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Abstract

Epidemiological studies provide strong evidence for the impact of diverse paternal life experiences
on offspring neurodevelomental disease risk. While these associations are well established, the
molecular mechanisms underlying these intergenerational transmissions remain elusive, though
recent studies focusing on the influence of paternal experience prior to conception have implicated
germ cell epigenetic programming. Any model accounting for the germline transfer of non-genetic
information from sire to offspring must include certain components: 1) a vector to carry any signal
from the paternal compartment to the maternal reproductive tract and future embryo; 2) a
molecular signal, encoded by a paternal experience, to carry this “memory” and enact downstream
responses; and 3) a target cell or tissue to receive the signal and convert it into an effect on
embryonic development. In this review, we explore the field’s current understanding of the
potential processes and candidate factors that may serve as these components. We specifically
discuss the field’s growing appreciation for the importance of extracellular vesicles in these
processes, beginning with their known role in delivering potential signals, including small RNAs,
to sperm, the prototypical vector, during their post-testicular maturation. Finally we explore the
possibility that paternal extracellular vesicles could themselves serve as vectors, delivering signals
not only to gametes or the zygote, but also to tissues of the maternal reproductive tract to influence
fetal development.
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Introduction

Neurodevelopmental and neuropsychiatric disorders exert a profound cost on society; costs
that are exacerbated by current treatment modalities that are often ineffective in a significant
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percentage of patients. Efforts to develop more effective therapeutic interventions for these
disorders have been hindered by an incomplete understanding of their etiologies, which are
multifaceted and complex. Epidemiological studies provide strong evidence for the impact
of parental lifetime experiences on offspring neurodevelopmental disease risk. For example,
adult children of parents exposed to stressful life events, such as famine or war, are more
likely to be diagnosed with a psychiatric disease (1-4). While these associations are well
established, the molecular mechanisms underlying these intergenerational transmissions
remain elusive, especially for paternal effects. However, recent studies focusing on the
influence of preconception parental insults have implicated germ cell epigenetic
programming (5-7).

Time points at which parental life experiences can shape offspring neurodevelopment are
widespread, making it difficult to distinguish germline involvement from more typical
modes of parental influence, including in animal models (8, 9). Differences in the quality or
quantity of parental care or investment can communicate parental information to offspring.
Given the importance of these interactions for offspring survival and health, the origin of
outcome measures can be difficult to isolate without intrusive experimental manipulations
such as crossfostering or /n vitro fertilization (9). In addition, unique to the maternal
experience is that maternal influences extend into the gestational compartment and
postpartum periods, where changes can directly affect the programming of fetal tissues.
Focusing on the transmission of paternal experiences can simplify these considerations,
specifically using rodent models in which interactions between sires and their offspring can
be restricted. With appropriate experimental design, the contribution of paternal experience
can then be limited to factors present in semen.

At its most fundamental, intergenerational transmission of paternal experience through the
germline involves a transfer of non-genetic information from sire to offspring. Any
mechanism responsible for this information transfer must include certain components: 1) a
vector to carry any signal from the paternal compartment to the maternal reproductive tract
and future embryo; 2) a molecular signal, encoded by the paternal experience, to carry this
“memory” and enact downstream responses; and 3) a target cell or tissue that can receive the
molecular signal and convert it into an effect on embryonic development. In this review, we
explore the field’s current understanding of the potential molecular processes and candidate
factors that may serve as these components. The obvious vector for any paternal signal that
will impact embryonic development is the sperm cell. We provide a general overview of
sperm development, highlighting points of vulnerability to the programming effects of
insults. We also explore the possibility that sperm are not the only potential vector,
identifying an additional male factor in semen, extracellular vesicles (EV), that may serve
this role. We then discuss candidates for the molecular signal of paternal experience carried
by these vectors and ask how the signal can be initially encoded. Finally, we discuss
potential targets of the signal carried in a vector, including the oocyte and tissues of the
maternal reproductive tract with the ability to affect fetal development to propagate an
intergenerational effect of paternal lifetime experience.
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The elements of this framework are certainly not original. Many aspects of these processes
have been explored in other noted excellent reviews (7, 10-12). What we hope to
accomplish in this review is to present these ideas together, and to highlight exciting new
directions that recent work has taken to illuminate facets and unexpected players in the
intergenerational impact of paternal lifetime experience on offspring neurodevelopment.

