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Summary  

Exposure to environmental stressors can affect functioning of an organism in 

various ways. In some cases, in addition to the generation directly exposed to a 

stressor, its unexposed offspring and grand offspring may also be affected. Studies 

have suggested that epigenetic alterations in germ cells could be a mechanism for this 

mode of inheritance. These alterations include changes in DNA methylation patterns, 

histone modifications and a differing composition of RNA. Although different 

environmental insults, such as stress, low and high-protein diets, high-fat diet, 

toxicants, and others can impact peripheral tissues and the information delivered by 

sperm upon fertilization, it is not well-understood how changes in the periphery can 

reach germ cells in the gonads. In recent years, blood, as a biological fluid that 

captures components secreted from various organs and serves as a signalling 

medium across distant tissues in the body, has emerged as a potential vector for 

soma-to-germline communication in males. Previously, such a possibility was strongly 

argued against, due to the existence of blood-organ barriers, which prevent direct 

access of bloodstream to germ cells in males, such as the blood-testis barrier and the 

blood-epididymis barrier. However, additional factors should be considered when 

examining the possibility of soma-to-germline communication via the bloodstream: (i) 

the pool of stem cells from which germ cells develop is located outside the blood-testis 

barrier and is therefore directly exposed to the components in circulation; (ii) both 

barriers consist of somatic cells that are connected to blood vessels and send signals 

to differentiating and maturing germ cells; (iii) both barriers are not fully formed during 

early development, allowing easier access for components from blood or neighbouring 

tissue to germ cells; (iv) both barriers are permeable to small molecules from the 

bloodstream. Taking these points into account, we investigate the possibility that 

signals from the periphery, carrying information about changes in the environment, 

reach the germ cells via the bloodstream. 

 To study this, we used a mouse model of early life stress (ELS), due to its 

consistency and reproducibility in transmitting metabolic and behavioral phenotypes 

for several generations through the patriline. Furthermore, ELS is prevalent in our 

society, and its long-term effects on mental health and well-being of those affected are 

well known. Mice exposed to ELS show increased risk-taking behavior, memory 

deficits, altered social recognition, depressive-like symptoms, and insulin/glucose 



 2 

dysregulation. To understand the role of different circulating factors in ELS, we first 

divided ELS and control blood into fractions enriched in either extracellular vesicles 

(EVs) or proteins and injected them into naïve mice. We found that both EV-enriched 

and protein-enriched fractions from mice exposed to ELS caused significant changes 

in circulating metabolites and lipids when injected into naïve mice, but only EVs-

enriched fractions gave rise to metabolic alterations that could also be observed in the 

next generation. When we examined which cargoes in circulating EVs might cause 

such an effect, we identified small RNAs and lipids as possible candidates. 

Interestingly, both small and long RNAs in sperm were significantly altered in males 

injected with ELS EVs. To link sperm RNA changes to phenotypic changes in the 

offspring, we performed in vitro fertilizations with sperm from males injected with either 

ELS EVs or control EVs and found several differentially expressed transcripts in early 

embryos. Further, we have demonstrated that germ cell-like cells can take up EVs 

from blood in vitro.  Finally, we wanted to understand the response of germ cells at 

different stages of their development to EV-injections. To evaluate this, we analyzed 

sperm RNA at different time-points after the injections. In addition to studying EVs in 

the bloodstream, we also examined the impact of early life stress on the EVs produced 

in the epididymis. Here, we observed that ELS led to changes in their small RNA cargo. 

In summary, this thesis supports the existence of communication between the 

bloodstream/periphery with the germline in males and demonstrates that changes in 

circulating factors can affect the germ cells in ways that may ultimately affect the next 

generation. 

We conclude this work by addressing how our findings contribute to the present 

knowledge on the potential of circulating factors communicating with germ cells in 

males, commenting on the limitations of the study, and exploring further experimental 

opportunities to build on the current results.  
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Zusammenfassung  

Die Exposition gegenüber Umweltstressoren kann die Funktionsweise eines 

Organismus auf verschiedene Weise beeinträchtigen. In einigen Fällen können neben 

der Generation, die einem Stressor direkt ausgesetzt ist, auch die nicht exponierten 

Nachkommen und Enkel betroffen sein. Studien haben ergeben, dass epigenetische 

Veränderungen in Keimzellen ein Mechanismus für diese Art der Vererbung sein 

könnten. Zu diesen Veränderungen gehören Änderungen der DNA-

Methylierungsmuster, Histonmodifikationen und eine unterschiedliche 

Zusammensetzung der RNA. Obwohl verschiedene Umwelteinflüsse wie Stress, 

eiweißarme und eiweißreiche Ernährung, fettreiche Ernährung, Giftstoffe usw. 

Auswirkungen auf periphere Gewebe und die von den Spermien bei der Befruchtung 

übermittelten Informationen haben können, ist noch nicht geklärt, wie Veränderungen 

in der Peripherie die Keimzellen in den Gonaden erreichen können. In den letzten 

Jahren hat sich das Blut als biologische Flüssigkeit, die Komponenten aufnimmt, die 

von verschiedenen Organen abgesondert werden, und als Signalmedium zwischen 

entfernten Geweben im Körper dient, als potenzieller Vektor für die Kommunikation 

zwischen Soma und Keimbahn bei Männern erwiesen. Bisher wurde diese Möglichkeit 

aufgrund der Blut-Organ-Schranken, die den direkten Zugang des Blutstroms zu den 

männlichen Keimzellen verhindern, wie die Blut-Hoden-Schranke und die Blut-

Nebenhoden-Schranke, stark abgelehnt. Bei der Untersuchung der Möglichkeit einer 

Kommunikation zwischen Soma und Keimbahn über den Blutkreislauf sollten jedoch 

weitere Faktoren berücksichtigt werden: (i) der Pool von Stammzellen, aus denen sich 

Keimzellen entwickeln, befindet sich außerhalb der Blut-Hoden-Schranke und ist 

daher den Bestandteilen im Blutkreislauf direkt ausgesetzt; (ii) beide Schranken 

bestehen aus somatischen Zellen, die mit Blutgefäßen verbunden sind und Signale 

an sich differenzierende und reifende Keimzellen senden; (iii) beide Schranken sind 

während der frühen Entwicklung nicht vollständig ausgebildet, was den Zugang von 

Bestandteilen aus dem Blut oder benachbartem Gewebe zu Keimzellen erleichtert; 

(iv) beide Schranken sind für kleine Moleküle aus dem Blutkreislauf durchlässig. Unter 

Berücksichtigung dieser Punkte untersuchen wir die Möglichkeit, dass Signale aus der 

Peripherie, die Informationen über Veränderungen in der Umgebung transportieren, 

die Keimzellen über den Blutkreislauf erreichen. 
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Um dies zu untersuchen, haben wir ein Mausmodell für frühen Lebensstress 

(ELS) verwendet, da es Stoffwechsel- und Verhaltensphänotypen über mehrere 

Generationen hinweg konsistent und reproduzierbar über die Patriline weitergibt. 

Außerdem ist ELS in unserer Gesellschaft weit verbreitet, und seine langfristigen 

Auswirkungen auf die psychische Gesundheit und das Wohlbefinden der Betroffenen 

sind bekannt. Mäuse, die ELS ausgesetzt sind, zeigen ein erhöhtes Risikoverhalten, 

Gedächtnisdefizite, eine veränderte soziale Anerkennung, depressionsähnliche 

Symptome und eine Dysregulation von Insulin und Glukose. Um die Rolle 

verschiedener zirkulierender Faktoren bei ELS zu verstehen, teilten wir zunächst ELS- 

und Kontrollblut in Fraktionen auf, die entweder mit extrazellulären Vesikeln (EVs) 

oder Proteinen angereichert waren, und injizierten sie naiven Mäusen. Wir fanden 

heraus, dass sowohl mit EVs als auch mit Proteinen angereicherte Fraktionen von 

Mäusen, die ELS ausgesetzt waren, signifikante Veränderungen der zirkulierenden 

Metaboliten und Lipide verursachten, wenn sie naiven Mäusen injiziert wurden, aber 

nur mit EVs angereicherte Fraktionen führten zu metabolischen Veränderungen, die 

auch in der nächsten Generation beobachtet werden konnten. Als wir untersuchten, 

welche Ladungen in zirkulierenden EVs einen solchen Effekt verursachen könnten, 

identifizierten wir kleine RNAs und Lipide als mögliche Kandidaten. 

Interessanterweise waren sowohl kleine als auch lange RNAs in Spermien von 

Männern, denen ELS EVs injiziert wurden, signifikant verändert. Um die 

Veränderungen der Spermien-RNA mit den phänotypischen Veränderungen der 

Nachkommen in Verbindung zu bringen, führten wir In-vitro-Fertilisationen mit 

Spermien von Männern durch, denen entweder ELS-EVs oder Kontroll-EVs injiziert 

worden waren, und fanden mehrere unterschiedlich exprimierte Transkripte in frühen 

Embryonen. Außerdem haben wir gezeigt, dass keimzellenähnliche Zellen in vitro EVs 

aus dem Blut aufnehmen können.  Schließlich wollten wir die Reaktion von Keimzellen 

in verschiedenen Stadien ihrer Entwicklung auf EV-Injektionen verstehen. Zu diesem 

Zweck analysierten wir die Spermien-RNA zu verschiedenen Zeitpunkten nach den 

Injektionen. Neben der Untersuchung der EVs im Blutkreislauf untersuchten wir auch 

die Auswirkungen von frühem Lebensstress auf die in den Nebenhoden produzierten 

EVs. Dabei konnten wir feststellen, dass ELS zu Veränderungen in der Ladung der 

kleinen RNAs führte.  

Wir schließen diese Arbeit ab, indem wir darauf eingehen, wie unsere 

Ergebnisse zum derzeitigen Wissensstand über das Potenzial zirkulierender 
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Faktoren, die mit männlichen Keimzellen kommunizieren, beitragen, die Grenzen der 

Studie kommentieren und weitere experimentelle Möglichkeiten erkunden, um auf den 

aktuellen Ergebnissen aufzubauen. Zusammenfassend lässt sich sagen, dass diese 

Arbeit die Existenz einer Kommunikation zwischen dem Blutkreislauf/der Peripherie 

und der Keimbahn bei Männern belegt und zeigt, dass Veränderungen der 

zirkulierenden Faktoren die Keimzellen in einer Weise beeinflussen können, die sich 

letztlich auf die nächste Generation auswirken kann. 
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Glossary  

ELS  Early life stress 

EVs  Extracellular vesicles  

DNAme DNA methylation 

PTMs  Post-translational modifications 

ncRNA Noncoding RNA 

scnRNA Small noncoding RNA 

miRNA microRNA 

tRF  tRNA-derived fragment 

MERVL Murine endogenous retrovirus-L 

piRNAs Piwi-interacting RNAs 

circRNA circular RNA 

IAP  Intracisternal A-particle  

LINE1  Long interspersed nuclear elements  

DMR  Differentially methylated region 

PGC  Primordial germ cell 

E7.25  Embryonic day 7.25 

E10.5  Embryonic day 10.5 

SCC  Spermatogonia stem cell 

BBB  Blood-brain-barrier 

BTB  Blood-testis-barrier 

BEB  Blood-epididymis-barrier 

TJ  Tight junction 

HPA  Hypothalamic-pituitary-adrenal 

HPG  Hypothalamic–pituitary–gonadal 

BPA  Bisphenol A 

EGFP  Enhanced green fluorescent protein  

ATF7  Activating transcription factor-7 

PPAR  Peroxisome proliferator-activated receptor 

CNS  Central nervous system 

Cre  Cyclization recombinase 

VLDL  Very-low-density lipoprotein 

LDL  Low-density lipoprotein 
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IDL  Intermediate-density lipoprotein 

HDL  High-density lipoprotein 

MVB  Multivesicular body 

rRNA  Ribosomal RNA 

tRNA  Transfer RNA 

snoRNA Small nucleolar RNA 

mtRNA Mitochondrial RNA 

vtRNA  Vault RNA 

CHOL  Cholesterol 

PC  Phosphatidylcholine 

PE  Phosphatidylethanolamine 

PS  Phosphatidylserine 

EM  Electron microscopy 

WB  Western blotting 

NTA  Nanoparticle-tracking analysis 

FFC  Fluorescence flow cytometry  

UC  Ultracentrifugation 

SEC  Size-exclusion chromatography 

DGUC  Density-gradient ultracentrifugation 

UF  Ultrafiltration  

ELISA  Enzyme-linked immunosorbent assay 

eWAT  Epididymal white adipose tissue  

AhR  Aryl hydrocarbon receptor 

IRS-1  Insulin receptor substrate-1  

IRS-2  Insulin receptor substrate-2 

HFD  High-fat diet  

LXR  Liver X-receptor 

PXR  Pregnane X-receptor 

PPARalpha Peroxisome proliferator-activated receptor alpha 

AAV  Adeno-associated virus  
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1. Introduction 

1.1 Epigenetic inheritance 

 Epigenetics refers to modifications in gene expression patterns, without direct 

alterations to the DNA sequence. In Greek, “epi” means “on” or “above”, and therefore, 

epigenetic mechanisms concern the factors that surround the genetic code. Epigenetic 

mechanisms include DNA methylation (DNAme), histone post-translational 

modifications (PTMs), noncoding RNAs (ncRNAs) and histone variants.Those factors 

are important in healthy cell, tissue and organismal development, since they guide 

different cellular functions, such as cell differentiation and response to outside stimuli. 

