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The ability of environmental exposures to induce phenotypic change across 
multiple generations of offspring has gathered an enormous amount of interest 
in recent years. There are by now many examples of nongenetic transgenerational 
effects of environmental exposures, covering a broad range of stressors. Available 
evidence indicates that epigenetic inheritance may mediate at least some of these 
transgenerational effects, but how environmental exposures induce changes to the 
epigenome of the germline is unknown. One possibility is that exposed somatic cells 
can communicate their exposures to the germline to induce a stable change. In this 
Perspective, we propose that extracellular vesicles shed by somatic cells represent 
a credible means by which environmental experience could effect a transmissible 
epigenetic change in the germline, leading to the inheritance of acquired traits.
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“Hypotheses…are like the feelers which 
the short-sighted snail stretches forth on its 

darkened path, testing this way and that, and 
withdrawing them and altering its route as 
soon as they come across any obstacle; just as 

an unyielding fact may show that we are on a 
wrong road.”

– August Weismann, in preface to: Essays 
Upon Heredity and Kindred Biological Problems 
(2nd Edition) (1892).

The ‘impermeable’ Weismann barrier
More than 120 years ago, August Weismann 
articulated a theory of heredity in which he 
proposed that heritable information in mul-
ticellular organisms resides exclusively in an 
immortal germ-plasm [1]. Central to this the-
ory was the idea that information can travel 
in one direction only: from the germ-plasm 
(germ cells) to the soma, and not in reverse. 
Unsurprisingly, Weismann strongly rejected 
Lamarck’s thinking on the inheritance of 
acquired characters, and concluded that the 
existence of ‘unnecessary new forces’ would 
be required to explain such phenomena [2]. 

While Darwin himself had not ruled out 
a place for such a phenomenon in his evolu-
tionary theory [3], Weismann’s views quickly 
gained general acceptance, and the principle 
of the impenetrable Weismann barrier separat-
ing germline and soma became a cornerstone 
of modern genetics. The concept has remained 
largely unchallenged in animal biology.

The Weismann barrier is a theoretical bar-
rier – there is no structure that separates germ 
cells from surrounding somatic cells, in any 
organism. In fact, we now understand that 
Weismann’s core principle is moot in the plant 
kingdom: the gametes contained within pollen 
grains and ovules can be derived from mature 
somatic cells [4]. This explains why plants 
sometimes inherit the mutations that occur 
in somatic tissues of the parent plant. It may 
also explain why pure epigenetic inheritance 
is more commonly observed in plants than in 
animals [5]. Unlike plants, animals segregate a 
dedicated germline very early in development; 
the imperviousness of the Weismann barrier in 
metazoans has remained an accepted if empiri-
cally untested principle for more than a cen-
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tury (although not unchallenged [6]). The steadily grow-
ing evidence for germline transmission of life experience 
suggests that Weismann’s barrier may not be entirely 
impermeable.

Intergenerational transmission of 
environmental effects
Environmental stress (both intrinsic and extrinsic) can 
have effects on phenotype that persists beyond the ini-
tially exposed generation without inducing a genetic 
change. The range of factors that is reported to induce 
such intergenerational effects is remarkably broad; it 
includes environmental chemicals [7–9] nutritional and 
experiential factors such as famine [10] or undernutri-
tion [11], obesity [12] and smoking [13] as well as stress and 
psychological trauma [14–17]. Increasing evidence points 
to an epigenetic basis for transgenerational effects [18], 
but the mechanisms by which environmental exposures 
might affect the germline epigenome remain unknown.

One possibility is that environmental stressors interact 
directly with germ cells to alter the epigenome. Although 
the blood–testis barrier reduces the potential for xenobi-
otic agents to enter the germline, some small molecules 
can cross this barrier; electrolytes, very small polar mol-
ecules and some classes of lipophilic molecules have the 
highest transfer potential [19]. But the barrier restricts 
the entry of many substances: even glucose transport is 
tightly controlled [20]. Direct interaction of restricted or 
excluded substances with germ cells is unlikely.