Sperm as a vector — the challenge of the Weismann barrier

In his 1893 theory of heredity, August Weismann proposed that heritable information in
multicellular organisms resided exclusively in an “immortal” germ-plasm. Central to his
theory, as adapted to a modern understanding of biology, was a theoretical barrier that
restricted the flow of heritable information from somatic tissues to germ cells (12). In males,
very real biological manifestations of this theoretical barrier have been identified. These
include the prenatal and postnatal epigenetic reprogramming events that irreversibly
segregate germline from somatic cell lineages, physical and physiological barriers between
the periphery and developing sperm cells, including the blood-testis barrier, and the dramatic
nuclear and cellular remodeling that occurs during spermatogenesis (13). However, given
that germline transmission of paternal experience is now a recognized phenomenon, these
barriers are obviously not absolute. In this section we will examine these obstacles,
highlighting points in development when these barriers might be diminished, or vectors that
may bypass them altogether to allow the encoding of paternal experience by molecular
signals, such as changes in their small RNA content.

In animals, segregation of a dedicated germline occurs early in development, a process that
involves extensive reprogramming of the epigenome (8). Primordial germ cells undergo a
genome-wide reduction in DNA methylation as they migrate to the gonadal ridge. Following
their colonization of the embryonic gonad, mitotically-arrested spermatogonia acquire the
germ cell-specific epigenetic programming that permits them to enter spermatogenesis in
adulthood. We and others have hypothesized that these processes may be vulnerable to
exposures that occur during prenatal development (8, 14-17). For example, we have found
that male mice exposed to maternal stress specifically during early gestation exhibit a stress
dysregulation phenotype as adults, and transmit this phenotype to their male offspring (18).
We hypothesized that this early prenatal stress not only altered the neurodevelopment of the
exposed male fetus via somatic cell effects (the F1 generation), but also affected germ cells
of this fetus via epigenetic programming, leading to transmission of the stress experience
through those germ cells to their offspring (the F2 generation) (18). Similarly, F1 male mice
that experienced a period of /n utero caloric restriction overlapping with the window of germ
cell reprogramming, transmitted a metabolic phenotype to their F2 offspring, effects which
were associated with changes in the DNA methylome of F1 sperm (16).

Puberty, with the coincident formation of the blood-testis/epididymis barriers and the
initiation of spermatogenesis, marks the next major milestone in sperm development. These
barriers along the male reproductive axis consist primarily of tight junctions between Sertoli
cells in the testis or epithelial cells of the epididymis that restrict the passage of molecules
and cells into the lumen where sperm are developing and maturing (19, 20). In doing so,

Biol Psychiatry. Author manuscript; available in PMC 2020 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

Page 4

they serve to maintain the microenvironment and protect developing sperm from
autoimmune and cytotoxic factors. The importance of these barriers is supported by
epidemiological studies that suggest male germ cells are more vulnerable to programming
effects prior to their formation (21-23).

During spermatogenesis, immature germ cells progress from the basal compartment and
pass through the blood-testis barrier, progressing from mitotic spermatogonia, to meiotic
spermatocytes, to post-meiotic spermatids, and finally, to morphologically differentiated
spermatozoa as they finally enter the lumen of the seminiferous tubules (8). This progression
involves a series of dynamic nuclear, cytoplasmic, and morphological changes that serve as a
significant barrier to the maintenance of any epigenetic signals of paternal experience that
may have been encoded to this point. For example, germ cell histones and any associated
posttranslational modifications are largely exchanged for protamines, resulting in a highly
condensed genome and effectively halting transcriptional activity (24, 25). In addition,
cytoplasmic volume is greatly reduced as it is actively extruded into residual bodies, which
presumably includes much of the cell’s pre-spermatogenic transcriptome (26). However, we
now appreciate that much of the influence of the environment on sperm occurs outside the
course of spermatogenesis. Indeed, the post-testicular window of sperm maturation in the
epididymis has been recently identified as the likely point at which the environment can alter
sperm programming (6, 10, 12).