Epigenetic regulation of gene expression during development is governed through 

spatial and temporal factors, and determines cellular fate. Therefore, through 

epigenetic mechanisms, cells destined to be part of the central nervous system will 

turn off gene expression patterns corresponding to for example muscle cells and vice-

versa. Not only can the various epigenetic mechanisms define cellular fate, but they 

can also be altered due to a diverse range of environmental exposures, such as stress, 

toxicants, and changes in diet. A classic example of epigenetic gene regulation is cold-

induced suppression of genes that control flowering in plants, which governs gene 

expression at a temperature-sensitive locus. Patterns of epigenetic response to 

environmental stimuli vary among different organisms, tissues within the same 

organism, and among the cells within a tissue, and some information can even be 

carried over to the unexposed offspring intergenerationally or transgenerationally.  
 Scientists have entertained the idea of passage of acquired traits due to 

changes in the environmental conditions for centuries. However, only in the 1900s, 

reports of such phenomenon emerged. A major criticism against potential inheritance 

of epigenetic marks in the early days was the reprogramming of epigenetic states 

during embryogenesis, when most acquired epigenetic marks are erased. However, 

understanding germ cell and early embryonic development shed light on many 

possibilities of skipping this challenge. In addition, the progress in assisted 

reproductive techniques helped dissecting the contribution of germ cells and other 

factors present at fertilization in understanding the offspring phenotype. Today, 

indisputable evidence persists in support of epigenetic inheritance and the notion has 

been demonstrated from plants, C.elegans to rodents and humans. It is important to 
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keep in mind the distinction of intergenerational and transgenerational epigenetic 

inheritance, where the germ cells that give rise to the offspring in question are directly 

exposed in the former and unexposed in the latter.  

 Although not classified at the moment of their discovery as an epigenetic 

mechanism, the first reports of epigenetic inheritance were in plants in 1956, observed 

by Brink et al. Almost 40 years later, following the discovery of RNA interference in 

C.elegans, Mello and Fire demonstrated that, injections of dsRNA into germ cells of 

C.elegans led to silencing of genes with homologous sequences to the dsRNA in 

injected animals and their progeny, up to 5 generations. Interestingly, the authors also 

showed that dsRNA injections into somatic cells of C.elegans can transfer the silenced 

phenotype of the target gene to the offspring.  

 In mammals, the first studies involving epigenetic inheritance were in the late 

1990s through the study of the agouti fur color in mice, which was dependent on 

metastable epialleles that maintained their methylation status throughout 

developmental epigenetic reprogramming (Morgan et al., 1999, Rakyan et al. 2003). 

Later on, Anway et al. demonstrated that exposure to endocrine disruptor vinclozolin 

in rats caused phenotypic alterations up to several generations of unexposed 

offspring. At the same time, emerging studies in humans reported smoking and 

nutritional changes to lead to metabolic alterations in the next generation (Kaati et al. 

2002, Pembrey et al. 2006). 

Due to the presence of comprehensive research in mice as an animal model 

and the studies included in this thesis on male mice, the following chapters will 

concentrate the attention on the mouse as an animal model, with focus on the male 

males. When relevant, information on humans and other model organisms will be 

briefly covered.  

1.2 Vectors of epigenetic inheritance 

In order to affect the next generation, some marks need to be established in 

male germ cells and delivered to the oocyte upon fertilization. These marks also need 

to escape embryonic reprogramming and be relevant in terms of their amount, in 

comparison to the information that comes from the oocyte. Regardless of the fact that 

sperm is known to be around 2000 times smaller than the oocyte, the ability of sperm-

contributed epigenetic information to influentially pass to the next generation, altering 
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the phenotype of the unexposed offspring has been demonstrated by a number of 

studies.  

Although initial focus on the vectors of epigenetic inheritance was on DNA 

methylation, subsequent studies explored the significant role of histone PTMs and 

noncoding RNA. In this section, we will cover major studies that cover these 3 vectors.  

RNAs  
Despite the initial belief that sperm cells are transcriptionally silent, a few 

studies displayed contradicting data to this notion (Gur et al. 2006, Ren et al. 2017). 

Regardless of the transcriptional status of sperm, some RNAs are endogenously 

expressed in sperm, while other RNAs, such as small noncoding RNAs (sncRNAs), 

can be taken up through uptake of vesicles. Throughout male germ cell differentiation 

and maturation, there are many sources that could deliver sncRNAs to sperm - among 

those are extracellular vesicles (EVs) in the testis, epididymis and seminal fluid. Some 

of these sncRNAs are susceptible to environmental insults, such as changes in the 

diet, exposure to stress and exposure to toxicants. In this section, we briefly cover the 

most prominent concepts in understanding the role of germ cell RNAs in epigenetic 

inheritance.  
Several studies preceded the boom of RNA-related epigenetic inheritance 

research. First, Krawetz and a few others demonstrated that male germ cell RNAs 

could be delivered to the oocyte upon fertilization (Krawetz et al. 2005, Ostermeier 

2004). A few years later, Rassoulzadegan et al. showed that injections of sperm RNA 

from transgenic animals into fertilized oocytes could alter offspring phenotype. Almost 

a decade following these experiments, several research groups revealed that sperm 

RNA repertoire is susceptible to environmental exposures, such as stress and diet 

(Fullston et al. 2013, Gapp et al. 2014, Rodgers et al. 2015, Grandjean et al. 2015). In 

addition, they demonstrated that sperm RNA injections from exposed animals into 

naïve zygotes or in vitro fertilizations with sperm of the exposed males could transmit 

some of the behavioral and metabolic phenotype to the offspring. Most of these initial 

studies concentrated on a type of sncRNAs – the microRNAs (miRNAs). Involvement 

of miRNAs has been later explored in relation to stress and several other models of 

environmental insults. 

tRNA-derived fragments (tRFs), the most abundant sncRNA type in sperm, 

have gained importance as another sncRNA type in sperm with potential role 

epigenetic inheritance. Involvement of tRFs in father to offspring transmission was first 
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shown by Kiani et al in 2013. In this study, tRF methylation by RNA methyltransferase 

Dnmt2 was demonstrated as a mechanism of Kit paramutation model. To discard the 

contribution of scnRNAs other than tRFs in paternal high-fat diet transmission, Chen 

et al. size-selected sperm total RNA to enrich for tRFs and demonstrated, that indeed 

the tRFs and not the miRNAs of sperm were responsible for the phenotype observed 

in the offspring (Chen et al. 2016). Sharma et al. further extended understanding the 

role of sperm tRFs by looking at the embryonic development in low-protein diet animal 

model (Sharma et al. 2016). They demonstrated that the transmission of the low-

protein induced phenotype to the offspring could partially be due to a specific sperm 

tRF, which regulates a group of genes that are targets of endogenous retroviral 

element murine endogenous retrovirus-L (MERVL). In addition to tRFs and 

microRNAs, other sperm RNAs such as piwi-interacting RNAs (piRNAs) and circular 

RNAs (circRNAs) have been linked to paternal transmission of environmental changes 

to offspring (Rodgers et al. 2015, Gapp et al. 2020).   

DNAme  
 DNAme is a process by which gene expression is altered, due to the attachment 

of a methyl group to the 5th position of a cytosine residue (5mC). Although DNA 

methylation is an important mechanism to keep the cellular identity during division, it 

is also subjected to massive erasure and re-establishment after fertilization. However, 

certain imprinted regions, such as intracisternal A-particle (IAP) and long interspersed 

nuclear elements (LINE1) retrotransposons escape this process.  

Differentially methylated regions (DMRs) were reported in the sperm of rodents 

exposed to endocrine disruptors, plastics or alcohol during early embryonic days and 

were found in progeny (Bohacek et al. 2015). Vincozolin treatment during embryonic 

days 8 through 14 induced several DMRs in primordial germ cells, spermatogonia, 

and sperm. These DMRs were still detected in sperm several generations later 

(Bohacek et al. 2015). Postnatal exposure to environmental insults, such as early life 

stress, also induces differential methylation in sperm of the exposed males and their 

offspring. In mice fed high-fat-diet from weeks 9 to 12, DNA methylation pattern is 

drastically altered in their sperm and in the following 3 generations. Due to its 

heritability during cell division and environmentally-induced adaptability, DNAme is 

one of the most characterized mechanisms of epigenetic inheritance in mammals.  

Histone modifications 
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To facilitate paternal genome re-organization and packaging of chromatin to the 

sperm nuclei, the mammalian sperm undergoes histone-to-protamine transition during 

spermiogenesis. This process leads to a significant loss of histones in male germ cells, 

hence most mature sperm carries only around 1-5% histones. The most common 

histone PTMs include phosphorylation, acetylation, methylation, and ubiquitylation, 

although mature germ cells lack some PTMs such as acetylation (Bohacek et al. 

2015). Histone modifications are yet another mechanism by which environmental 

exposures were shown to alter gene expression patterns and phenotype in the 

offspring.  

Various environmental exposures, such as cocaine-treatment, unpredictable 

traumatic experience, and low-protein diet have shown to alter histone PTMs in sperm. 

More recently, Yoshida et al. showed the direct involvement of a reduction in 

H3K9me2 in testicular germ cells in males subjected to low-protein diet to the RNA 

expression in spermatozoa and metabolic reprogramming of the unexposed offspring 

(Yoshida et al. 2020). The direct effect of differential sperm histone PTMs has also 

been demonstrated by Siklenka et al. In addition to their direct involvement, the ability 

of histone PTMs to modulate DNA methylation is a secondary mechanism by which 

histone PTMs might relay information of environmental exposures to the next 

generation. 

1.3 Germ cell development and supporting structures in males 

The earliest precursors of functional gametes in mice are the primordial germ 

cells (PGCs) (Richardson et al. 2010, Saitou et al. 2012). After their initial discovery 

and characterization by Ginsburg in the 1990s (Ginsburg et al. 1990), the current 

knowledge has expanded and identified the subsequent evolution of trajectories 

occurring during mouse germline development (Richardson et al. 2010, Saitou et al. 

2012). At embryonic day 7.25 (E7.25), the primary PGCs are formed within the 

endoderm of the yolk sac, they then migrate and populate the gonadal ridges by 

embryonic day 10.5 (E10.5). PGCs that populated the gonadal ridges are referred to 

as gonocytes. Gonocytes stay in mitotic arrest during the whole time of embryonic 

development, while other developmental processes occur. Only at postnatal day 1-2, 

the gonocytes exit the mitotic arrest. They then migrate to the basement membrane of 

the seminiferous cord and continue spermatogenesis as spermatogonial cells. 
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Male germ cell development in the testis 
Testicular development brings the spermatogonial cells to the basement 

membrane of the seminiferous tubules of the testis (Oatley et al. 2006). They then 

develop into elongated spermatids and are released into the lumen of the seminiferous 

tubules. In rodents, this process lasts around 35 to 37 days. In order to have a life-

time pool of spermatogenic stem cells, the spermatogonial cells first divide 

continuously and form the pool of spermatogonia stem cells (SCCs) in the testis. For 

the subsequent differentiation, a part of the cells in this pool lose their stem cell 

potential and become an A-type and then a B-type spermatogonia. By the end of 

postnatal day 10, we have the first preleptotene spermatocytes, which are still diploid. 

After meiosis I, the preleptotene diploid spermatocytes undergo several divisions and 

give rise to haploid spermatocytes by the end of postnatal day 14. During meiosis II, 

spermatocytes further differentiate into round spermatids. During the last stage of 

testicular development, many important processes occur in round spermatids, which 

transform round spermatids into elongated spermatids. One of these processes is 

histone to protamine transitions, following which only 5% of initial histones remain. The 

elongated spermatids are then released into the lumen of seminiferous tubules to 

conclude their maturation in the epididymal tract. The release of the mature spermatids 

into the lumen of seminiferous tubules is directed by Sertoli cells. This process, also 

known as spermiation, lasts several days and includes processes such as remodeling 

of the spermatid cytoplasm and head, and removal of attachment structures to finalize 

the de-attachment process from Sertoli cells (O’Donnell t al. 2011). 

In addition to the above-mentioned cells in the apical compartment of the 

seminiferous tubules, the outside or the basal compartment of the tubules is occupied 

by other cells, such as Sertoli cells, Leydig cells, testicular resident macrophages and 

vasculature-associated cells. All these cells play an important role in germ cell 

protection, differentiation and maturation. Sertoli cells, the only cells that have physical 

contact to the differentiating germ cells, hold the blood-testis barrier and serve as the 

nursing cells to the developing germ cells. They do so by several mechanisms, such 

as providing nutrients, removing cellular waste and forming the protective barrier. 

Leydig cells produce testosterone, which is the governing hormone for testicular germ 

cell differentiation and maturation, whereas resident macrophages play a role in 

spermatogonia cell differentiation and in immunological protection. 
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Epididymal transit of germ cells and vas deferens 

Following the release into the lumen of seminiferous tubules in the testis, the 

elongated spermatids are transported through the testicular fluid movement to the rete 

testis and several ductuli, which form the head of the epididymis. In mice, the 

epididymal transit lasts around 5-7 days, which follows the storage period of 

ejaculation-ready spermatozoa. The epididymis itself consists of 3 main segments - 

caput, corpus, and cauda, and is then further extended and connected to form the vas 

deferens. During the transit through the epididymis, spermatozoa undergoes 

alterations in membrane fluidity, protein and small RNA composition, lipid content as 

well as some changes to its net surface charge. Additionally, the concentration of 

spermatozoa drastically increases during the epididymal transit. Although self-

modifications of spermatozoa also occur, many of these modifications are known to 

be driven by secretion or absorption of molecules by epididymal epithelial cells. 

Importantly, abnormal or old spermatozoa are partially reabsorbed by epididymal 

epithelial cells in cauda, and overall cycling period and quality of germ cells is 

maintained through spontaneous ejaculations from the vas deferens, where the sperm 

is also stored for future ejaculation (Durairajanayagam et al. 2015).  

