, with a focus on behavioral
changes as well as neurochemical and molecular changes in the
brain. We will discuss the role of epigenetic modification of the
spermatozoa as a mechanism of the heritability.

Nicotine as an environmental toxicant

Use of nicotine-containing products and knowledge about their ill
effects on human health are centuries old. Yet, nicotine use has
continued to rise [Review in [28]]. Electronic nicotine delivery
systems such as e-cigarettes and a false sense of safety associated with
these products has led to resurgence of nicotine use and addiction
[29–31]. Over a billion people worldwide, and approximately 34
million Americans aged 18 and older smoke cigarettes [29–31]. In
the United States, nearly 15.6% of men and 12% of women are
smokers [29–31].

A recent report suggested that nicotine use by men produces
significant deficits in cognitive performance in their offspring [32].
These findings were reported at a time when studies in mouse models
had offered convincing evidence that prenatal nicotine exposure
produced behavioral changes not only in the prenatally exposed
animals, but also in two generations descending from these animals
[23]. These findings signaled the addition of nicotine to a growing
list of environmental factors that produced heritable effects via the
maternal or paternal lines of descent.

Experimental animal models have provided a major impetus for
research on the heritable effects of environmental exposures. Animal
models carry special advantages for this research because studying
multiple human generations is a daunting task, notwithstanding
recent progress in this arena [16, 33, 34].

Animal models of paternal nicotine exposure

The majority, if not all, of the preclinical research on paternal
nicotine exposure has used rodent models (Table 1). These studies
have offered valuable and unequivocal support to the idea that pater-
nal nicotine exposure produces heritable behavioral, neurochemical,
cellular, and molecular phenotypes.

Extrapolation of findings from experimental animal models to
humans requires a careful consideration of a number of factors.
For example, there are significant differences in nicotine pharma-
cokinetics and pharmacodynamics between humans and other ani-
mals. Moreover, individual differences in nicotine metabolism among
humans due to racial, ethnic, and sex differences add an additional
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Figure 1. Intergenerational and transgenerational transmission. The nicotine-exposed founder male is bred with drug naïve female to produce the F1 generation.

Changes in the F1 phenotype represent intergenerational transmission of nicotine’s effects from the founder to his offspring. The F1 males and females derived

from the nicotine exposed founder male are bred with drug naïve females and males to produce the F2 generation. Changes in F2 phenotype represent

transgenerational transmission of nicotine’s effects in the founder via F1 to the F2 generation. The intergenerational transmission is believed to occur due to

epigenetic changes in the founder’s germline produced by the direct effects of nicotine. This paradigm permits analysis of the effects of nicotine on somatic

and germ cells in the founder male as well as in males and females in multiple generations of descendants.

layer of complexity for translation of findings from rodent models
to humans, and vice versa [Review in [28]].

In rodent models, plasma cotinine levels are used as an index of
nicotine exposure and as a comparator for human exposure levels.
Cotinine is the major metabolite of nicotine, as approximately 80%
of nicotine is converted into cotinine rapidly [35, 36]. In mice, plasma
cotinine levels of 70–90 ng/mL are considered to be equivalent to the
plasma levels in humans who smoke 20 cigarettes per day. However,
the rapid rate of nicotine metabolism in rodents compared to humans
warrants a careful titration of drug dosing to attain plasma levels
similar to human plasma levels [37].

Other factors that impact extrapolation of data from animal
studies to humans include the route of nicotine administration [37].
Rodent models employ oral, inhalation, intravenous, intraperitoneal,
or subcutaneous routes of nicotine administration. Oral administra-
tion via the drinking water eliminates the stress associated with sys-
temic nicotine administration or inhalation of the noxious cigarette
smoke. The bitter taste imparted by nicotine to the drinking water
can be alleviated by the addition of the artificial sweetener saccharin
[38–41]. However, saccharin exposure of adult male mice produces
significant behavioral alterations [42], but not if the exposure occurs
via the mother during the prenatal or perinatal periods [39, 41, 43].
Another advantage of oral nicotine administration is that it is a good
model for chewing tobacco use in humans.