Though highly differentiated, spermatozoa in the testes are still functionally immature,
lacking both motility and the ability to fertilize an ovum. Sperm are pushed by fluid motion
into the caput region of the epididymis where they are exposed to critical growth factors and
extracellular vesicles produced by the epididymal epithelial cells lining the tubule. Sperm
are then stored in the epididymis until ejaculation when they are also exposed to factors in
the ejaculate produced by the prostate and seminal vesicles (27, 28). This maturation process
results in substantial changes in the lipid, protein, and RNA content of sperm. These
observations raise an interesting question: how can a cell that is essentially transcriptionally
and translationally inert not only survive for weeks, but also continue to undergo functional
maturation during this period? The answer to this question, and perhaps also to the question
of how an environmental signal of paternal experience can be dynamically encoded in
sperm, appears to involve a series of interactions, in part, with the extracellular vesicles
produced by the somatic tissues of the reproductive tract (12, 28, 29).

Extracellular Vesicles — bypassing the Weismann Barrier

Extracellular vesicles (EV) are small membrane bound particles produced by most, if not all,
eukaryotic cells. EVs are classified primarily by their subcellular origin. Some EVs, often
referred to as microvesicles (50-1000 nm in diameter), bud directly from the cell membrane.
Others generated inside multivesicular bodies and released upon fusion of these
compartments with the plasma membrane are generally termed exosomes (40-100 nm in
diameter), though it also common to see this name altered to reflect their tissue of origin —
for instance, exosomes produced in the epididymis are often called ‘epididymosomes’, while
‘prostasomes’ originate from the prostate (30). The functional relevance of these exclusive
classifications remains unclear, therefore we use the more inclusive term ‘EV’ throughout
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this review. EVs play a very recently appreciated role in intercellular communication, having
a distinct advantage over other signaling mechanisms in that they can deliver complex
payloads of broad communicating factors, including proteins, lipids, and nucleic acids (30).
Once reaching their select tissue target, EVs transmit signals via a number of strategies,
including presenting a membrane-bound ligand to a cellular receptor, by inducing EV
internalization via endocytosis, or by fusing directly to the plasma membrane, passing on
membrane bound constituents and/or releasing an internal cargo to act inside a targeted cell
(30). EVs are produced at high levels by the tissues of the reproductive tract and, as we will
discuss, play a critical role in the intercellular signaling of these tissues with maturing
sperm.

Maturing spermatozoa encounter a variety of extracellular microenvironments as they
traverse the reproductive tracts (27). These microenvironments are specifically regulated by
the surrounding tissues to modulate sperm development and activity. Tight junctions
between the cells of the epididymal epithelium that comprise the blood-epididymal barrier
maintain an environment with an electrolyte and macromolecular compaosition distinct from
the surrounding interstitium (27). The epididymis is typically divided into three main
segments: the caput, the corpus, and the cauda. Each segment forms its own
microenvironment with distinct protein, lipid, and RNA profiles that align with the
physiological conditions important for the sequential stages of post-testicular sperm
maturation (31-34). Prevailing data suggest that most of the proteins, lipids, and small
RNAs in epididymal fluid associated with post-testicular sperm maturation are transferred to
sperm by EVs produced here (28). Therefore, as developing sperm exit the testis and
descend through the epididymal proximal caput and corpus segments, they interact with EV-
containing cargo necessary for sperm motility and oocyte recognition. In the distal caudal
segment where sperm are stored prior to ejaculation, EVs cargo promote viability and
maintain sperm in a quiescent state (34-36).