1.4 Blood-organ barriers to the germ cells in males  

The ways by which somatic cells in the body could communicate to germ cells 

regarding environmental insults could be broadly divided into the group of direct and 

indirect mechanisms. Indirect mechanisms involve the relay of information to male 

germ cells through secondary paths, such as modifying gene expression patterns in 

the somatic cells surrounding the germ cells; whereas direct mechanisms involve 

information transfer from the somatic cells in the periphery to the germ cells, in the 

forms of circulating, lymphatic and other factors. There are several challenges when 

studying the possibility of direct soma-to-germline communication, due to the existing 

blood-organ barriers and protection of the developing germ cells from the outside 

environment. In the following section, we will describe some of these challenges in 

detail and cover the recent developments that address them.  

Almost 100 years after Weismann’s theory on the existence of a barrier 

between somatic cells and germ cells, intravenous dye injection experiments showed 

the absence of dye in the testis and brain, indicating resistance of the blood-organ 

barriers in the testis and brain to the dye in the bloodstream (Cheng et al. 2012). At 
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the same time, experiments conducted by Kormano and others demonstrated the 

ability of dyes to penetrate into the lumen of seminiferous tubules in pre-pubertal but 

not adult rats (Cheng et al. 2012). This phenomenon was later linked to the initiation 

of blood-testis-barrier (BTB) formation by postnatal day 15 and completion by 

postnatal day 21 in rats. Today, blood-organ barriers are known to not only exist in the 

testis, but also in the brain (blood-brain-barrier or BBB), the epididymis (blood-

epididymal-barrier or BEB) and the thymus (blood-thymus-barrier), among others.  

 
Figure 1-1. Components of blood-testis and blood-epididymis barriers.  
The blood-testis-barrier is created by Sertoli cells held together with tight junctions and 
peritubular cells (left). Interstitial compartment of blood-testis-barrier contains spermatogonia 
stem cells, Leydig cells and blood vessels, whereas the luminal compartment contains 
spermatocytes and spermatids. The blood-epididymis-barrier consists of epithelial cells 
connected by tights junctions and myoid cells (right). The sperm cells swim in the luminal 
compartment, and are separated from the blood vessels in interstitium by the blood-
epididymal-barrier. Created with BioRender.com. 
 

The BTB separates the lumen of seminiferous tubules from the interstitium by 

tight junctions (TJs) (Cheng et al. 2012, Mital et al. 2011). It allows filtering of cells, 

large molecules, proteins, and lipids, while being permeable to small molecules such 

as some hormones and metabolites. The interstitium contains the myoid cells, immune 

cells (T cells and macrophages), Leydig cells, the blood vessels, germ stem cells, and 

germ cells at their early stages of differentiation (Figure 1-1). These germ cells include 

spermatogonia stem cells, together with A and B type spermatogonia. The myoid cells 
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along the basal membrane serve as the first line of defense in the BTB, preventing 

around 85% of weakly charged molecules from passing. The main barrier is built by 

the Sertoli cell TJs, although additional components such as ectoplasmic 

specializations, desmosomes, hemidesmosomes, and gap junctions play a role as 

well.  

 The structure of the BEB is similar to that of the BTB, with epididymal epithelial 

cell TJs creating the barrier and also dividing the space into luminal compartment with 

developing germ cells, interstitium with blood vessels and myoid cells (Figure 1-1). 

The main difference between the BTB and BEB are the location of the TJs, which are 

located basally in BTB and apically in BEB. Apical location is also common in other 

epithelial cell TJs (Mital et al. 2011).  

In addition to creating anatomical and physiological barriers, BTB and BEB 

comprise an immunological barrier (Cheng et al. 2012, Mital et al. 2011). Xenogenic 

tissues transplanted into the interstitium of the testis could persist longer compared to 

other organs, such as liver and kidney (Mital et al. 2011). This is attributed to the 

presence of immunoglobulins, T cells, and macrophages in the testicular interstitium 

and involvement of locally-produced immunosuppressive factors (Mital et al. 2011). 

BEB has shown to have a lower potential as an immunological barrier. While immune 

cells and immunoglobulin were found within the epididymal epithelial cells, xenogeneic 

tissue transplants did not show significantly higher survival rate within the epididymal 

interstitium compared to other tissues (Cheng et al. 2012, Mital et al. 2011).  

 When it comes to the strength of different blood-organ barriers measured by 

electrical resistance, BBB performs as the tightest barrier, followed by barriers formed 

within endothelial cells in the periphery, and then BTB and BEB (Cheng et al. 2012). 

BBB is unique in that it solely consists of TJs between capillary endothelial cells. 

Irrespective of the strength of these barriers, the field has accumulating evidence that, 

even the strongest blood-organs barrier as BBB is permeable to some circulating 

factors and is affected by disease conditions. For example, an emerging number of 

studies in the recent years have shown that circulating EVs can cross BBB and deliver 

RNA and protein, informing neuronal cells of disease states (Dardet et al. 2022, 

Ramos-Zaldívar et al. 2022). If factors from the circulation are capable of crossing the 

tightest of blood-organs barriers such as BBB, it is no surprise that circulating factors 

could potentially cross more permeable blood-organ barriers, such as BTB and 

BEB. Indeed, fluorescently-labeled testicular EVs injected into the interstitial space 
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were found both in the interstitium and in the lumen of seminiferous tubules (Choy et 

al. 2022). 

1.5 Developmental processes affected by early life exposures    

The impact of environmental exposures on the germline and the next 

generation depends on a variety of factors, such as the developmental timing of 

exposures (early life, youth, adulthood), dosage and length of exposures, waiting time 

post-exposures, type of exposures (stress, toxicants, diet), and other factors. Studies 

where all parameters except the waiting time post-exposure is shifted show differential 

impact on germ cells. The effect of the developmental timing and waiting timing are 

significant, since an organism undergoes a diverse set of changes throughout its 

lifespan.  

 Environmental insults in early postnatal life are detrimental, since many tissues 

and their cells are undergoing developmental initiation processes and establish the 

tissue-specific niche during this period. These include the establishment of a pool of 

spermatogonia stem cells in the testis (by early postnatal day 15), the process of 

creating fully divided and differentiated Sertoli cells in the testis (by early postnatal day 

15), the accelerated adipogenesis process (early postnatally until weaning), the 

differentiation and expansion of epididymal epithelial cells (early postnatally until 

puberty), developmental processes in central nervous system, including many other 

processes.  

 Developmental processes that happen early postnatally in germ cells are 

covered elsewhere (Chapter 1.3). Therefore, we will next describe some of the other 

processes that can also be affected by early life exposures.  

 Sertoli cells, the somatic cells of the testis responsible for nurturing and 

supporting male germ cells through spermatogenesis, are known to fully differentiate 

and establish a pool of cells that are present through the lifespan of a mouse by early 

postnatal day 21. After this time point, the cells in this pool growth and performs their 

supportive functions, without altering their number. Therefore, if the establishment and 

the differentiation of this early Sertoli pool is affected by an environmental exposure, 

it could potentially be carried into adulthood.  

Adipogenesis starts during the last week of gestation and accelerates 

significantly postnatally until weaning. Thus, adipocyte stem cells are especially 

sensitive to experiences of early postnatal life. The developmental and metabolic 
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processes that program adipocyte number are set in early development, increasing 

the adipocyte cell number until puberty and leaving the total amount and size of 

adipocytes stable after puberty, with a turnover rate of 10-20%. Many studies observe 

metabolic alterations in the exposed and in some cases unexposed offspring 

regardless of exposure type. Thus, the niche establishment of metabolic organs such 

as the adipose tissue could be affected by environmental exposures. This is important, 

since adipose tissue is suggested to be the major source of circulating miRNAs, with 

the ability to regulate gene expression in other tissues (Bond et al. 2022).  

The epididymal epithelial cells are also undergoing differentiation and 

expansion between early postnat days and puberty (Robaire et al. 2006). Completing 

this expansion, the number of epididymal epithelial cells is constant in adulthood, 

possibly carrying comparable information to sperm throughout adulthood. The 

postnatal development and differentiation of the epididymal epithelial cells, heavily but 

not solely, depends on testicular signals. Since environmental exposures such as 

stress affect the coupling of the hypothalamic-pituitary-adrenal (HPA) and the 

hypothalamic-pituitary-gonadal (HPG) axes, stress-related decrease in 

steroidogenesis can have profound implications on the differentiation and expansion 

of the epididymal cells early postnatally, thus affecting the secretion profile of adult 

epididymal epithelial cells. This is significant, since male germ cells finalize their 

maturation through the transit in the epididymis, where information exchange between 

germ cells and epididymal cells take place in terms of EVs, lipids, and proteins. 

 Another important developmental process relevant to male reproduction is the 

formation of the BTB by postnatal day 21 in rodents. Some toxicants, such as cadmium 

or bisphenol A (BPA), can disrupt the formation of BTB. Cadmium disrupts the TJs 

and other junctions of the BTB. It was shown in rodents that once the BTB barrier is 

disrupted by cadmium, there is no more spermatogenesis, even if the spermatogonia 

stem cell pool is revived after several weeks and is present throughout the lifetime. 

This was partially explained by the oxidative stress of Sertoli cells caused by the 

cadmium exposure. Cadmium-injected animals have the required pool of 

spermatogonia cells, but do not have the essential differentiation and support signals 

as well as the protection barrier that is provided by the BTB. Interestingly, in humans, 

80% of clinically infertile men reported long-term exposure to some type of toxicant. 

This accentuates the necessity of functional BTB development early in development. 
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1.6 Evidence of soma-to-germline communication of environmental exposures 

 In recent years, many studies supported the evidence of altered information in 

male germ cells due to various environmental insults such stress, changes in diet and 

toxicant exposure (Bohacek et al. 2015, Conine et al. 2022). Still, there has been only 

a few studies that addressed soma-to-germline transmission of information. Therefore, 

the possibility of soma-to-germ cell information transfer, either directly to germ cells or 

indirectly through somatic cells in male reproductive organs, either in the form of 

vesicles, RNA, protein, lipids, metabolites or other factors from the circulation, has 

evolved into an exciting research area with a few progressive studies in the recent 

years. A number of different experimental models, such as a Cre-dependent systems, 

human melanoma cell xenografts, and adeno-associated viral (AAV) gene delivery 

systems, were used to address the possibility of soma-to-germline information transfer 

and to understand its underlying mechanisms.  

One of the pioneering mechanistic studies to address the possibility of soma-

to-germline DNA- or RNA-mediated information transfer was performed in mice 

(Cossetti et al. 2014). The researchers xenografted human melanoma cells expressing 

enhanced green fluorescent protein (EGFP) plasmids and detected the presence of 

EGFP-specific RNA 45 days in circulation and in sperm, but not in epididymis. 

Interestingly, they observed that circulating EGFP-specific RNA was co-purified in the 

EV-enriched blood fraction. The authors therefore speculated on the ability of 

xenografted melanoma cells to secrete EVs that carry the EGFP-RNA to the germ 

cells. However, they did not demonstrate EVs crossing the BEB or being uptaken by 

the germ cells in vitro. 

O’Brien et al. brought another likely communication medium of somatic cells 

with germ cells - the lymph nodes (O’Brien et al. 2020). Lymph nodes are known to be 

present in the testicular interstitium together with blood vessels, Leydig, and immune 

cells. By stereotactically injecting AAV virus expressing human pre-miR-491 into one 

striatal hemisphere in mice, they were able to detect expression of the human pre-miR 

in the epididymis, lymph nodes, and striatum, but not in blood or liver, 2 weeks after 

injections. Not only the directly exposed males, but also 30% and 50% of the embryos, 

obtained by natural breeding from these males 8 weeks and 16 weeks following 

injections, carried detectable levels of the human pre-miR-491. Contrary to the 

previous studies in melanoma cells, the researchers did not detect presence of pre-
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miR-491 in the vesicular preparations from blood. Since the lymph nodes in the testes 

are located outside the BTB, it is still to be addressed, how the foreign RNA entered 

the apical interstitium.  

The aforementioned studies concentrated on tackling the possibility of soma-

to-germline transfer of information through exposure to exogenous couriers. On the 

contrary, Yoshida and colleagues analyzed the effect of a natural stressor, such as 

low-protein diet and examined the effect of this alteration on testicular germ cells in 

mice (Yoshida et al. 2020). Briefly, low-protein diet proved to phosphorylate the 

activating transcription factor-7 (ATF7), which in its inactive state is bound to 

promoters of around 2300 genes. Activation of ATF7 led to its release from the 

promoter regions of its target genes and to a decrease of H3K9 dimethylation on these 

genes. This resulted in an increase of several tRNAs in testicular germ cells. The 

authors did not directly validate the mechanistics of how the increased tRNAs in 

testicular germ cells altered information passed by mature germ cells to the offspring. 

However, there are several prior studies from other groups that have demonstrated 

the relevance of some of these tRNAs, such as tRNA-Gly-GCC, tRNA-Glu-CTC and 

tRNA-His-GTG, in inheritance of paternal low-protein phenotype (Conine et al. 2022).   

More recently, circulating factors, such as lipid-derived metabolites emerged as 

a novel potential mechanism of soma-to-germline information transfer. van Steenwyk 

et al. used a mouse model of early life stress to study the role of circulating metabolites 

in epigenetic inheritance of environmental exposures (van Steenwyk et al. 2020). The 

study found that early life stress alters the repertoire of circulating metabolites in the 

exposed adult mice and their unexposed offspring. The transmission of the metabolic 

alterations is further linked to the peroxisome proliferator-activated receptor (PPAR) 

pathway. Both serum injections from stressed to naïve animals as well as 

pharmacological activation of PPAR in vivo reveal comparable metabolic phenotypes. 

Strikingly, the researchers observe similar changes in circulating metabolites in a 

human cohort of children exposed to early life adversity. 

Most recently, Cre expression in the central nervous system detected Cre-

dependent reporter gene expression in the epididymis, bringing more support to the 

direct soma-to-germline contact (Rinaldi et al. 2022). The authors were able to also 

demonstrate a similar event by expressing Cre in adipose tissue. Although the 

researchers did not fully dissect which mode of transmission from periphery to germ 

cells was involved, they have demonstrated the potential involvement of serum factors, 
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by performing Parabiosis to join the circulatory systems of 2 animals. Additionally, this 

study highlighted the absence of any “sink” tissues that take up the majority of 

circulating factors, but rather detects Cre-dependent gene expression in many tissues.  