Administration of nicotine via subcutaneously implanted
osmotic minipumps is associated with stress during the surgery
for pump implantation. Repeated intraperitoneal or intravenous

administration of nicotine is associated with the stress of repeated,
albeit, momentary, pain of injection. Neither of these two methods
of systemic nicotine administration mimic human nicotine use.
However, compared to oral administration, systemic administration
leads to a rapid elevation of plasma nicotine levels akin to the
rapid rise following cigarette smoking. Exposure via inhalation
of cigarette smoke or e-cigarette aerosol may carry the maximum
translational relevance, although even this exposure is associated, at
least initially, with the stress of involuntary inhalation of a noxious
substance.

Paternal exposure to nicotine produces behavioral changes in the
offspring in the generation descending directly from the exposed
individuals as well as in multiple successive generations of descen-
dants, even though only the founder (and not the successive gener-
ations) was exposed to nicotine. These heritable effects of nicotine
exposure are considered in terms of intergenerational or transgener-
ational effects (Figure 1).

Intergenerational effects refer to the effects observed in the
offspring (first generation, F1) of the nicotine exposed males (Figure
1). The effects observed in generations descending from the first gen-
eration, for example in the second generation (F2 or grandchildren
of the nicotine-exposed male), are called transgenerational effects
(Figure 1).

Intergenerational transmission occurs due to the effects of direct
exposure of the germline of the founder (father) to nicotine. In the
case of transgenerational transmission, the effects in the second and
subsequent generations cannot be attributed to the effects of direct
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nicotine exposure of founders’ germline because the founders (F1
generation and beyond) were not exposed to nicotine directly.

Behavioral effects of paternal nicotine exposure

The behavioral effects of paternal nicotine exposure examined
in rodent models include locomotor activity, exploration in a
novel environment, attention, spatial working memory, reversal
learning, anxiety-like behavior, fear conditioning, learned help-
lessness (depression-like behavior), and drug self-administration
(Table 1). Although factors such as the species and strain as well
as dose, route, and duration of nicotine exposure vary among the
different studies (Table 1), for the sake of brevity, the discussion
below does not refer to each of these factors for each study.

Intergenerational effects

Locomotor activity is among the most common behaviors analyzed
in the offspring of male rodents exposed to nicotine [25, 44–46]. The
activity is measured by placing the rodent in a novel environment
or in the animals’ own home cage. The novel environment (or
open field) assay measures exploratory behavior as well as general
locomotion, whereas the home cage activity assay is a more direct
measurement of spontaneous locomotor activity. Both male and
female offspring derived from nicotine exposed fathers displayed
significant increases in locomotor activity (Table 1).

Another study [46] used a Figure-8 maze to analyze locomotor
activity in a rat model of paternal nicotine exposure and found sig-
nificant increase in locomotor activity in male offspring of nicotine-
exposed male rats at adolescence and young adulthood but not at
adulthood. Thus, the effects of paternal nicotine exposure showed
a developmental effect, attenuating with age. The paternal nicotine
exposure produced changes in habituation to a novel environment
as well. For example, offspring of nicotine-exposed male rats spent a
significantly longer period exploring the Figure-8 maze upon first
exposure to it as well as exploring objects presented to them for
the first time in a novel object recognition assay [46]. There were
no significant effects on recognition memory, attention, or working
memory [46].

Anxiety-like behavior was analyzed in paternally nicotine
exposed rodents using the elevated plus maze or by analysis of
exploration in an open field. Both assays expose the animal to
anxiogenic stimuli in the form of brightly lit “unprotected” arenas.
Rodents normally prefer the “comfort and safety”of darkness but do
explore the brightly lit arena voluntarily. Animals with an anxiety-
like phenotype tend to spend significantly reduced time under the
bright light compared to controls. The elevated plus maze combines
the bright light with elevation, making the task that much more
anxiogenic to the animal. Assays of anxiety-like behavior not only
have translational relevance for anxiety disorders but also offer
significant value as an internal control, because anxiety-like behavior
could interfere with performance in other behavioral assays. None of
the studies showed anxiety-like behavior in male or female offspring
derived from the nicotine-exposed males (Table 1).