Recent studies have focused on the EV-mediated delivery of small RNAs, including
microRNAs (miRNAS) (37). Studies in mice and bovine report that more than 80% of
miRNAs contained in EVs are shared by sperm isolated from the same region of the
epididymis, supporting direct interactions between secreted EVs and sperm in the
epididymal lumen (32, 38). Interestingly, there was a significantly greater degree of overlap
in miRNA content between these EVs and sperm than existed between the EVs and the
epithelial tissue that produced them, suggesting that a population of miRNAs distinct from
that of the broader intracellular compartment is specifically loaded into these secreted EVs.
miRNAs are not the only small noncoding RNA conveyed to sperm by epididymal EVs.
Using small RNA-sequencing, Sharma et a/, found that tRNA fragments (tRFs) comprised
~80% of the small RNA content of sperm in the cauda epididymis (29). This was not the
case in sperm isolated directly from the testes, suggesting that sperm gained the tRFs as they
passed through the epididymis. Unsurprisingly, they also reported that epididymal EVs were
the source of these small RNAs (29). Of particular relevance to this review, changes in the
tRFs were identified in a screen for small RNAs in sperm affected by a low protein diet fed
to male mice in an effort to identify factors associated with the intergenerational
transmission of a metabolic phenotype previously characterized in this model (29).
Subsequent studies showed that by manipulating the levels of these specific tRFs in the
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zygote, gene expression changes were produced in the offspring of protein restricted males
(29). These data support the EVs as a vector by which the paternal environment and the
encoding of these experiences can be transmitted to sperm for delivery to offspring (12, 39).

Importantly, EVs are specific in their targeting, where molecules on their surface promote
interactions with specific adhesion proteins on the surface of the desired recipient cell. The
degree of specificity appears to be so fine-tuned that some EV populations will actually
target specific sub-regions of the sperm itself for the delivery of protein or lipid cargoes (40).
Further, EVs isolated from the cauda epididymis transferred significantly less of their cargo
to sperm isolated from the caput segment than from caudal sperm (40). This is proving to be
a critical characteristic of EVs, as it has become clear that they are not restricted to acting
locally, but can target tissues other than sperm at a distance (32, 41). Though we have
focused here predominately on epididymal EVs, sperm also interact with secreted EVs
produced by the prostate and seminal vesicles as they transit the reproductive tract. These
secretions, which make up ~90% of the total volume of ejaculated semen, are also rich in
EVs. EVs produced by the prostate, prostasomes, have a well characterized role in
regulating sperm activities important for fertility (28). However, these EVs can also target
maternal tissues, including immune cells, as we will discuss in detail later in this review (42,
43).

RNA as the signal — notes from Dad

As the paternal contribution to development is now understood to relay information about
lifetime experiences, what are the known signals of transmission? Studies examining
mechanisms of paternal transmission implicate sperm epigenetic marks as the substrates that
convey environmental information. Currently, the known sperm epigenome includes DNA
methylation, histone and protamine post-translational modifications, and as described above,
the long and small noncoding RNAs. While these sperm marks appear responsive to the
paternal environment, we will focus our review on sperm RNAs, as their causal and
functional role in transmitting paternal lifetime exposures has been the most examined. For
information on other sperm epigenetic marks, see reviews by Chan et al., Ly et al., and
Miller et al. (7, 8, 44).

Mature sperm accumulate a broad range of RNAs throughout their development and
maturation. Longer RNAs, including messenger and long-noncoding RNAs, are in low
abundance and have been less of a focus in than small noncoding RNAs (45, 46). Small
RNAs, predominately miRNAs, PIWI-associated RNAs, and tRNA-derived fragments
(tRFs), have been described in the sperm content of mice, pigs, bulls, and humans (29, 46—
48). The potential for external insults, such as stress or trauma, to modulate sperm small
RNAs and subsequently impact fertilization and development has become an active area of
investigation, including within neurodevelopment (10, 29, 49, 50).
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RNA as the signal - editing Dad’s note