In summary, these studies support the possibility of direct information exchange 

between the soma and germline and propose several possible mechanisms, that need 

to be explored further, emphasizing on such potential of factors in blood, such as EVs.  

1.7 Broad classification of circulating factors  

Blood is filled with various circulating factors, which can be divided into three 

larger groups - cellular components, circulating particles, and biomolecules. Each of 

these factors carry a myriad of components within themselves.  
Cellular components of blood. 

Cellular components of blood involve the 4 major immune cell types, many of 

which have cellular subtypes of their own (Dean et al. 2005). These are erythrocytes, 

leukocytes, monocytes, and platelets. Erythrocytes and leukocytes are both derived 

from the hematopoietic stem cells in the bone marrow, but perform entirely different 

functions. Erythrocytes carry out oxygen transport across the body, whereas 

leukocytes defend the organism from pathogens as a part of adaptive immunity. 

Monocytes are another immune cell type that is involved in the fight against foreign 

pathogens. By producing reactive oxygen species that penetrate bacterial walls, they 

destroy foreign materials. As the main saviors of damaged blood vessels, platelets 

attach to the damaged vascular walls and create a clot through their interaction with 

fibrin to prevent further damage.  

Other components of blood.  
In addition to the cellular components, blood is packed with complex factors 

that allow its multi-functional capacity. These components include various types of 

lipoproteins (chylomicrons, very-low-density lipoproteins (VLDLs), intermediate-

density lipoproteins (IDLs), low-density lipoproteins (LDLs), high-density lipoproteins 

(HDLs)), EVs and viruses. Whereas biomolecules such as metabolites,  proteins and 

protein aggregates, lipids, cytokines, hormones, growth factors, RNAs, ions, and other 

components constitute another important component of the circulation.  



 26 

 
Figure 1- 2. Overview of non-cellular components in blood.  
In addition to cellular components, blood consists of other circulating components that vary 
in size. These include lipoporoteins such as HDL, LDL, IDL, VLDL, chylomicrons, circulating 
extracellular vesicles, protein complexes, and viruses. Created with BioRender.com.  

1.8 Changes in circulating factors due to environmental exposures 

Various environmental exposures lead to alterations in not only the cellular, but 

also non-cellular components of the circulation in both rodents and humans. In the 

following paragraph, we will highlight some of the data in different animal models as 

well as clinical studies in humans that support that environmental exposures alter non-

cellular blood factors. 

 In humans, exposure to 23 different persistent organic pollutants increased 

circulating total cholesterol and LDL-cholesterol levels long term (Penell et al. 2014). 

Exposure to sleep deprivation in humans significantly decreased levels of choline 

plasmogens and increased triglycerides and phosphatidylcholines in blood (Chua et 

al. 2015). Such lipid changes indicate that continuous sleep deprivation alters the 

metabolic status of the organism, causing changes in metabolic balance. Circulating 

lipids are also affected by temperature, since both cold and heat exposure in mice and 

humans have shown to significantly impact brown adipose function. This in turn leads 

to changes in blood lipids (Coolbaugh et al. 2019, Yamamoto et al. 2003). Dietary 

insults, such as high-fat- and low-protein diets, some of which are used to model 

cardiovascular diseases, extensively alter the lipidomic profile of an organism. Major 

mechanisms of significant lipid changes in models of environmental exposures are 

traced to liver, brown adipose tissue, and kidneys (Jain et al. 2022). Together with 

lipids, emerging evidence suggests that changes in circulating metabolites cause 
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metabolic perturbations in mice exposed to early life stress and their offspring (van 

Steenwyk et al. 2020).   

 In addition to lipid constituents of blood, environmental exposures such as 

obesity or differing caloric intakes, are also associated with differential protein 

expression. Analyses of several publicly available datasets in humans and 

experimental models in mice showed that toxicants, such as BPA, air pollutants,  

gamma and X-ray irradiation as well as heat exposure create changes in circulating 

proteins (Trigg et al. 2021, Rokad et al. 2019, Samanta et al. 2018, Jelonek et al. 

2016).  

 Last, but not least, numerous changes in circulating sncRNAs have been 

reported. Dietary differences in humans result in a specific circulating microRNA profile 

(Ferrero et al. 2020). For example, obese versus healthy overweight humans display 

distinct changes in several microRNAs, such as miR-139, let-7c, and miR-432 

(Giardina et al. 2019). Blood microRNAs are also involved in stress response (Guelfi 

et al. 2022, Leung et al. 2015). Changes in circulating EV number, EV RNAs and EV 

proteins due to obesity and stress is not uncommon (Driedonks et al. 2018, Castaño 

et al. 2018, Abey et al. 2017). For example, obese mice carried several altered EV 

microRNAs that were modulating glucose and lipid metabolism (Castaño et al. 2018). 

Other circulating EV-associated sncRNAs, such as Y-RNAs and tRNAs have also 

been associated with environmental exposures like stress-related immune response 

and dietary modifications (Driedonks et al. 2018, Weng et al. 2022). 

1.9 Extracellular vesicles  

EVs are small particles delineated by a lipid bilayer, released into extracellular 

space by many cell types, are evolutionary conserved from bacteria and plants to 

humans. EVs carry active molecules such as proteins, nucleic acids, metabolites, and 

lipids. Depending on the mode of secretion, EVs could be classified into 3 major 

categories: small EVs of 30-200nm, microvesicles (MVs) of 100-1000nm, and 

apoptotic bodies of 100nm-5 μm. Small EVs are secreted through fusion of 

multivesicular bodies (MVBs) with parental cell membrane and MVs are produced by 

parental cell membrane blebbing, whereas apoptotic bodies are generated by dying 

cells.  

EVs were first mentioned in 1946 by Chargaff and West, who described EVs as 

“breakdown products of the blood corpuscles”, when they studied thromboplastin and 
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platelets (Bazzan et al. 2021). This observation was further enriched in the 1970s by 

Wolf and Aaronson, who contributed to further descriptions of EVs using EM. They 

showed that EVs originate from larger cellular organelles, which are not known as 

MVBs and that they carry lipidic structures from the cells of origin. Additional studies 

in the late 1970s and 1980s further characterized EVs from different cell types and 

identified the heterogeneity of EVs in size as well as in mode of secretion. Regardless 

of their discovery and characterization, interest in EVs did not arise again until the mid 

1990s, due to the commonly accepted idea that EVs were either a cell’s way of 

disposing unneeded material or were artifacts of the plasma membrane fragments. 

The newly emerging interest in EVs arose following a series of experiments in the field 

of immunology, in which the role of EVs in many cell types such platelets, lymphocytes, 

and dendritic cells was shown. This was followed by various other studies that 

demonstrated the presence of EVs in different cell types across the body, such as 

epithelial cells, neurons, and adipocytes (Bazzan et al. 2021). With advancements in 

isolation methods, even today previously unknown sources of EVs, such as testicular 

cells, are being described and added to the long list of EV secreting cell or tissue 

types. 

Cargo of extracellular vesicles  
Regardless of cell or tissue origin, most EVs have shown to carry a number of 

components such as RNAs, proteins, lipids, and metabolites. Due to alterations in 

external stimuli such as changes in hormones, psychological or metabolic state of an 

organism, the secreted EV number and content may vary.  

Extracellular vesicle RNA 
RNAs, particularly sncRNAs, are EV components that drew the highest interest 

in deciphering functions of EVs since their discovery. The most prominent EV 

scnRNAs are microRNAs (miRNAs), yet other RNAs such as long non-coding 

(lncRNAs), transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small nucleolar 

(snoRNAs), mitochondrial RNAs (mtRNAs), PIWI-interacting RNAs (piRNAs), Y RNAs 

and vault RNAs (vtRNAs), are also found (O’Brien et al. 2020). A number of studies 

support the «fluid state» of the EV cargo. This means that the RNA constituents of 

EVs only partially reflect the physiological state of the secreting cell or tissue. 

Involvement of EV RNAs in various biological and pathological processes has been 

demonstrated in many cell types such as adipocytes, cardiomyocytes, neuroprecursor 

cells, and various types of immune and cancer cells (O’Brien et al. 2020).  
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One of the major challenges in associating specific small RNAs with EV 

functionality among the studies is the difference in EV isolation methods, which greatly 

impacts the RNA biotype profiled in a given batch of EVs. Additionally, due to the 

variability in isolation methods, the proportion of other contaminating components of a 

biofluid would vary. Lastly, the proportion of the cargo to EV number should be 

considered, when interpreting mechanistic roles of EV small RNAs. A targeted EV 

isolation from serum with depletion of lipoproteins showed that around 5.69% ± 3.74% 

(SD) of serum EVs, which equals to every 1 in 24 EVs, contain on average 1 miRNA 

molecule, signifying the majority of EVs carrying no or very few miRNA molecules 

(Otahal et al. 2021).  

Extracellular vesicle protein 
 In addition to small RNAs, EV proteins are widely characterized. Together with 

the more common EV proteins (tetraspanin family of proteins such as CD63, CD81 

and CD9), other proteins in EVs of different sizes and densities were distinguished by 

quantitative proteomic analysis following iodixanol gradient isolations (Kowal et al. 

2016). Diagnostic and treatment potential of EV proteins has been demonstrated by 

several studies. For example, by analyzing 8 EV protein markers in plasma EVs, a 

study showed that EV proteins can be used to predict the therapeutic response to 

metastatic breast cancer (Tian et al. 2021). Another research group demonstrated that 

EVs from mesenchymal stem cells with enrichment in several cargo proteins were 

effective in reducing inflammation and liver damage in non-alcoholic steatohepatitis 

(Kim et al. 2021). Currently, due to their high immune-modulatory and remodeling 

abilities, stem cell derived EVs have emerged in new tissue reparative models (Roefs 

et al. 2020).  

Other components of extracellular vesicles 
Lipids, metabolites, and DNA are currently the least examined EV components. 

Lipids in EVs could be classified according to their location in the EV membrane, as 

lipids can either form the outside of the lipid-bilayer (SM, PC and CHOL), the inside of 

the lipid bilayer (PS, PE and CHOL) or connect the two bilayers (CHOL) (Skotland et 

al. 2020). In addition to its membrane lipids, EVs transport enzymes that are involved 

in lipid synthesis processes (Skotland et al. 2020). Interestingly, a small fraction of 

EVs have been shown to carry lipidic structures inside, in addition to their main lipid 

bilayer (Skotland et al. 2020). Metabolites in EVs were mostly covered in regard to 

changes in cell culture characteristics, whereas EV DNA cargo is gaining attention in 
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recent years, mainly due to its potential for monitoring the changes in natural 

ecosystems, involving prokaryotes and lower eukaryotes (Ghanam et al. 2022, 

Harmati et al. 2021, Williams et al. 2019, Palviainen et al. 2019).  

1.10 Extracellular vesicles in cell-to-cell communication across the body   

Regardless of the load carried, once EVs reach their destination, the uptake 

process varies. Some EVs could be internalized through receptor-facilitated 

internalization, direct fusion with plasma membrane, uptake through phagocytosis or 

a caveolae-dependent-mechanism, and others can be taken up by a clathrin-

dependent-mechanism or by a formation of a lipid raft. EVs uptaken by the direct fusion 

with the plasma membrane deliver their functional cargo to the recipient cell, whereas 

EVs processed in lysosomes for degradation mainly provide metabolites and nutrients 

as their main contribution to the recipient cell (van Niel et al. 2018).  

Even though originally considered as cellular waste products, EVs were shown 

to be transferred from one cell to another as early as the 1990s, with studies emerging 

on functional transfer of the EV nucleic acids in the mid 2000s. Today, EVs are the 

new addition to the diverse cellular communication mechanisms, such as cytokines, 

hormones, tight and gap junctions, and others. Due to their versatility and 

biodegradability, EVs are developed to be used for targeting specific cell types. 

Heterogeneous EV populations are secreted by all cells, but major enrichment 

is observed in biofluids, particularly blood, milk, urine, bile, seminal fluid, and 

cerebrospinal fluid (Urabe et al. 2021, Van Der Pol et al., 2012; Van Niel et al., 2018; 

Yáñez-Mó et al., 2015). Tissue-related internal and external conditions modulate 

intensity and composition of EVs secreted into biofluids. These conditions could be 

related to pathological and disease conditions, or simply cellular adaptation or 

differentiation. For example, EV-associated miRNAs derived from adipose tissue have 

been shown to regulate gene expression in the liver. Injections of obesity-associated 

circulating EVs altered metabolic states of the otherwise naïve recipients. Studies 

have also demonstrated that EVs from peripheral blood of aged mice can cross the 

BBB and activate glial cells in the brain. In cancers, circulating EVs play a role in 

facilitating establishment of a microenvironment for tumor growth and fasten tumor 

progression. Circulating B-cell and dendritic-cell derived EVs can activate the immune 

response by delivering antigens to T-cells.  

 The potential ability of EVs in transferring information from circulation to germ 
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cells in males has yet to be explored. This stems partly due to the concept of 

"Weismann barrier” established by Weismann in 1982, stating that the hereditary 

information moves only from germ cells to somatic cells in the periphery and not vise-

versa. Moreover, deciphering soma-to germ cell communication is complex, since 

male germ cells undergo a complex differentiation process in the testis and epididymis. 

This makes it necessary to track all alterations to specific developmental phases. 

Currently, tracking changes to several stages of spermatogenesis in the same animal 

is not feasible due to technical/methodological limitations. Moreover, studying this 

phenomenon in females carries additional difficulties, such as mate preference and 

related behavioral changes, maternal grooming and care, differential delivery, and 

abundance of milk components.  