For certain types of transgenerational effects – those 
induced by psychological stressors in particular – direct 
interaction of the stressor and the germline is difficult to 
envisage. In one recent report, male mice conditioned to 
fear a particular odorant transmitted the fear response to 
their odor-naive offspring [17]. The fear response could 
be recapitulated in offspring derived through in vitro 
fertilization, indicating that the heritable information 
was transmitted solely via sperm. In this example, a 
direct interaction of the stressor with the germline seems 
improbable: seminiferous tubules lack innervation, and 
available evidence indicates that the relevant odorant 
receptor is not expressed in the testis [21]. Thus, if these 
findings are as they seem, it appears likely that some sig-
nal of the odorant–fear association was transmitted from 
the brain to the developing sperm.

Noncoding RNA can mediate 
transgenerational effects
Another recent report of transgenerational effects also 
implicates sperm in the transmission of a conditioned 
stress response in mice, and goes further to suggest that 
sperm RNA is a mediator of the inherited signal [22]. 
Noncoding RNAs are known to direct epigenetic states 
in the soma and the germline [23] and they have been 

implicated in transgenerational epigenetic inheritance 
in several systems [24–27]. Most recently, studies in the 
model worm Caenorhabditis elegans clearly demonstrate 
soma-to-germline transfer of small noncoding RNA 
(sncRNA). In this study, a synthetic siRNA produced 
exclusively in neurons could silence a cognate reporter 
gene expressed in the germline [28]. Furthermore, the 
germline silencing was manifested in multiple genera-
tions after withdrawal of the initiating neuronal RNA 
signal. This indicates that a stable alteration has been 
induced in the germline, a clear demonstration of the 
permeability of the Weissman barrier in a metazoan.

But how might RNA travel from neurons to germ 
cells? In the worm example above, the RNA transfer was 
dependent on the RNA transporter SID-1 [28]; one way 
in which SID-1 can passage RNA is via vesicular shut-
tling [29]. RNA-containing vesicles exist in all animals, 
and are produced constitutively by most, if not all, cell 
types. We propose that RNA-containing vesicles may 
provide a conduit by which environmental stressors can 
exert effects on the germline without directly contacting 
germ cells (Figure 1).

Extracellular vesicles: tiny intercellular 
messengers
Extracellular vesicles (EVs) are tiny (40 nm to 1 μm) 
lipid-enclosed vesicles, produced by most cells, and found 
in all biological fluids (blood, urine, cerebrospinal fluid, 
semen, amniotic fluid and breast milk, among others). 
They are also secreted by cells into culture media. EVs 
are produced either by direct budding of the cell mem-
brane, or internal to the cell within multivesicular bod-
ies that subsequently fuse with the plasma membrane for 
EV release [30–32]. Biological fluids usually contain a het-
erogeneous population of EVs, presumably contributed 
by multiple cell types and varying biogeneses; neverthe-
less all EVs, irrespective of their cell of origin or mode 
of release, contain a complex cargo of lipid, protein and 
nucleic acid.

Remarkably, the molecular cargo of EVs is not neces-
sarily representative of the parent cell’s cytosol: specific 
proteins and nucleic acid species appear to be ‘selectively 
packaged’ into EVs [33–38]. This is most obvious with 
RNA: EV RNA is usually devoid of ribosomal RNA, 
and instead is highly enriched for particular mRNAs 
and sncRNAs. The well-studied miRNAs are present 
(but not necessarily prominent), as are a variety of poorly 
characterized sncRNA species: vault RNAs and their 
derivatives, pseudogene-derived sncRNA, tRNA deriva-
tives and retrotransposon-derived sncRNA [33,38–39]. In 
some cases, relatively abundant RNA species in EVs are 
virtually undetectable in the parent cell RNA [33].