Some of the first studies to implicate non-genetic changes in sperm in the paternal
transmission of lifetime experience examined populations living during the Swedish
Famines. Well-kept records in the Overkalix region documented the births and deaths of its
citizens as well as periods of nutrient abundance and scarcity. Using these records,
researchers identified paternal and grand-paternal food availability during the slow-growth
period prior to puberty, as predictive of mortality and cardiovascular risks in subsequent
generations (21-23, 51). In other retrospective cohort studies, offspring of fathers who were
Holocaust survivors had increased neuropsychiatric disease risk, including anxiety and
depressive disorders, suggesting effects of trauma on the paternal germline (52). More recent
prospective studies have collected semen to examine paternal sperm RNA content. For
example, compared to non-smokers, male smokers had 28 consistently differentially
expressed miRNA in their sperm (53). In another study where semen samples from obese
versus lean men were studied, different profiles of small RNAs in their sperm were detected,
effects that were partially reversed following bariatric surgeryinduced weight loss (54).
What has not yet been examined in human studies, is the relevance or causal relationship
between these sperm changes and any offspring outcomes.

As in humans, experience-dependent changes to sperm small RNAs have been reported in
rodent models of chronic stress, dietary challenges, and substance abuse (29, 49, 50, 55-59).
Stress models including maternal separation and social defeat coupled these experiences in
males with depressive-like phenotypes in their offspring (60, 61). In our lab, male mice
administered a chronic variable stress paradigm sired offspring with stress dysregulation as
adults, with increased levels of specific sperm miRNAs as potential molecular links (50).
Additionally, changes in sperm tRF content in response to both low protein and high fat diets
have been identified in male rodents, as discussed above (29, 56). Microinjections of
experience-altered sperm RNA into fertilized zygotes have been used to test the causal
relationship between these RNA changes and offspring outcomes. Injected zygotes can be
examined for the direct effects of sperm RNA or implanted into foster females to be reared
and tested as adults. Such manipulations enable researchers to separate the effects of sperm
RNAs from confounding factors, present in both human studies and animal models, that can
also influence offspring outcomes, such as changes to paternal or maternal behaviors (62).
Indeed, zygote microinjection of total sperm RNA, specific miRNAs, or specific tRFs
reflective of paternal changes in these mouse models phenocopied transmission of paternal
experiences (29, 49, 56, 63-65). For example, we previously demonstrated that animals
resulting from zygote microinjection of the sperm miRNA altered by paternal chronic stress
recapitulated the offspring stress phenotype (63). These studies demonstrate that sperm
small RNA populations are sensitive to a variety of psychological and physiological
perturbations and are causal mediators of offspring brain programming.

Targets of paternal RNAs — message received

Though many studies have now related paternal experiences with changes to sperm RNA
content, how sperm RNA subsequently act at fertilization to alter the trajectory of offspring
development remains unclear. During early embryogenesis, there are multiple players that
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can be both targeted by sperm RNAs and, following, influence this sensitive window of
development. In this section, we discuss the major known targets of paternal RNAs delivered
by either sperm or EVs present in semen, and how these events guide the trajectory of
offspring development. To understand the direct effect of sperm RNAs altered by paternal
exposures, the majority of studies have focused on changes to the zygote and early embryo
(29, 63).

Oocyte/Zygote

Due to the relative difference in RNA levels delivered by one sperm cell (~10 fg) compared
to the amount of RNA in a single oocyte (0.5-1.5 ng), the role of sperm RNA in
embryogenesis has been considered questioned (66-68). However, the argument for an
important role for sperm RNA was substantiated by a study where idiopathic infertility in
men was correlated with a lack of specific sperm RNA (69). Further, a study in mice
demonstrated that sperm treated with RNases, resulting in a 90% decrease in RNA levels,
led to reduced morula-blastocyst transitions and live birth rates (70). These effects were
partially rescued by supplementation with wildtype sperm RNA (70), supporting a
functional and important role for sperm RNAs in embryogenesis.