1.11 Extracellular vesicles in male reproductive tract and their potential role in 
epigenetic inheritance  

In addition to the various tissue and biofluid EVs described above, male 

reproductive tract-associated EVs have a potential role in epigenetic inheritance. Apart 

from the well-studied EVs from epididymis (epididymosomes) and less-known EVs 

from prostate (prostasomes), a recent report demonstrated the presence of testicular-

derived EVs (Choy et al. 2022).  

Testicular EVs 

The testicular microenvironment is rich in different cell types, such as the feeder 

or supporter Sertoli cells, hormone-secreting Leydig cells, germ cells at different 

stages of spermatogenesis, various types of immune cells, and endothelial cells. In 

addition, factors such as cytokines, metabolites, and hormones conduct cellular 

signaling and govern spermatogenesis. Pioneering work on isolated testicular EVs 

demonstrated that: (i) testicular EVs are a heterogeneous mixture of exosomes and 

microvesicles of different sizes, similar to EVs from other tissues; (ii) testicular EVs 

can be taken up by somatic cells and germ cells in the tesis, specifically Sertoli cells, 

spermatogonia, and spermatozoa; (iii) testicular EVs are potentially involved in germ 

cell development; and (iv) testicular EVs can make their way across the blood-testis-

barrier; (v) testicular EVs are originated from Leydig or immune cells in the testis, 

according to their proteomic profiling (Choy et al. 2022). The authors, however, were 

unable to determine if testicular EVs can directly cross BTB and access germ cells, or 

are first taken up by Sertoli cells to elicit responses in Sertoli cells, which are then 
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passed to the germ cells. Nevertheless, by blocking EV release in testis, the 

researchers showed that EVs are important for normal germ cell development. 

Whether testicular EVs are affected by environmental insults or could carry the 

memory of exposure to the germ cells and the next generation, remains an open 

question.  
Epididymal EVs 

The most extensively studied EVs in the mammalian male reproductive tract 

are epididymal EVs, or epididymosomes. They were first described in Chinese 

hamsters by Yanagimachi et al. in 1985. Epididymosomes are secreted by epithelial 

cells of the epididymis, which includes principal, basal, clear and narrow cells (Rinaldi 

et al. 2020). Connected through TJs, the epididymal epithelial cells form the BEB and 

maintain a protective luminal environment that facilitates sperm maturation (Robaire 

et al. 2006). The protein, lipid, and RNA content of epididymosomes differs between 

the three luminal compartments of the epididymis, namely caput, corpus, and cauda. 

The content closely resembles the biochemical composition of the respective 

compartment but carries its unique signature as well. Functionally, epididymosomes 

perform a range of roles, such as neutralizing dead sperm, delivering or removing 

enzymes to alter sperm’s energy production, modifying sperm fluidity, and supplying 

proteins for proper sperm capacitation and adhesion to oocytes (Munoz et al. 2022).  
 Both small and long RNAs are found in epididymosomes. Environmental insults 

such as low protein, stress or toxicant exposure were shown to alter the small RNA 

content of epididymosomes (Alshanbayeva et al. 2021, Trigg et al. 2021, Chan et al. 

2020, Sharma et al. 2016). Epididymosomes carry a vast assortment of sncRNAs, 

such as snoRNAs, tRFs, miRNAs, piRNAs and several others. However, the focus is 

yet to be diverted from tRFs and miRNAs. Needless to say, epididymosomal proteins 

and lipids receive even less attention. Such a gap might partially be explained due to 

the concept that proteins and lipids are mainly known to affect physical properties of 

the sperm, such as fluidity, capacitation, and fertilization, rather than crucially altering 

information inside the sperm, which is transferred to the oocyte. Nevertheless, there 

are some indications for a role of epididymal proteins in signaling to the offspring. Trigg 

et al. demonstrated that the epididymal epithelial cell proteome is altered by 

acrylamide, which in turn potentially alters epididymosomal proteins delivered to 

mature sperm.  

Prostate EVs 
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  Prostasomes are EVs secreted by the epithelial cells of the prostate (Munoz et 

al. 2022). They were the first EVs associated with male germ cells discovered in 

seminal plasma in the 1970s. Similar to other EVs, prostasomes range from 30 to 500 

nm in size. The main functions of prostasomes involve prevention of premature 

capacitation of sperm, by delivering high amounts of sphingomyelin, and the delivery 

of agents for sperm protection. For example, human prostasomes protect sperm from 

bacterial infection, by delivering a protein that aggressively permeabilizes the bacterial 

walls. The fusion of prostasomes to sperm as well as the mechanisms of their delivery 

are not well-understood. The seminal plasma does not only advance sperm motility, 

but it also evokes immunological responses from the maternal pre-implantation uterine 

environment (Watkins et al. 2018). These responses facilitate postfertilization 

development of embryos. Watkins and colleagues showed that seminal fluid alone 

carries enough information about an environmental insult to affect the offspring 

metabolism. They particularly highlighted that, when seminal fluid and sperm have 

similar metabolic backgrounds, the embryonic development progresses normally. 

Whereas, seminal fluid with unmatched background to that of sperm, does not 

program appropriate uterine response, somewhat hindering offspring metabolic health 

development (Watkins et al. 2018).  

1.12 Characterization and identification of circulating extracellular vesicles  

 This chapter provides information on the different methods for identification and 

characterization of circulating EVs, in addition to describing the most commonly used 

methods to isolate EVs from blood.  
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Figure 1-3. Broad overview of extracellular vesicles formation and release 
pathways. 
Exosomes or small extracellular vesicles (exosomes) are formed as intraluminal vesicles in 
early endosomes, with a subsequent release into the intercellular space from the fusion of 
multivesicular bodies with plasma membrane. Microvesicles are formed by outward budding 
of the plasma membrane, whereas apoptotic bodies are formed by blebbing of the plasma 
membrane due to programmed cells death. The main components of extracellular vesicles 
include lipids, scnRNAs, proteins and longRNAs. Created with BioRender.com. 
  
Analysis of circulating extracellular vesicles 

Blood is a rich medium, composed of a range of heterogeneous molecules 

secreted from different tissues throughout the body. It is therefore important to 

differentiate EVs from other circulating components, such as lipoproteins, proteins, 

lipids, hormones and other circulating particles. Isolation and characterization of EVs 

from blood carries many challenges, due to several reasons: (i) size and density of 

EVs and other circulating components, such as lipoproteins are similar, depending on 

the sub-type; (ii) within EVs, subpopulations exist that differ in secretion mechanism 

and cellular function, but overlap in size (exosomes, microvesicles, apoptotic bodies); 

(iii) low abundance and fragility of EVs create additional difficulties in the processing 

and long-term storage. 

Currently, several validation methods for EVs are established, following the 

minimal guidelines published by the Society of Extracellular Vesicles (Théry et al. 

2018). These methods include electron microscopy (EM), western blotting (WB), 

nanoparticle-tracking analysis (NTA) and fluorescence flow cytometry (FFC).  
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To validate the shape and morphology of EVs, negative stain EM remains to be 

the standard imaging technique. More detailed structural information on EVs can be 

obtained by EM, since the resolution of EM is much smaller than the EV size, allowing 

even imaging of protein aggregates. EVs typically have a cup-shaped round 

morphology in EM, which results from the fixation in the preparation process for EM 

(Chuo et al. 2018). 

NTA, on the other hand, extrapolates the particle size by analyzing Brownian 

motion of particles in a fluid. Through this, NTA allows estimation of several EV 

quantitative and qualitative parameters, such as particle size, number, and presence 

of surface markers. The videos of particles moving in real time are used for 

calculations of final concentrations. However, NTA is not as reliable with smallest EVs 

(<30-50 nm) and is only used as an additional validation method, secondary to WB, 

EM and FFC. 

         In addition to EM and NTA, WB is providing crucial complementary information 

on the EV isolation and purity. The majority of markers used to determine the presence 

of EVs are the tetraspanin markers CD9, CD63, and CD81. Other commonly used EV 

markers include TSG101, Alix, and HSP70. Depending on the cell of interest, the most 

common EV proteins can be found on the Vesiclepedia database. The field of 

circulating EV proteome has progressed rapidly, due to many studies that concentrate 

on purer isolation of Evs, involving depletion from lipoproteins (Trigg et al. 2021, Karimi 

et al. 2018, Kowal et al. 2016).   

         EVs can also be imaged by labeling with fluorescent dyes, such as lipophilic  

Paul Karl Horan (PKH) dyes or luminal carboxyfluorescein succinimidyl ester 

(CFSE) dyes. These dyes allow one to obtain direct quantification of EVs, track their 

uptake by cells, and image tissue localization of injected EVs by flow cytometry or 

microscopy (Dehghani et al. 2020). Labeling of EVs can nevertheless lead to several 

issues that can alter their functionality. When labeling, it is important to preserve the 

size and shape of EVs, due to the necessity of interaction with cells. It is also crucial 

to deplete the labeled EV preparation from the dye-only aggregates, which are not 

distinguished from labeled EVs in downstream analyses. Lastly, dyes could interact 

with EV cargo and alter the functional properties of EVs. 

Current methods and challenges in EV isolations 
Since their discovery in 1970, EV isolation methods have evolved from 1-2 day 

long protocols to a few hours or even minutes of isolation time, depending on the 
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protocol used. However, regardless of the isolation method, the major issues of purity 

and sufficiency of the isolated material for downstream experiments still remain, when 

it comes to the biofluid of major interest - the blood. In the early days of their discovery, 

EVs were identified through EM and chemical lysis (through nitrogen cavitation). Only 

in the mid- and late- 1980s, following determination of the size range of EVs, 

researchers started to use ultracentrifugation (UC) as the main method of isolation, 

which was previously widely used for viral particles. Today, EV isolation methods differ 

in their yield, purity, processing time, and specific downstream applications. In the next 

paragraphs, we will cover the commonly used EV isolation methods such as UC, kit-

based isolations, size-exclusion chromatography (SEC), density-gradient 

ultracentrifugation (DGUC), ultrafiltration (UF) and microfluidic approaches. In addition 

to these main methods, there are a number of other EV isolation methods, such as 

rate-zonal and isopycnic centrifugation, sequential filtration, flow field-flow 

fractionation, ELISA, lectin induced agglutination, and others, that are extensively 

covered elsewhere (Doyle et al. 2019).  

 
Figure 1-4. Overview of commonly used methods for isolation of extracellular 
vesicles from blood.  
Extracellular vesicle isolation methods vary in many parameters, such as processing time, 
purity, yield and reproducibility. Ultracentrifugation, ultrafiltration and chemical precipitation-
based methods produce higher yield, yet have larger amounts of other circulating factors 
contaminating the preparations. Density-gradient ultracentrifugation, immunoaffinity, size-
exclusion chromatography and microfluidic-based methods offer cleaner preparation, 
although with forfeit in yield. Created with BioRender.com.  
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One of the most common methods is a simple high-speed UC. UC has relatively 

high yield, but low purity, since it pellets not only EVs, but rather a mix of particles from 

the experimental biofluid used. One advantage of UC is that it could be widely applied 

to isolate EVs from practically any fluid source. Therefore, it is known as the «quick 

and dirty» method to isolate EVs from biofluids. The purity of UC could be improved 

by performing sequential UCs, at the cost of yield.  

An improved method for isolation of EVs is the DGUC, which also uses high 

speed UC, but applies it to separate particles based on their densities. DGUC results 

in much lower yield compared to the standard UC, due to dilution of the sample with 

iodixanol to create a gradient and long centrifugation times (up to 18-20h).   

         Similar to UC, commercial-based kits also elute EVs in a mix with other biofluid 

components, but methods specific to EVs with certain markers have been recently 

developed. They are generally less time-consuming than other methods and are 

based on different techniques, such as magnetic bead-based pulling of EVs, polymer-

based precipitation, and immunoaffinity. Regardless of the kit used, the costs are 

relatively high when performing high throughput research.  

 Another «quick and dirty» way of EV isolation from biofluids is ultrafiltration. It 

is based on the size of particles in a biofluid and shear force that pushes the fluid 

through a membrane that has a molecular cut-off filter. Even though it is relatively fast 

compared to other popular methods like UC or DGUC, there are several 

disadvantages such as clogging of the membrane filter, wasting the filters due to 

clogging, damage to particles due to shear stress, or trapping of EVs on the 

membrane. 

         SEC is a method for EV isolation from biofluids with comparably purer and 

higher yield. However, since the particles in a fluid injected onto the column are 

separated by their size, larger circulating lipoproteins and smaller apoptotic bodies 

partially elute in the EV fractions. The new generation of commercially available SEC 

columns allow better separation from lipoproteins and require lower input volumes. 

Since SEC does not involve a long processing time, it allows rapid sample isolation, 

without freezing prior to processing. When it comes to in vivo studies requiring EV 

injections, SEC is the most appropriate isolation method, since it allows immediate 

processing of a biofluid and injection of EVs. This ensures minimal disruptions to 

natural functioning of the injected EVs.  
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 Still at their early stage of development and usage, microfluidic-based isolation 

techniques hold several advantages, such as separation of particles in a biofluid 

simultaneously based on size and biochemical composition, fast operation, 

reproducibility, and low amount of starting material. There are currently 2 major 

microfluidic approaches for EV isolations - the sound-based and the immuno-affinity-

based methods (Doyle et al. 2019). In the prior, the ultrasound waves are used to 

vibrate the particles in a flow of fluid, causing higher vibration and therefore faster 

speed for larger particles. However, this method allows particles to be isolated based 

on the size property only. The immuno-affinity-based isolation of EVs instead uses 

antibodies that are immobilized on a chip to bind various membrane proteins on the 

EV surface. It allows higher specificity and isolation of more homogeneous population 

of EVs.  

 Challenges in the isolation of EVs   
There are several important empirical aspects to consider when performing 

isolations of EVs from biofluids. Depending on these practical aspects, the results of 

experiments carried out on the same sample may differ.  