Once thought to be simply garbage disposal units of 
the cell [40], it is now clear that EVs and their associated 
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Figure 1. A model for the involvement of extracellular vesicles in the intergenerational transmission of 
environmental stressors. Somatic cells alter the regulatory RNA composition of EVs in response to an 
environmental stressors. Somatically derived EVs can passage through the circulation and may reach the germ line. 
Given the correct complement of surface antigens, somatic EVs may fuse with germ cells to deliver the somatic 
RNA message. RNA delivered to germ cells by somatic EVs may alter the germ cell epigenome, or alternatively be 
delivered to the egg at fertilization and interfere with molecular events in early embryogenesis. 
EV: Extracellular vesicle.
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cargo represent a form of intercellular communication. 
It has been known for some time that EVs can trigger 
cellular responses by receptor-mediated binding to tar-
get cells, triggering intercellular signaling cascades [41]. 
More recently it has become clear that EVs can fuse with, 
or be endocytosed by, target cells [42]. This results in 
deposition of their molecular cargo within the recipient’s 
cytosol, which can change cell physiology. A plethora of 
studies demonstrate such changes; for a comprehensive 
review see [43]. EVs can have a range of effects on tar-
get cells both in vitro and in vivo: tumor-derived EVs are 
implicated in tumor invasion, promotion of angiogen-
esis and metastasis [44,45]; EVs from cardiac progenitor 
cells can stimulate cardiomyocyte regeneration of the 
infarcted heart [46]; EVs carry pathogenic prion proteins 

to promote neurodegeneration [47]; embryonic stem cell 
EVs can even reprogram committed progenitors back to 
pluripotency [34].

While EVs from many sources may be encountered 
by a given cell, there is selectivity to EV uptake: the 
specificity of EV–cell interactions is likely conferred by 
the complement of surface ligands on both EVs and the 
target cell [48]. This receptor specificity was exploited in 
a landmark study highlighting the therapeutic potential 
of EVs for drug delivery across the blood–brain barrier 
(BBB) [49]. In this study, EVs from murine dendritic 
cells were engineered to express a neural-specific surface 
peptide, and loaded with siRNAs targeting GAPDH. 
Infusion of these EVs into the tail vein of wild-type mice 
resulted in specific knockdown of GAPDH in neurons; 
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no knockdown was observed in non-neuronal cells of 
the brain in glia or various distal tissues, including the 
liver [49]. This experiment demonstrates that, given the 
correct surface markers, EVs derived from a distal cell 
type can traverse a physical barrier (the BBB) to modulate 
the behavior of another cell via sncRNA cargo.

EVs as messengers of somatic experience
EVs can cross the BBB – could they also cross the Weis-
mann barrier to deliver information induced in somatic 
cells by environmental exposures? A limited amount 
of evidence indicates that EV contents – in particular, 
RNA – can be altered in response to environmental con-
ditions. Exposure of cultured cardiomyocytes to growth 
factors known to be upregulated in heart failure causes 
widespread alterations in the mRNA content of EVs 
shed by these cells [50]. Likewise, cultured endothelial 
cells exposed to hypoxia alter their EV RNA cargo [51]. 
In vivo, circulating EVs exhibit miRNA expression pro-
files that differ in unstressed mice and mice exposed 
to a physical stress [52]. In humans, the miRNA cargo 
within adipocyte-derived EVs differs depending on 
whether the subject is lean or obese [53]. The effects 
of exogenous agents, such as xenobiotics, on the RNA 
composition of circulating EVs has not, to our knowl-
edge, been tested, but if physiological stressors confer 
EV RNA changes, it is likely that nonphysiological 
stress will do so as well.

The idea that EVs may somehow be involved in 
mediating transgenerational transfer of information 
has been voiced by some others [54–56]. While these 
ideas have never been tested experimentally, one recent 
study [57] suggested that EVs may indeed deliver somatic 
RNA to the germline. In this study, mice xenografted 
with GFP-expressing human tumor cells also demon-
strate GFP RNA in their sperm; GFP RNA was also 
found in crude EV preparations derived from plasma. 
Although these data are consistent with transport of 
GFP RNA to sperm via EVs, the use of tumor cells in 
this system leaves open the possibility that metastasis 
was responsible for the observation.