Considering the important presence of sperm RNAs, what then is their contribution to
development? Studies using animal models suggest that paternal RNAs are transferred to the
oocyte at fertilization. For example, mRNAs present only in sperm (e.g. protamine-2) were
identified specifically in hamster zygotes post-fertilization, but not in unfertilized oocytes
(71). In C. elegans, breeding crosses of males with metabolically-labeled RNA and females
with unlabeled RNA produced embryos with 10% labeled RNA, including mRNAs and
small RNAs (72), suggesting a subset of embryonic RNA was of paternal origin. Current
understanding divides sperm RNAs transferred to the oocyte into two categories: 1) those
leftover from spermatogenesis, of little utility to the embryo; and 2) those important for
activation of the zygotic genome and subsequent development (67, 71, 73).

Recently, more focus has been directed toward the functional roles of sperm small RNASs in
embryogenesis. In particular, sperm miRNAs have been implicated in fertilization and
preimplantation development. Sperm miR-34c, for example, when inhibited in the zygote,
suppresses DNA synthesis and zygotic cleavage (74), suggesting this sperm miRNA plays a
critical role in fertilization, despite its reported functional redundancy (75). Following
fertilization, another critical stage for embryogenesis is the maternal-to-zygotic transition,
wherein maternal mRNAs are degraded before zygotic transcription occurs (76).
Considering the canonical function of miRNAs to degrade mRNAs, sperm miRNAs
transferred to, and present in the zygote may facilitate this process. For example, male germ
cell-specific knockout of Dicerl or Drosha, two enzymes critical for processing miRNA
precursors into their mature forms, produced aberrant miRNA profiles in sperm (77).
Zygotes resulting from these knockout sperm had impaired maternal mRNA turnover and
development (77), suggesting sperm miRNAs promote embryogenesis by facilitating the
maternal-to-zygotic transition (78).

As environmental perturbations during the paternal lifetime can alter sperm miRNA
populations, regulation of mMRNA in the zygote may be a mechanism whereby paternal
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exposures influence development. To test this hypothesis, we previously developed a mouse
paternal chronic stress model where a specific subset of sperm miRNAs were capable of
reprogramming stress axis reactivity and hypothalamic transcription in their offspring (50,
63). Following zygote microinjection of the identified stress-altered sperm miRNAs, we
examined the expression levels of the predicted maternal mMRNA targets of these specific
miRNAs two-cell zygotes. As expected, the majority of these predicted mRNASs were
repressed (63). Interestingly, the two most downregulated transcripts were Sirt1 and Ube3a,
both of which are important for mammalian development and have been implicated in
neurodevelopmental and metabolic disorders in humans (79, 80).

Other small noncoding RNAs in sperm, such as tRFs, may have similar roles during embryo
development. Derived from the 5’ or 3’ ends of tRNAs, tRFs can silence viral transcripts
with complementary sequences and inhibit translation (81). When delivered by sperm, tRFs
in the zygote repress genes associated with endogenous retroelements active in
preimplantation embryos (29). For example, microinjection of sperm tRFs specifically
altered by paternal high fat diets resulted in distinct transcriptomic changes at the 8-cell and
blastocyst stages, with few overlapping differentially expressed genes between these stages
(56). Taken together, the data suggest that diverse sperm small RNAs can directly impact
gene expression in the zygote, initiating a cascade of transcriptional events that influences
development during later embryonic stages, ultimately guiding towards a phenotype
reflective of the paternal environment.

Cervix/Endometrium

The maternal cervix and endometrium play an important role in promoting a suitable
environment for embryo implantation and development. In most mammals, coitus results in
deposition of seminal fluid at the uterine ectocervix (82). As the uterine entrance, the cervix
is critical for promoting immune responses, including leukocyte recruitment and
inflammatory signaling to foreign pathogens and paternal antigens (82—85). This results in
immune priming of the uterus, which is important for endometrial receptivity and proper
placentation (86). However, in order for fertilization to occur, sperm must bypass the cervix
and uterus to reach the fallopian tubes, where the oocyte awaits (87). While seminal fluid
and sperm stimulate the cervical immune system, EVs found in semen, such as prostasomes,
modulate the extent of the female immune response (43). For example, prostasomes directly
inhibit leukocytes and contain complement proteins protecting sperm from immune targeting
in the female genital tract (88-91). Therefore, EVs in semen may communicate directly with
the endometrial epithelial cells, regulating the secretion of factors that promote receptivity,
or indirectly through modulation of intrauterine immune priming (87).