 Firstly, storage and handling conditions greatly contribute to the overall EV 

yield. Regardless of the isolation method used, increasing the number of freeze-thaw 

cycles negatively impacts EV yield, by damaging the EV membrane. This 

subsequently affects all the downstream applications performed on EVs, such as 

RNA-seq, proteomics, and others. When making cross-study interferences and 

integrating datasets from different experiments, such information is important for 

appropriate interpretation of results. 

Secondly, treatment procedures performed before and after EV isolation should 

be considered. Major changes are observed when purified EVs are treated with 

RNAses or proteases before RNA isolations. Additionally, the treatment with protease 

can impact EV natural functions by disrupting proteins on the surface of EVs that are 

involved in the uptake or secretion processes. Similarly, RNAse treatment would affect 

the RNA that could be bound to the EV membrane, instead of being encapsulated 

inside the lipid bilayer. Such details are important, since both EV RNAs and proteins 

play a role in intercellular communication and can affect the target cells.  

Another important aspect to consider is the proportion of other circulating 

components in the isolated EV material from biofluids. Since most of the EV isolation 
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methods produce a mixture of particles with enrichment of EVs, the proportion of other 

components, such as lipoproteins, should be recorded.  

Overall, depending on the application, one or a combination of the EV isolations 

methods described above could be appropriate. When EV-specific RNA or protein is 

of interest, or EV injections are performed, techniques requiring less pre-processing 

and manipulation such as SEC or immunoaffinity should be the methods of choice. On 

the other hand, when overall characterization or exploratory analysis is performed, UC 

or UF could be used instead.   

1.13 Aim of the Doctoral study   

Using molecular, cellular, and bioinformatic approaches, this thesis aims to 

understand the role of circulating factors as conveyors of changes caused by 

environmental exposures to male germ cells (Chapter 1, Chapter 2). In addition, it 

explores the role of circulating extracellular vesicles as carriers of information to germ 

cells in males that can give rise to phenotypic alterations in the offspring (Chapter 2). 

It also investigates the modifications in male reproductive tract extracellular vesicles 

due to an environmental insult during early life (Chapter 3). To address these 

outstanding questions, this thesis uses a mouse model of early life stress as a model 

of an environmental exposure during early life. The thesis concludes with a discussion 

of the relevant challenges in the research field, other significant questions that are yet 

to be answered and recommendations on future experiments and research directions 

(Chapter 4).   
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from the periphery to the germ cells in males 
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2.1 Abstract  

Paternal exposure to environmental stressors drives changes to the 

information carried by the sperm. The knowledge whether these stressors modify 

information in the germline by directly acting on the germ cells or indirectly via 

somatic cells in the gonads is limited. In recent years, the possibility that soma-to-

germline communication contributes to the transfer of paternal experiences to the 

offspring has been suggested by studies in rodent models. However, how signals in 

the periphery can reach germ cells in gonads is still not well understood. As a 

biological fluid that captures physiological changes in the body and brings signaling 

components across different tissues, blood has emerged as a potential vector of 

such communication. Here, using early life stress as an environmental insult, we 

identified circulating extracellular vesicles as vectors of communication with germ 

cells that can reproduce several symptoms of exposure in the offspring when 

injected to fathers in vivo. These results highlight the importance of circulating 

factors in the mechanisms of epigenetic inheritance. 

 

 

Keywords: Epigenetics, extracellular vesicles, miRNAs, early life stress, sperm, 
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2.2 Introduction  

Intercellular communication is a fundamental process necessary for the 

development and functioning of multicellular organisms. Cells can communicate by 

exocytosis or direct exchange of small cytoplasmic components via gap junctions, 

which are efficient modes of information transfer for cells in close proximity (Armingol 

et al. 2021; Di Fiore et al. 2001). However, cells far apart are also known to exchange 

information, such as by secreting components into the blood, a process known as 

endocrine signaling. Long distance communication between cells is however more 

challenging and involves different mechanisms such as secretion of messengers or 

formation of thin tubular membranous channels to transfer signaling molecules, 

proteins, lipids and RNAs. Recent research identified extracellular vesicles (EVs) as 

another efficient mode of long distance communication between cells (Raposo et al. 

2019). EVs are small particles delineated by a lipid bilayer and released into 

extracellular space by many cell types. EVs carry active molecules such as proteins, 

nucleic acids, metabolites, and lipids and were shown to carry a variety of roles in 

intercellular communication in different systems, such as immune, cardiovascular, 

reproductive systems and more (Buzas et al. 2022; Yates et al. 2022). 
Circulating EVs produced by some tissues can transfer their cargo to other cells 

in the body via endocrine signaling, and in some cases lead to changes in the recipient 

cells (Morales-Prieto et al. 2022; Thomou et al. 2017). For example, miRNAs from EVs 

derived from adipose tissue can regulate gene expression in liver (Thomou et al. 

2017). EVs from peripheral blood can activate glial cells in the brain, suggesting they 

can cross the blood-brain-barrier (Morales-Prieto et al. 2022). In some pathological 

states such as inflammation, cancer and cardiovascular diseases, composition as well 

as functionality of EVs can be altered. For example, in models of cerebral ischemia, 

EVs from brain endothelial cells can transfer a pro-neuronal transcription factor to 

astrocytes, transforming them into neuronal progenitor cells (Li et al. 2022). Whereas, 

EVs released from cancer cells can affect growth, differentiation, proliferation and 

migration of their recipient cells (Zhang et al. 2021). 
However, communication of circulating EVs with gonads or gonadal germ cells 

in mammals has not been well studied. In males, this stems partly due to the presence 

of the blood-testis-barrier and the concept of hereditary information moving only from 

germ cells to somatic cells in the periphery and not vise-versa, also known as 
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Weismann’s theory. In addition, addressing this question is technically challenging, 

since male germ cells undergo several differentiation stages in testis and epididymis, 

creating  a barrier with the number of cell types and differentiation stages to look at.  
Here we examined the potential communication between circulating EVs and 

germ cells in males by using a mouse model of early life stress (ELS), as a model of 

changes to environmental conditions. We show that circulating ELS EVs and their 

cargo are sufficient to affect the physiology of directly exposed animals and of their 

unexposed progeny. Injections of ELS EVs into the circulation of naïve animals result 

in the long-term reprogramming of the sperm transcriptome, which also correlates with 

altered transcriptional programs in the embryo and metabolic changes in the adult 

offspring. Our data provide evidence that environmental exposures can persistently 

rewire circulating factors such as EVs, which in turn can modify physiology across 

generations. These findings highlight the important role of circulating factors in 

communication processes in the body and identify their contribution to information 

transfer to germ cells. 
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2.3 Results  

2.3.1 Circulating EVs have distinct RNAs, lipids and metabolites content.  

To characterize the components of circulating EVs from the plasma of adult mice, 

we first isolated plasma EVs by size-exclusion chromatography, a method that can 

separate particles in a fluid based on their size (Fig. 2-1a). Nanoparticle tracking 

analysis showed enrichment of particles of 50-120 nm diameter in fractions 4-5 of our 

preparations, consistent with the expected size of exosomes, which are the smallest 

EVs in mammals (Fig. 2-1b). Electron microscopy confirmed the typical cup shape 

morphology of EVs in these fractions (Fig. 2-1c). Western blot analyses indicated the 

presence of common EV markers known to be abundant in EV preparations from 

various sources (Odaka et al. 2022; Komarova et al. 2021; Kowal et al. 2016), 

including the heat-shock protein HSP70 in fractions 4-5 and 6-7, and the tetraspanin 

family protein CD63 in fractions 4-13. We also checked  the high-density lipoprotein 

(HDL) marker ApoA1, to confirm the absence of HDL in EV-enriched fractions. ApoA1 

was absent from fractions 1-6 but detectable in fractions 6-9 (Fig. 2-1d). Therefore, to 

avoid HDL contamination, we used only fractions 4-5, instead of all fractions that 

displayed the presence of EV markers HSP70 and CD63, as the source of EVs for all 

further analyses and experiments.  

We next characterized the RNA, lipids and metabolites content of plasma EVs. 

Profiling of small RNA populations by RNA sequencing (RNA-seq) revealed that the 

majority of RNA reads map to tRNAs, microRNAs (miRNAs) and protein coding 

regions, consistent with previous reports (Fig. 2-1e) (Thomou et al. 2017; Otahal et al. 

2021; Vickers et al. 2011; Skotland et al. 2011). We found that specific miRNAs, known 

to be enriched in EVs (Otahal et al. 2021), were abundant in our preparations while 

miRNAs enriched in HDL were in low amount, confirming the specificity of our EV 

preparations (Supplementary Fig. 2-1a). Analyses of lipids by liquid chromatography 

coupled with mass spectrometry revealed the presence of major lipid classes such as 

lysophosphatidylcholines (LPC), phosphatidylcholines (PC), sphingomyelins (SM), 

phosphatidylethanolamine (PE) and triacylglycerols (TAG), with PCs and SMs being 

the most predominant classes (Fig. 2-1f). Analyses of functional categories related to 

the cellular localization of lipid moieties indicated that the majority of lipids in EVs 

belong to lysosomes and membrane (Supplementary Fig. 2-1b), which are both 
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involved in EVs secretion (Skotland et al. 2020). Finally, the profiling of EVs 

metabolites by time-of-flight mass spectrometry showed that carbohydrates, fatty 

acyls, benzoids and steroids among others metabolite sets are enriched in plasma 

EVs (Fig. 2-1g). Together, these results identify complex RNA, lipids and metabolites 

signatures of plasma EVs from adult mouse.  
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Figure 2-1. Isolation of plasma EVs and characterization of RNA, lipid and 
metabolite components. 
a. Purification of plasma EVs by size-exclusion chromatography. EVs are enriched in 
fractions 4-5 (F4-5) and are separated from larger circulating components, including LDL 
(low-density lipoprotein), vLDL (very low-density lipoprotein) and apoptotic bodies in 
fractions 1-3 (F1-3) and smaller components including HDL (high-density lipoprotein) and 
proteins in fractions (F6-13). Created with Biorender.com. 
 
b. Concentration of plasma EVs (particles/ml) by size (nm) obtained by nanoparticle 
tracking. SD (Standard Deviation), D10-50-90 (points at which 10%, 50% and 90% of the 
sample is contained).  
 
c. Electron microscopy images of EV enriched fractions 4-5. Arrows point to individual EVs.   
 
d. Protein levels of EV markers, a transmembrane protein associated to plasma membrane 
(CD63) and cytosolic protein (HSP 70), and a high-density lipoprotein marker (ApoA1). C+ 
(positive control, human exosome lysate), C- (negative control, buffer), M (Molecular weight 
marker).   
 
e. Distribution of RNA biotypes as % of total reads in plasma EVs from size-exclusion 
chromatography F4-5. n=6 biologically independent samples.  
 
f. Distribution of lipid classes in plasma EVs from size-exclusion chromatography F4-5. n=8 
biologically independent samples. PC (Phosphatidylcholine), LPC 
(Lysophosphatidylcholine), SM (Sphingomyelin), TAG (Triglyceride), PE 
(Phosphatidylethanolamine), LPE (Lysophosphatidylethanolamine), PS 
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(Phosphatidylserine), CAR (Acylcarnitine). n=6 biologically independent samples. 
 
g. Enriched sets of metabolites in plasma EVs from size-exclusion chromatography F4-5. 
n=8 biologically independent samples. 

2.3.2 ELS persistently modifies the composition of circulating EVs. 

We next wanted to understand if early life experiences can alter circulating EV 

components in adulthood. To achieve this, we used a mouse model of ELS, where 

pups are separated from mothers during postnatal days 1-14 and mothers are 

subjected to a forced-swim or restrain stress daily at unpredictable times (Fig. 2-2a) 

(Franklin et al. 2010). We previously demonstrated that serum of adult animals 

exposed to ELS, when chronically injected into naïve animals, can lead to metabolic 

perturbations in the offspring of the injected animals (van Steenwyk et al. 2020). We 

compared plasma EVs of ELS and control males in EV number, RNA, lipid and 

metabolite composition (Fig. 2-2a). While no differences were detected in the mean 

particle size between control and ELS EVs, the total number of EVs was significantly 

higher in ELS plasma (Fig. 2-2b, 2c). 

Remarkably, ELS significantly altered RNA cargo of EVs (Fig. 2-2d). In particular, 

we detected 7 down- and 63 up-regulated RNAs (P-adj. < 0.05) respectively (Fig. 2-
2d). The majority of differentially-altered sncRNAs are microRNAs and tRNAs 

(Supplementary Table 2-1). Many of these scnRNAs, such as the microRNA families 

miR-let-7, miR-30, and tRNA-Lys, were found by others to be altered in response to 

different environmental exposures (Gapp et al. 2014; Trigg et al. 2021; Sharma et al. 

2016; Chan et al. 2020; Rodgers et al. 2015). 

To confirm the specificity of our RNA findings to EVs, we isolated plasma EVs by 

yet another method known as density-gradient ultracentrifugation (DGUC) and 

performed small RNA-seq (Supplementary Fig. 2-2a). DGUC differs from SEC in that 

it separates particles based on their density rather than size (Fig. 1a, Supplementary 
Fig. 2-2a). Overall, DGUC EVs were of similar size range of EVs and shape as those 

from SEC (Fig. 2-1e, 1c; Supplementary Fig. 2-2b-e), while the difference in number 

between control and ELS plasma EVs was also present in the DGUC EVs (Fig. 2-1, 
Supplementary Fig. 2-2f). However, the overall number of EVs from DGUC isolations 

was significantly lower compared to the number from SEC isolations, which stems 

from the technical differences between the two methods (Fig. 2-2c, Supplementary 
Fig. 2-2f). We observed significant differences in the abundance of microRNAs in ELS 
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EVs isolated by DGUC. Namely, both SEC and DGUC showed a significant increase 

of miR-30 and miR-let-7 miRNA families in ELS plasma EVs, while differences in the 

abundance of other sncRNAs were unique to either of the isolation methods (Fig. 2-
2d, Supplementary Fig. 2-2g). 