Another study [47] examined hippocampus-mediated behaviors
and found that paternal nicotine exposure produced significant
increases in contextual fear conditioning and cued fear responses.
Since nicotine is an addictive substance, the same study [47] exam-
ined whether paternal nicotine exposure produced changes in nico-
tine preference. Intravenous drug self-administration is a reliable
measure of the abuse potential of the drug in humans. Nicotine
self-administration was reduced significantly in the offspring of

male mice exposed to nicotine [47]. These findings corroborated
similar findings from an earlier study [48]. The attenuation of drug
self-administration is not unique to paternal nicotine exposure, as
paternal cocaine, ethanol, and morphine exposure reduce preference
for those drugs as well [21, 24, 27].

The offspring of male mice exposed to nicotine developed “pro-
tective” responses not only to nicotine but also to cocaine [48].
That is, male (but not female) offspring of nicotine-exposed fathers
survived toxic doses of nicotine or cocaine [48]. Interestingly, the
protective response occurred only following chronic exposure to
sub-lethal doses of the drug (nicotine or cocaine) rather than acute
exposure (i.e. exposure for the first time to lethal dose). The tolerance
was associated with upregulation of hepatic xenobiotic processing
genes and increased metabolic clearance of both the drugs [48].
These findings suggest a potential adaptation of metabolic pathways
to fathers’ nicotine use, which may confer protection on the offspring
not only to the specific drug used by the father but also to a broad
category of substances. This finding has interesting potential impli-
cations for evolutionary significance of heritable effects of paternal
exposures.

Reversal learning is a measure of cognitive flexibility, which is
the ability to seamlessly shift between tasks by quickly modifying
strategies to suit the changing demands. Poor cognitive flexibility
is a hallmark of autism spectrum disorder and it is associated
with ADHD as well [49–51]. Exposure of male mice to nicotine
in drinking water for 12 weeks produced significant reduction in
reversal learning in male and female offspring [25].

Another study examined the effects of cigarette smoke exposure
and nicotine exposure on depression-like behavior using the forced
swim test or sucrose preference test [45]. The forced swim test is
a measure of learned helplessness, a behavior in animals that is
believed to have bearing on human depression. The sucrose prefer-
ence test is a measure of hedonic behavior, and the reduced sucrose
preference is considered to be a reflection of anhedonia. Neither
test showed significant adverse effects of paternal cigarette smoke or
nicotine exposure although, interestingly, both exposures attenuated
the learned helplessness phenotype, which could mean a reduction
in depression-like behavior [45].

Attention, working memory, or impulsivity were not significantly
affected by paternal nicotine exposure in male or female offspring
[25].

In another study, the intergenerational effects of co-exposure to
nicotine and saccharin were examined [42]. Such co-exposure occurs
in individuals consuming some smokeless tobacco products [52].
The co-exposure produced significant locomotor hyperactivity and
significant deficits in spatial working memory in the male but not
female offspring.

Transgenerational effects

Transgenerational effects of paternal nicotine exposure were exam-
ined in male and female descendants in the second generation derived
from male and female founders who were direct descendants of
nicotine-exposed males [25]. Reversal learning deficits were found in
male mice in the second generation of offspring of nicotine-exposed
males only when the male mice were derived from female first-
generation founders but not from a male first-generation founder.
The female counterparts in the second generation did not show
reversal learning deficits. Thus, the transgenerational transmission
showed a sex-bias twice in the line of descent—once in each genera-
tion. Incidentally, the reversal learning deficit was observed in male
and female offspring from the first generation descending from the
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nicotine-exposed male (intergenerational effect). However, although
the first generation showed locomotor hyperactivity and attention
deficit (intergenerational effect), neither behavior was observed in
the second generation (transgenerational) regardless of the sex of the
founder in the first generation.

In another study that used only male founders from the first
generation derived from nicotine exposed fathers [47], significant
increases were found in contextual and cued fear conditioning in the
second generation. In this study as well, the behaviors observed in
the first generation namely, locomotor hyperactivity and attenuated
depression-like phenotype were not seen in the second generation.
Consistent with these findings, another study showed that paternal
cigarette smoke exposure (rather than direct nicotine exposure) did
not produce transgenerational transmission of locomotor hyperac-
tivity, depression-like behavior, or social interaction [45].