Despite the potentially intricate interplay between EVs in seminal fluid and regions of the
female reproductive tract, the mechanisms of communication have not been fully explored.
In the vagina, miRNA, tRFs and mRNA present in seminal EVs were implicated in
suppressing viral infections that could be transmitted to offspring at parturition (42, 92).
Seminal EV RNAs, then, might also act on cells at the cervix and endometrium, though this
possibility has not been well explored. As seminal EVs derive from male somatic tissues that
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are susceptible to environmental perturbations, paternal exposures could influence offspring
development by altering semen EV content (114-116).
Conclusion

Organisms, including humans, exist in a dynamic environment. Therefore, maintaining a
certain amount of developmental plasticity, permitting an organism to adapt its physiology in
response to environmental cues, can confer a decidedly selective advantage. Given the
complexity of our environment and our perception of these cues, the phenotypic traits
induced by environmental factors, including stress and trauma, are often multifaceted. In
fact, aspects of these environmentally induced traits may be viewed as deleterious in terms
of human health, highlighting a common conflict in defining phenotypes as adaptive in an
evolutionary vs. human health context. Research into the molecular mechanisms underlying
environmentally induced traits has focused on changes in the epigenetic programming of
somatic tissues. A fundamental tenet of molecular evolution, the Weismann barrier, restricts
these epigenetic changes from occurring in germ cell lineages; therefore, it has generally
been understood that these environmentally induced traits are not heritable. Yet, as is often
the case, modern biology has identified exceptions to even this foundational theory, and
intergenerational consequences of parental experience on offspring neurodevelopment
continue to be documented in human epidemiological studies and animal models (5-7, 10,
12, 39).

In humans, there are many ways in which a parental trait can affect offspring development.
Recent studies using animal models to specifically test the heritability of paternal acquired
traits have demonstrated that the germline transmission of environmentally induced traits
can occur. Future studies, therefore, should be focused on including paternal as well as
maternal exposures and experiences in assessing risk for neurodevelopmental or
neuropsychiatric disease. Prospective studies are especially desirable as paternal semen
samples are easily obtained to facilitate the development of valuable predictive biomarkers
that may be used to inform clinical decisions, including altering prenatal care and earlier
interventions for at-risk children.
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The process of male gametogenesis presents both barriers to and opportunities for the
intergenerational germline transmission of paternal experience.

Gametogenesis begins early in embryonic development, as primordial germ cells undergo an
initial wave of genomic demethylation, then acquire the germ cell-specific epigenetic
programming necessary for later spermatogenesis. Beginning in puberty, waves of immature
spermatogonia begin to enter spermatogenesis. In addition to undergoing meiosis,
spermatogenic processes involve a series of dramatic nuclear, cytoplasmic, and
morphological changes that culminate in morphologically differentiated spermatozoa.
Though highly differentiated, spermatozoa in the seminiferous tubules of the testes are still
functionally immature, lacking both motility and the ability to fertilize an ovum. These are
among the functionalities acquired during their post-testicular maturation as they migrate
through the caput, corpus, and into the caudal epididymis, where they are stored until
ejaculation. Much of this maturation requires the intercellular transfer of critical factors from
epididymal epithelial cells to spermatozoa via EVs, producing significant changes in the
lipid, protein, and RNA content of the sperm. These interactions might also facilitate the
transfer of information regarding paternal experience to future offspring. At the interphase of
the blood-epididymal barrier, these epithelial cells are well placed to detect environmental
stimuli/triggers and store this information via epigenetic modifications. They could encode
this information in EVs, through the selective loading of bioactive cargoes such as small
RNAs (signal), for transfer to sperm (vector) and, subsequently, to the oocyte (target).
Alternatively the EV could serve as the vector themselves, targeting the oocyte or maternal
tissues to influence the gestational environment and embryogenesis.
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