In addition to RNAs, differential analysis of EV lipids isolated by SEC showed 

significant increase in 5 lipids in ELS plasma EVs compared to controls, with no 

difference in overall distribution of lipid classes and functional categories (Fig. 2-2e, 
Supplementary Fig. 2-3a, 3b). These increased lipids include 3 PCs and 1 PE, that 

form the EV lipid bilayer and 1 TAG (Fig. 2-2g, 2h).    

The type or number of different EV metabolites in ELS plasma were not altered 

compared to controls (Fig. 2-2f). When looking at the top metabolites in ELS plasma 

EVs (P < 0.1), we observed overrepresentation in several metabolite sets, such as 

monosaccharides, fatty acids and conjugates, such as steroid conjugates and bile 

acids (Supplementary Fig. 2-4a, 4b). Enrichment in these metabolite sets is 

consistent with what we previously observed from plasma of adult ELS males. 

Overall, our findings suggest that ELS alters the number, sncRNAs cargo and lipid 

composition of circulating EVs in adult male mice. 
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Figure 2-2. The effect of ELS on plasma EVs RNA, lipid and metabolite 
components.  
a. Experimental design. Plasma EVs are isolated from ELS and Controls, and analyzed by 
small RNA-sequencing, lipidomics and metabolomics. Created using Biorender.com. 
 
b. Mean particle size of plasma EVs from ELS and Controls (two-tailed unpaired Student’s t-
test, ns=non-significant, n=8 biologically independent samples/group). Error bars are SEM.  
 
c. Concentration of plasma EVs in ELS and Controls (n=8 biologically independent 
samples/group, *P < 0.05).  
 
d-f. Volcano plots of differentially-expressed small RNAs (d), lipids (e) and metabolites (f) in 
ELS plasma EVs compared to Controls. (n=6 biologically independent samples/group for 
small RNAs, n=7/group for metabolites, n=8/group for lipids). Corrected for multiple testing 
with Benjamini-Hochberg test. Significance: Padj.  < 0.05.  
 
g. Lipid composition of plasma EVs. PC (Phosphatidylcholine), SM (Sphingomyelin), CHOL 
(Cholesterol), PE (Phosphatidylethanolamine), PS (Phosphatidylserine), PE-O 
(Phosphatidylethanolamine-O). Created using Biorender.com.  
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h. Differentially altered lipids in ELS plasma EVs. Mann–Whitney, Significance: P* > 0.05. 
Nomenclature: number of carbons in the fatty acid chain : number of double-bonds in the 
fatty acid chain.  

2.3.3. Chronic injections of circulating EVs can alter metabolic state of naïve 
mice. 

Since circulating EVs can influence physiological states across organs, and ELS 

resulted in robust alterations in circulating EV composition, we wanted to test if 

alterations in EV components brought by ELS in naïve animals. To do this, we isolated 

plasma EVs from 3 months old control and ELS males by SEC and chronically injected 

them into naïve age-matched males for 4 weeks, twice per week (Fig. 2-3a). SEC was 

the method of choice due to the higher amount of EVs isolated compared to DGUC 

(Fig. 2-1a, Supplementary Fig. 2-2). 

We looked at glucose metabolism, circulating metabolites and lipids in the injected 

males long-term post-injections (Fig. 2-3a), since ELS alters glucose metabolism and 

circulating components, whereas circulating EVs were shown to play a role in glucose 

metabolism (Castaño et al. 2018). We observed no differences in body weight 

immediately after or long-term post-injections (Fig. 2-3b), while ELS EV-injected mice 

showed significantly lower insulin sensitivity and no difference in glucose clearance 

(Fig. 2-3c, 3d). Unbiased plasma metabolomic and lipidomic analyses of ELS EV-

injected males 46 days after injections revealed many significantly up- and down-

regulated metabolites and their subsequent pathways (Fig. 2-3e, 3f; Supplementary 
Fig. 2-5a, 5b; Supplementary Table 2-2). Overall, 18% of all metabolites detected in 

the plasma of Day-46 ELS EV-injected males were significantly altered between the 2 

groups, with 132 up-regulated and 111 down-regulated metabolites (Fig. 2-3e). 

Compound analysis of these metabolites showed 100-300-fold enrichment of several 

compounds, including fatty acids, prenol lipids, steroid conjugates, and 

glycerophosphoethanolamines (Fig. 2-3g). Similar metabolic pathways and 

compounds were enriched in plasma of ELS adult males (van Stynweek et al. 2020). 

When looking at only significantly up- or down-regulated metabolites, we found that 

major compound differences originate from metabolites that are down-regulated 

(Supplementary Fig. 2-5a, 5b). Differential pathway enrichment of metabolites in 

plasma of Day-46 ELS EV-injected males showed up-regulation of alpha linolenic acid 

and linoleic acid metabolism, similar to that of ELS adults, up-regulation of bile acid 
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biosynthesis and steroidogenesis, opposite of ELS adults (Fig. 2-3f). When looking at 

the common metabolites that are altered in ELS and ELS EV-injected males, we 

observed that half of the common metabolites have opposite enrichment in the 2 

groups (Fig. 2-3h). 

In addition to the major changes in circulating metabolites, we found that around 

50% of lipids assigned with high confidence to be significantly upregulated and <5% 

down-regulated  in the circulation of males injected with ELS EVs 46 days compared 

to controls (Fig. 2-3i). Similar to ELS EV lipids, most of the significantly altered and 

upregulated lipids were PCs and PEs (Fig. 2-3j). 
These findings indicate that chronic injections of circulating EVs from animals 

exposed to ELS can induce long-lasting changes in the metabolism of naïve adult 

males, and that some of the changes resemble those of adult ELS.   

 

 

 

 

 



 54 

 
Figure 2-3. Impact of chronic injections of ELS EVs on metabolism. 
a. Experimental design. Plasma EVs from ELS or Controls were intravenously injected into 
naïve mice for 4 weeks, 2 times per week (n=7 biologically independent samples/group). 
Created using Biorender.com. 
 
b. Body weight of the ELS or Control EV-injected males at 1 day post-injections (Day-1) and 
% change in body weight at 46 days post-injections (Day-46). Two-tailed unpaired Student’s 
t-test, ns=non-significant.  
 
c-d. Glucose tolerance test (GTT) and insulin tolerance test (ITT) of ELS EV-injected males. 
Repeated-measures ANOVA, treatment effect P < 0.05.  
 
e-g. Changes in circulating metabolites (e), metabolic pathways (f) and metabolic compounds 
(g) in plasma of ELS EV-injected males (n=7 biologically independent samples/group). 
Corrected for multiple testing with Benjamini-Hochberg test. Significance: Padj. < 0.05. 
Metabolites with Padj.  < 0.05 were selected as input for Metaboanalyst tool to look at 
compound enrichment. 
 
h. Heatmap of commonly altered (P < 0.05) plasma metabolites in adult ELS males and 
ELS EV-injected males compared to Controls.  
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i. Heatmap of significantly changed (Padj. < 0.05) plasma lipids in ELS EV injected males at 
46 days post-injections compered to controls (n=7 biologically independent samples/group).  
 
j. Lipid classes of significantly changed ELS plasma EVs lipids. Corrected for multiple 
testing with Benjamini-Hochberg test. Significance: Padj. < 0.05.  

2.3.4 Circulating EVs can signal to germ cells in males.   

We have shown that ELS circulating EVs can cause long-term systemic metabolic 

alterations in the periphery in naïve males, when injected chronically. However, 

whether circulating EVs can reach or affect germ cells is not known. Therefore, we 

incubated GFP-labeled plasma EVs with a testicular germ cell-like GC-1 cells in vitro. 

We detected the presence of GFP-signal in the cytoplasm of the GC-1 cells (Fig. 2-
4a), suggesting the potential ability of circulating EVs to enter germ-like cells. 

We next wanted to test if the circulating EVs can have an effect on male germ cells 

and looked at the examined the sperm of ELS EV-injected and control males in 

longRNA and sncRNA content at 12 and 46 days after the injections (Fig 2-4b). In 

mice, the epididymal transit of spermatozoa lasts ~7 days, then the mature sperm 

resides in cauda for ~5 days and is then removed by spontaneous ejaculation (Fig 2-
4b) (Dadoune et al. 1984; Meistrich et al. 1975; Huber et al. 1980). Therefore, a delay 

of 12 days allows us to eliminate the sperm that was present in the epididymis during 

the injections (Fig. 2-4b). 

At 12 days post-injections, we found 3 scnRNAs significantly increased and 2 long 

RNAs significantly decreased (Padj.<0.05, LogFC>1) in the sperm of the ELS plasma 

EV-injected males compared to controls (Fig. 2-4c, 4d). Among the top increased 

scRNAs are 2 piRNAs and miR-let-7c, whereas tRNA-Glycine and tRNA-Histidine 

showed an increased trend (Padj.<0.1) (Supplementary Table 2-3). Many of these 

small RNAs have been previously shown to be involved in paternal transmission of 

environmental changes to the offspring, including miR-let-7 family that we previously 

showed to be up-regulated in ELS sperm (Sharma et al. 2016; Gapp et al. 2020). 

Genes that have an increased trend (P<0.05) in the sperm of ELS EV-injected Day-

12 males showed enrichment of 340 transcription factor (TF) binding sites (Padj.<0.01) 

(Supplementary Table 2-3). One of the top enriched binding sites is a PPARα-RXRα 

binding motif (Supplementary Table 2-3). PPAR-involving pathways were also found 

to be increased in adult ELS sperm (van Stynweek et al. 2020). Overall, regardless of 

significant changes in body weight of ELS EV-injected males 12 days post EV 
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injections (Fig. 2-4c, 4d), the effect of the injections to the germ cells was mild, at least 

when looking at the RNA signature of the sperm. 

12 days following injections, the caudal sperm of the EV-injected males was 

exposed to the injected material during the latest stages of testicular development 

(Fig. 2-4b) (Meistrich et al. 1975; Cossetti et al. 2014). This time-point does not allow 

one to distinguish if the male germ cells could be perceptive to circulating factors at 

the earlier stages, such as spermatogonium or preleptotene spermatocyte, which take 

place outside the blood-testis barrier (BTB) (Fig. 2-4b). Therefore, we have further 

looked at the EV-injected males’ caudal sperm small and long RNAs 46 days after 

injections (Day-46), a period which allows for a complete spermatogenesis cycle and 

clearance of mature sperm from cauda by spontaneous ejaculation (Fig. 2-4b). This 

replenishes all the germ cells that could be directly vulnerable to the injected material 

during maturation in the seminiferous tubules or during the epididymal passage (Fig. 
2-4b). 

Interestingly, at 46 days post-injections, the increase in body weight of ELS EV-

injected males that we observed at 12 days post-injections was lost, with no 

differences in body weight between ELS and control EV-injected males (Fig. 2-3b, 
Supplementary Fig. 2-6). Both sperm small and long RNAs were significantly altered 

in males injected with ELS plasma EVs compared to controls, 46 days post-injections 

(Fig. 2-4e, 4f). 
To compare transcript expression changes in Day-12 and Day-46 EV-injected 

males to ELS and ELS serum-injected males’ sperm transcript expression changes, 

we used a rank-rank hypergeometric overlap (RRHO) analysis, which allows a 

threshold-free identification and expression comparison of common transcripts 

between 2 groups (Fig. 2-4g, Supplementary Table 2-3, 4). Sperm of Day-12 males 

displayed similar transcript expression patterns as ELS males and males injected with 

ELS serum (Fig. 2-4g). Whereas, the majority of common transcripts between Day-46 

males and ELS or ELS serum-injected males had an opposite expression profile (Fig. 
2-4g). Interestingly, RRHO analysis also showed that, among the common RNAs 

found in Day-12 and Day-46 sperm, there is a set with similar and a set with opposite 

expression pattern in the two groups (Fig. 2-4g). 
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Figure 2-4. The effect of chronic injections of ELS EVs on sperm RNA.  
a. Fluorescence microscopy images of germ cell-like GC-1 cells incubated with plasma EVs 
labeled with a green fluorescent PKH67 dye. Scale bar: 10 μm. 
  
b. Representation of male germ cell maturation and transit through testis and epididymis in 
mice. On average, male germ cells spend ~35 days in testicular maturation, whereas 
epididymal transit lasts ~7 days with waiting time of ~5 days in cauda epididymis.  Created 
using Biorender.com. 
 
c-f. Volcano plots of differentially expressed sperm small and long RNAs in ELS EV-injected 
males 12 days (c-d) and 46 days (e-f) post-injections. Corrected for multiple testing with 
Benjamini-Hochberg test. Significance: Padj. < 0.05. (n=7 biologically independent 
samples/group for 46 days, n=5 biologically independent samples /group for 12 days).  
 
g. Rank-rank hypergeometric overlap plot of sperm long RNA expression comparison 
between different groups. Comparisons made: sperm of ELS EV-injected males 12 and 46 
days post-injections, ELS sperm and sperm of ELS serum-injected males 12 days post-
injections. Expression level represents -log10 (P) of overlapping RNAs between any 
compared 2 groups.  
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2.3.5 Exposure to EVs can alter metabolism intergenerationally. 

We showed that exogeneous administration of EVs can rewire the RNA cargo of 

sperm from naïve mice (Fig. 2-4c-f). Since sperm RNA is sufficient to induce 

phenotypes in the offspring, we wanted to next understand if those otherwise naïve 

animals injected with ELS EVs have offspring that are metabolically different 

compared to control offspring. This question is especially relevant, since the effect of 

ELS is known to affect metabolism of the unexposed offspring (Franklin et al. 2010). 