If EVs were to pass a message of somatic experience to 
the germline, this would require their interaction with 
developing germ cells or gametes. There is longstanding 
evidence for this: one of the very first observations of 
an EV–target cell interaction was between sperm and 
prostasomes (prostate-derived EVs that promote sperm 
motility and fertilization) [58]. Sperm also encounter 
and interact with epididymis-derived EVs (epididy-
mosomes) [59–61] during their maturation: prostasomes 
and epididymosomes are rich in sncRNA [62–65], which 
is likely to be delivered to the maturing or mature 
sperm along with the proteins known to be necessary 
for sperm maturation and fertilization. Likewise the 

oocyte encounters somatically derived EVs in follicular 
fluid prior to ovulation [66–68], during transit though 
the oviduct [69], and via the male ejaculate.

While EVs derived from somatic cells within the 
reproductive system probably have the greatest poten-
tial to breach the Weismann barrier, it is possible that 
EVs derived from distal somatic cells, such as neurons, 
also hold this potential. Studies in patients with brain 
tumors demonstrate that EVs can exit through the BBB 
and enter the circulation [39,70]; interrogation of pro-
teome datasets from EVpedia [71] reveals that EVs from 
multiple somatic origins, including blood, microglia 
and oligodendrocytes, express sperm surface proteins 
that could facilitate interactions with gametes. We pro-
pose that environmental stress alters the small RNA 
composition of EVs produced by distal somatic cells; 
these EVs then pass into the circulation and the somatic 
message is delivered to germ cells (Figure 1).

Conclusion
EVs mediate RNA-based information exchange between 
cells and their idiosyncratic repertoires of surface recep-
tors allow them to act locally or at distant sites. EVs 
can travel systemically and even cross physical barriers 
such as the blood–brain barrier. The intrinsic proper-
ties of EVs and their regulatory RNA cargo renders 
them potential conduits for environmental information 
transfer from the soma to the germline.

Future perspective
Research into extracellular vesicles is gaining tremen-
dous momentum in both development and disease – 
there is almost no area of biology to which EVs do not 
bear some relevance. We are proposing EVs as a means 
by which information about environmental conditions 
can be transmitted to the germline. It may not be the 
only means, but it is a credible means that can be tested 
in the right model system.
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Executive summary

The ‘impermeable’ Weismann barrier
•	 The Weismann barrier is a theoretical barrier that disallows passage of information from the soma to the 

germline.
•	 Evidence for transgenerational inheritance of life experiences suggests that this barrier may not be 

impenetrable.
Intergenerational transmission of environmental effects
•	 Epigenetic inheritance is implicated in the multigenerational transmission of parentally induced phenotypes.
•	 The mechanism by which parental environmental exposures may affect the germline epigenome is unknown.
Noncoding RNA can mediate transgenerational effects
•	 Noncoding RNAs have been implicated in transgenerational epigenetic inheritance and can direct epigenetic 

states in the germline.
•	 Soma-to-germline transfer of small RNAs has been demonstrated in Caenorhabditis elegans resulting in 

transgenerational inheritance.
•	 RNA containing extracellular vesicles (EVs) may provide a conduit for somatic environmental stressors to 

influence the epigenome of germ cells.
EVs: tiny intercellular messengers
•	 EVs are nanosized vesicles that contain a complex mix of selectively packaged lipid, protein and nucleic acid.
•	 EVs are produced by most cells and found in all biological fluids.
•	 EVs mediate intercellular communication; they can fuse with and deposit their cargo into target cells which 

can change cell physiology.
•	 EVs derived from a one cell type can modulate the behavior of another cell via small RNA cargo.
EVs as messengers of somatic experience
•	 RNA content of EVs can be altered in response to environmental exposures.
•	 EVs have been shown to transfer cargo to germ cells.
•	 EVs from somatic cells within the reproductive system have the greatest potential to breach the Weismann 

barrier but EVs derived from distal cells such as neurons also hold this potential.
Future perspective
•	 We propose that EVs are a means by which information relating to somatic environmental conditions can be 

transmitted to the germline.
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