These findings, although from only three independent studies,
suggest that behavioral changes produced by the paternal nicotine
exposure show a sex-bias and attenuation with each successive
generation.

Effects on neurotransmitter signaling

Nicotine binds to nicotinic acetylcholine receptors. However, a
major focus of research on the effects of nicotine has been on
nicotine-induced changes in the brain’s reward system, especially
on dopamine neurotransmission. In the mesolimbic system, a
major component of the brain’s reward circuitry, nicotine binds
to nicotinic acetylcholine receptors in the ventral tegmental area
and promotes the release of dopamine in the ventral striatum [53].
Dopamine release is considered to be the prime driver of nicotine
addiction [54].

Intergenerational effects

We showed that nicotine exposure of male mice produces significant
reductions in tissue content of dopamine and its metabolites in
the striatum of the offspring. These changes were accompanied by
decreased striatal D1, D2, and D4 mRNA expression [25]. Another
study showed that paternal nicotine exposure increased hippocampal
dopamine tissue content as well as dopamine release and produced
decreases in dopamine transporter protein and mRNA expression in
the offspring [44]. Yet another study examined cholinergic signaling
in the hippocampus of offspring derived from nicotine-exposed
male mice and found that nicotinic acetylcholine receptor binding
was increased, and hippocampal evoked cholinergic currents were
decreased [47].

Epigenetic changes in germ cells

Heritability of nicotine-induced phenotypes in a non-Mendelian pat-
tern suggests epigenetic changes in germ cells as a likely mechanism
of the heritability. Epigenetic modifications of DNA and histones
collectively regulate gene expression in somatic cells. However, in
germ cells, the majority (but not all [55, 56]) of the histones are
replaced with protamines during the germ cell development [57].
Therefore, although histone modification may play a significant role
in epigenetic regulation of spermatozoal DNA [56], DNA methyla-
tion and the action of non-coding RNAs such as miRNAs [57, 58] are
considered to be candidate mechanisms for heritability of paternal
nicotine-induced phenotypes.

Nicotine exposure of male mice produced significant DNA
hypomethylation at promoter regions of the dopamine receptor
genes [25]. Another study found hypermethylation of the dopamine
transporter gene following nicotine exposure [44]. Cigarette smoke
exposure produced changes in methylation across the entire
spermatozoal DNA landscape within 3 days, but the changes that
occurred at CpG-dense regions such as promoters and enhancers
were highly transient and returned to baseline within 28 days of
cessation of the exposure compared to methylation at individual
CpGs and at CpG-poor regions [59]. Overall, both up- and
down-regulation of DNA methylation occurred depending on the
methylation status of the DNA at baseline, i.e. prior to cigarette
smoke exposure. The baseline methylation status also impacted
the rate at which the cigarette-smoke-induced changes were lost
following cessation of the exposure. DNA methylation at regions
that showed extreme hyper- and hypo-methylation at baseline
was less likely to be affected by the smoke exposure compared
to intermediate levels of methylation, and when changes did occur
due to the smoke exposure these regions were more likely to recover
upon cessation of exposure.

Another study found that nicotine exposure upregulated Wnt4
signaling in the spermatozoa [45]. However, the upregulation was
not associated with changes in DNA methylation at the CpG-rich
Wnt4 promoter region but correlated with downregulation of mmu-
miR-15b miRNA [45, 60]. These data suggest that nicotine exposure
can produce changes in the expression of non-coding RNA in the
spermatozoa.

The effects of cigarette smoke on germ cells are not limited to
epigenetic changes, but include germline mutations as well [61–64].
For example, cigarette smoking is associated with significant increase
in frequency of germline mutations in humans as well as rodents [65,
66]. This is not surprising, as cigarette smoke contains numerous
chemicals with the potential for de novo mutagenesis.

Comparison between nicotine’s direct effects

on the founders and heritable effects

in the descendants

The research on heritable behavioral effects of paternal nicotine
exposure has focused on potential conformity between the effects on
the directly exposed male founder and the effects on the descendants.
However, there is scant support for full alignment from behavioral
or molecular studies. It is more often the case that the effects in the
founder are not found in the offspring or the effects in the offspring
arise de novo.

For example, although nicotine exposure did not produce signifi-
cant changes in spontaneous locomotor activity, attention or reversal
learning in the male mice that were directly exposed to nicotine, the
offspring derived from these male mice showed significant changes
in all of these behaviors [25]. In another study, nicotine exposure of
male mice reduced locomotor activity and produced depression-like
behavior in the exposed generation, but the offspring showed the
opposite effects [45].

Other studies examined whether there was congruence between
nicotine-induced epigenetic changes in the spermatozoa and gene
expression in the brains of the offspring [25]. The decrease in DNA
methylation at promoter regions of the dopamine receptor genes
in the founder’s spermatozoa correlated with significant reductions
in tissue content of dopamine and its metabolites and decreased
striatal D1, D2, and D4 mRNA expression in the offspring [25].
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Upregulation of Wnt4 signaling in the spermatozoa as a result
of paternal nicotine exposure was also apparent in the brains of
the offspring [45]. Similarly, the downregulation of mmu-miR-15b
observed in the spermatozoa of the nicotine-exposed males was
transmitted to their offspring.

However, the changes in spermatozoal DNA methylation pat-
terns produced by cigarette smoke exposure were not correlated with
patterns of DNA methylation in the spermatozoa of the offspring in
the F1 generation or with DNA methylation in the frontal cortex
of the F1 offspring [59]. Thus, whether epigenetic changes in the
spermatozoa correlate with changes in gene expression in the brains
of the offspring remains an open question.

A recent report examined differentially methylated regions
(DMRs) in the whole blood DNA collected from adolescent and
adult offspring of fathers who were cigarette smokers [67]. Six
DMRs, including a DMR associated with behavioral dysfunction
and drug addiction, were identified [16]. However, this study did
not attempt to examine a direct correlation between changes in
the methylation of spermatozoal DNA of the founders and somatic
DNA of the offspring.

Role of sex in heritable phenotypes

As discussed above, nicotine’s heritable effects show a sex bias. The
sex of the descendants as well as the founders influences the pheno-
types (Table 1). The sex-bias occurs at the level of the founder germ
cells as well as the descendant somatic cells and tissues. However,
additional research focused specifically on this issue would be needed
to fully understand the role of sex in heritability of behavioral or cel-
lular phenotypes. For example, in addition to the role of genetic sex,
organizational versus activational influences, imprinted genes and
mitochondrial DNA [68, 69] likely influence heritability of paternal
nicotine-induced phenotypes. Moreover, there are imprints/parent-
of-origin effects on transcription at over 1300 loci [68, 69] and ∼ 350
autosomal genes with sex-specific parent-of origin effects in the
mouse brain [68, 69].

Duration of nicotine exposure and heritability

of the effects

Although the duration of nicotine exposure has varied among the
different studies (Table 1), the specific issue of the impact of duration
of exposure on heritability of phenotypes has not been examined.
One study showed that 8-weeks of nicotine exposure of mice via
drinking water did not produce heritable behaviors, but a 12-week
exposure did [25]. The spermatogenesis cycle in mice lasts for
approximately 30 days. Therefore, the 8-weeks of exposure would
have covered nearly two spermatogenesis cycles but did not produce
heritable behavioral effects. In other studies, 5 weeks of cigarette
smoke exposure [45] or nicotine exposure via the intraperitoneal
route of administration [44] produced heritable behavioral effects.
Finally, 28 days of nicotine exposure via subcutaneously implanted
osmotic pumps was sufficient to produce behavioral alterations in
another study [47]. Among these studies, apart from the duration
of nicotine exposure, the method of nicotine administration and
the specific behaviors analyzed were different as well, making firm
conclusions somewhat difficult.

The consequences of a period of cessation of nicotine exposure
following a period of sustained exposure for heritability of behav-
ioral phenotypes are not fully known. A recent study [59] found
that changes in mouse spermatozoal DNA methylation produced by

60 days of cigarette smoke exposure were labile, and many lasted for
less than 30 days, which is the duration of one spermatogenesis cycle
in mice, following cessation of cigarette smoke exposure.

The minimum duration of nicotine exposure needed to produce
heritable effects may depend on the type of heritable phenotype
examined (specific behavior, DNA methylation at specific regions)
as well as the method of nicotine exposure (oral or cigarette smoke).

Heritable effects of co-exposures

Cigarette smoke contains thousands of chemicals in addition to
nicotine. However, the effects of cigarettes on the brain and behavior
are considered to be due to nicotine [70–73]. Nicotine use often
accompanies the use of other neuroactive substances such as ethanol,
cocaine, or cannabis. The heritable effects of co-exposures to nicotine
and one or more of these substances are not yet fully understood.
A recent study using a mouse model of co-exposure to nicotine
and saccharin [42], an artificial sweetener contained in some forms
of smokeless tobacco [52] showed that the heritable effects of the
co-exposure were not merely the additive effects of each substance.
In other words, the heritable effects of co-exposures to two or more
substances may not be predictable based solely on knowledge of the
effects of the individual substances.

Concluding remarks

Evidence from multiple lines of research demonstrates that envi-
ronmental exposures are associated with heritable phenotypes [74].
Nicotine is one among many on a long list of environmental factors
known to produce heritable phenotypes [10, 11, 13–18, 20, 22–27,
75–78].

An unresolved issue is how nicotine-induced epigenetic modifi-
cation of the fathers’ spermatozoa translates into behavioral phe-
notypes in the offspring. A multitude of epigenetic reprogramming
events occur involving the erasure and re-acquisition of epigenetic
marks during gametogenesis, fertilization, organogenesis, and onto-
genesis. Therefore, a systematic analysis of gene expression dur-
ing the intervening stages (sperm-blastocyst-embryo-juvenile-adult)
would be required to begin to address this issue.

Whether the heritable phenotypes become permanent, and, there-
fore, evolutionarily meaningful is another critical question [79,
80]. Nicotine-induced behavioral phenotypes attenuate with succes-
sive generations, and almost all environment-induced phenotypes
reported thus far in experimental models, appear to follow this pat-
tern. From the perspective of evolution, transience of environment-
induced phenotypes may be a distinct advantage for the survival
of the species. The environmental factors that produce heritable
phenotypes tend to be transient, i.e. last for only a generation or
two. Examples include drugs that are abused, nutritional factors,
psychosocial factors, and endocrine disruptors. Therefore, at least in
theory, permanent adaptation in response to transient causal factors
could be counterproductive. On the other hand, transient adaptation
to tide over transient environmental adversity could become an
advantage. This idea calls for transience of not only behavioral
phenotypes but also the cellular and molecular mechanisms that
produce the phenotype. It is here that epigenetic modification of
the germ cell genome becomes an exquisitely suitable mechanism
for mediating environment-induced heritable phenotypes vis-à-vis
genetic mechanism (e. g. mutations), which generally produces “per-
manent” adaptation. Environmental insults that persist for longer
than one or two generations (e. g. changes in habitat produced
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by changing global environment, introduction of a new species)
may produce heritable phenotypes that remain robust over multiple
generations, a tribute to neo-Lamarckian principles of heritability.

Research using experimental animal models has offered unequiv-
ocal data albeit at a phenomenological level that paternal nico-
tine exposure produces heritable phenotypes. Some of the heritable
behavioral phenotypes namely hyperactivity, attention deficit, and
cognitive inflexibility are consistent with behavioral changes associ-
ated with human neurodevelopmental disorders such as ADHD and
autism spectrum disorder. A recent report examined differentially
methylated regions (DMRs) in the whole blood DNA collected from
adolescent and adult offspring of fathers who were cigarette smokers.
Six DMRs, including a DMR associated with behavioral dysfunction
and drug addiction, were identified [16]. Thus, the findings from
preclinical models together with preliminary support from human
studies help increase public awareness and influence public policy
about the heritable effects of paternal nicotine exposure.
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