To do this, we repeated the injections of ELS and control plasma EVs into naïve males 

as before (Fig. 2-3a) and looked at different parameters in the adult offspring that were 

obtained by pairing with naïve females at 12 (Day-12 offspring) and 46 (Day-46 

offspring) days after injections (Fig. 2-5a). Interestingly, Day-12 offspring of ELS EV-

injected males indeed had metabolic alterations, similar to that of ELS offspring and 

offspring of ELS serum-injected males (Fig. 2-5b, 5c, 5f-g) (van Stynweek et al. 2020). 

First, the body weight of Day-12 ELS EV-injected offspring was significantly 

decreased, similar to ELS offspring (Fig. 2-5b). This decrease came from overall 

changes in body composition, such as significantly lower body fat, water, and lean 

mass (Fig. 2-5b). Additionally, Day-12 offspring of ELS EV-injected males displayed 

insulin hypersensitivity and higher glucose in response to restraint, corresponding to 

ELS males and ELS offspring (Fig. 2-5c). Moreover, steroidogenesis and bile acid 

biosynthesis pathways were decreased, as in ELS males and ELS offspring (Fig. 2-
5f). Day-12 offspring of ELS EV-injected males also had alterations in circulating lipids 

(Fig. 2-5h). Overall, Day-12 offspring of ELS EV-injected male displayed many 

metabolic alterations that are comparable to that of ELS offspring. 

Similar to the different metabolic and sperm RNA signatures of ELS EV-injected 

males at 12- and 46-days post-injections, Day-46 offspring also showed a distinct 

phenotype in body weight and glucose tests from that of Day-12 offspring (Fig. 2-5d, 
5e). Particularly, the Day-46 offspring of ELS EV-injected males had opposite changes 

to that of Day-12 offspring of ELS EV-injected males, in overall body weight, body 

composition and glucose metabolic tests, with only few changes overlapping in 

circulating lipids (Fig. 2-5d, 5e, 5h). Day-46 offspring of ELS-EV injected males had 

mild alterations in circulating lipids and metabolites (Fig. 2-5f-h). When comparing the 

common metabolites that have an increased or decreased trend (P<0.01), Day-12 and 

Day-46 offspring have similar direction of change (Fig. 2-5f). However, there is 
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opposite enrichment (P<0.01) between the two groups in 20% of all common lipids 

(Fig. 2-5h). Interestingly, the common plasma metabolites between Day-12 or Day-46 

and ELS offspring all have an increased trend and all share a significant enrichment 

(Padj.<0.05) in metabolites involved in bile acid biosynthesis and steroidogenesis 

pathways (Fig. 2-5f). 
To understand if metabolic alterations observed in the offspring were specific to 

the plasma EV-enriched fractions of ELS, we intravenously injected ELS or Control 

plasma protein-enriched fractions (PEF) (Fig. 2-1a, F 6-13) into naïve males twice per 

week for 4 weeks, similar to the EV-injections (Supplementary Fig. 2-7a), and 

obtained offspring 12 and 46 days post-injections. Interestingly, males injected with 

ELS plasma PEF showed no changes in glucose metabolism or insulin response, but 

exhibited many significantly altered circulating metabolites and lipids, compared to 

controls (Supplementary Fig. 2-7b-e). However, offspring, obtained at 12 or 46 days 

post-injections from the ELS PEF-injected males were not metabolically different from 

the control offspring (Supplementary Fig. 2-7f, 7g).  

Overall, these findings suggest that alterations in sperm RNA signature of naïve 

mice brought by exogenous EV injections can affect the offspring and manifest similar 

metabolic changes to that of ELS offspring. 
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Figure 2-5. Metabolic changes in the offspring of ELS EV-injected males.  
a. Experimental design. ELS or Control EV-injected males were paired with a naïve female 
at 12 days and 46 days post-injections. Offspring were subjected to EcoMRI, metabolic 
tests, plasma metabolomic and lipidomic analyses. Created using Biorender.com. 
 
b. Body weight and body composition analysis of ELS and Control EV-injected males’ 
offspring obtained 12 days post-injections. Two-tailed Student’s t- test, treatment effect 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns=non-significant. 
c. Glucose in response to restraint (GTT) and insulin tolerance test (ITT) of the ELS EV-
injected Day-12 offspring. Repeated-measures ANOVA, treatment effect P < 0.05.  
 
d. Body weight and body composition analysis of ELS and Control EV-injected males’ 
offspring obtained 46 days post-injections. Two-tailed Student’s t- test, treatment effect 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns=non-significant. 
 
e. Glucose in response to restraint (GTT) and insulin tolerance test (ITT) of the ELS EV-
injected Day-46 offspring. Repeated-measures ANOVA, treatment effect P < 0.05.  
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f. Common enriched metabolic pathways in the EV-injected males’ 12 days and 46 days post-
injections offspring, adult ELS males and ELS offspring. Asterisk and hashtag represent Padj.   
after multiple testing corrections using Benjamini–Hochberg (BH) test. Data significance: # 
Padj.  < 0.1, * Padj.  < 0.05, ** Padj.  < 0.01, *** Padj.  < 0.001, **** Padj.  < 0.0001. Columns indicate 
significance for positive (+) and negative (-) enrichment. 
 
g. Rank-rank hypergeometric overlap plot of plasma metabolites between different groups. 
Comparisons made: ELS offspring, Day-12 EV-injected males offspring, Day-46 EV-injected 
males offspring. Expression level represents -log10 (P) of overlapping metabolites between 
any compared 2 groups.  
 
h. Heatmap of commonly altered (P < 0.05) plasma lipids in ELS EV injected males’ 
offspring 12 and 46 days post-injections compared to controls. CAR (Acylcarnitine), PC 
(Phosphatidylcholine), SM (Sphingomyelin).  

2.3.6 EV injections give rise to developmental changes in early embryos. 

In vitro fertilization allows us to discern the sole contribution of sperm in the 

development of offspring, in the absence of seminal fluid and other paternal factors. 

To understand the role of sperm in the early development of the offspring in the 

absence of other paternal factors, we carried out in vitro fertilizations with the sperm 

of ELS and Control EV-injected males 12 days post-injections and performed RNA-

seq of 2-cell embryos via Smart-seq2 protocol (Fig. 2-6a). Mouse 2-cell embryos can 

be distinguished into early, mid and late stages by stage-specific gene expression. 

Therefore, to not miss information due to possible heterogeneity of the embryos, we 

first characterized the developmental stages of our 2-cell embryos. To do this, we used 

SCMAP, which is a tool for unsupervised projection of single cell RNA-seq data, to 

project our embryo-seq data onto a published dataset, in which gene expression 

profiles of early, mid, and late 2-cell embryos are identified (Deng et al. 2014). 90% of 

our 2-cell embryos were projected by their gene expression to be at mid or late 2-cell 

stage (Fig. 2-6b, 6c). Therefore, we did not split the 2-cell embryos by developmental 

stages for further differential-expression analyses. There was also no clear separation 

of the embryos by fathers when plotting the first two principal components, suggesting 

that differences in gene expression might be discrete between both groups. 

(Supplementary Fig. 2-8a). We found 100 differentially expressed RNAs (Padj. < 0.05, 

logFC > 1) in the 2-cell embryos obtained from the sperm of ELS EV-injected males, 

90% of which were upregulated (Fig. 2-6e). We then performed TF binding-site 

enrichment analysis of differentially expressed genes in the embryos from ELS EV-

injected males (Fig. 2-6d, 6f; Supplementary Table 2-5). The most enriched TF 
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motifs from downregulated genes were E2F family (17% of all motifs), Elk and Pax 

family (3.5%), GATA and Sox family (3%) (Supplementary Table 2-5). When looking 

at the gene ontology (GO) enrichment of the differentially expressed genes in the 

embryos from ELS EV-injected males, the top GO terms related to molecular function 

involved terms such as “translation imitation factor activity”, “translation factor activity 

and RNA binding”, “translation regulator activity” (Supplementary Table 2-5). In 

addition, GO terms related to biological processes and cellular function terms were 

“translation initiation”, “translation”, “spliceosome complex” and terms related to RNA 

splicing processes. These findings indicate overall transcriptional changes in the 

embryos originating from the sperm of males injected with ELS plasma EVs 12 days 

post-injections. 

Since the 2-cell embryos come from the same sperm that was used for long 

and small RNA-seq 12 days post-injections, we wanted to see if any of the embryo 

transcripts targeted by differentially expressed miRNAs in sperm of Day-12 males are 

changed. As expected, all the RNA-targets of the miRNAs upregulated in sperm of 

Day-12 males had a decreasing trend in the embryos, as shown by the cumulative 

distribution plots of the corresponding target genes’ expression in embryos 

(Supplementary Fig. 2-9). 

With these findings, we conclude that the information carried in the sperm of 

the ELS-EV injected males alone is sufficient to alter the initial stages of embryonic 

development in the offspring, with potential impact of these changes in the adult 

offspring. 
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Figure 2-6. Chronic injections of ELS EVs give rise to developmental changes 
in 2-cell embryos.  
a. Experimental schematic of in vitro fertilization and embryo RNA-sequencing experiments. 
Created using Biorender.com. 
 
b. Gene expression heatmap of early 2-cell markers and mid to late 2-cell markers in 
embryos.  
 
c. Plot of 2 main principal components in the embryo RNA-sequencing data. Colour coding: 
projection of single embryo RNA expression onto a known dataset (Deng et. al., 2014) 
shows classification of the single embryos into early, mid and late 2-cell stages.  
 
d-f. Top transcription factors (Padj. < 0.0001) with enrichment of binding motifs in genes 
significantly (Padj. < 0.05) down-regulated (d) and up-regulated (f) in the embryos of ELS EV-
injected males. 
 
e. Volcano plot of differentially-expressed RNAs in ELS EV-injected males’ embryos. 
Corrected for multiple testing with Benjamini-Hochberg test. Significance: Padj. < 0.05. 
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2.4 Discussion 

The inter-organ communicative abilities of circulating EVs have been explored 

with regard to a number of systems. It was shown that injections of circulating EVs 

from obese to lean mice caused glucose intolerance and insulin resistance via 

microRNA dependent pathways (Castaño et al. 2018). Even though overall metabolic 

changes were observed in the lean animals injected with obesity-associated EVs, the 

implications of the EV injections in the sperm or offspring of the injected males was 

not investigated. Here, we further extended the inter-organ communicative potential 

of circulating EVs to the germ cells in males. We do so by demonstrating that chronic 

injections of EVs with altered cargo can have long-term effects on the metabolism of 

the injected males as well as the information carried by their mature sperm. We also 

showed that the systemic impact established by circulating EVs influences the sperm 

RNA content delivered upon fertilization to the offspring. Additionally, we 

demonstrated that injections of circulating EVs from mice subjected to ELS into naïve 

mice can have an intergenerational impact on the offspring, causing varied metabolic 

alterations. To the best of our knowledge, this is the first study that demonstrates the 

role of circulating EVs as signaling factors of changes in the periphery to the germ 

cells in males, with a relevant effect in the offspring. 

The possibility of soma to germline communication through the circulation has 

been previously explored with two different methods. In one of the studies, the authors 

xenotransplanted GFP-positive human melanoma cells in mice and observed the GFP 

mRNA in the sperm from cauda (Cossetti et al. 2014; O’Brien et al. 2020). The second 

study expressed human pre-miR941 with an AAV in the mouse brain and discovered 

the presence of miR941 in mature sperm (O’Brien et al. 2020). In both scenarios, the 

mice were subjected to unnatural invasion in terms of cancer cells or AAV, which are 

known in some cases to not behave innately (Cossetti et al. 2014; O’Brien et al. 2020). 

However, in our study, the EVs were not manipulated, derived from age-matched 

animals, and administered through simple intravenous injections. 

Chronic environmental alterations such as chronic stress, have already been 

shown to alter circulating EV RNAs (Cuomo-Haymour et al. 2022). However, the 

relevance of EVs as small RNA carriers in the circulation has been questioned due to 

the fact that only a small proportion of small RNAs in the circulation originate from EVs 

(Arroyo et al. 2011). On average, there is one microRNA molecule per every 24 EVs 
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in the circulation (Otahal et al. 2021). Since the number of microRNAs in circulating 

EVs is low, our findings further accentuate the fact that plasma EVs of males subjected 

to ELS are enriched in certain microRNAs, such as miR-30 family, miR-let-7 family 

and several tRNAs. Strong evidence from other studies suggests that many of the 

small RNAs we observe altered in ELS plasma EVs are also involved in paternal 

transmission of information on experiences to the offspring. Nevertheless, we cannot 

exclude involvement of other EV components, such as proteins or DNA, in the effect 

we observe. 

The term EVs instead of exosomes is used, since even if the enrichment is in 

particles of size 30-200 nm, there are larger particles in lower numbers in our 

preparations. The presence of microvesicles in our preparations cannot be excluded, 

since their size (0.1–1.0 μm) overlaps with that of larger exosomes. However, similar 

size range of particles is isolated by both SEC and DGUC methods. The variation in 

the number of isolated EVs between the two methods was reported by other studies 

(Onódi et al. 2018; Sidhom et al. 2020). It could be mainly attributed to the longer 

processing time and more processing steps involved in DGUC protocol, both of which 

decrease concentration of purified EVs. The differences in the small RNAs between 

the two methods could be explained by the loss of EVs in DGUC. 

Changes to TF binding in mature sperm and embryos as a response to 

environmental stimuli from fathers was demonstrated before (Jung et al. 2020). We 

also observe enrichment of 340 TF binding sites (Padj. < 0.01) in the genes expressed 

higher (P < 0.05) in the sperm of males injected with ELS EVs. Some recent reports 

indicated association of increased chromatin accessibility and TF-binding in mature 

sperm upon environmental stimuli (Jung et al. 2020). We showed that 90% of the TF-

binding motif enrichments in embryos of ELS EV-injected males come from the 10% 

of genes that were all down-regulated. This suggests that most of the TFs that are 

differentially active among the embryos of two groups are repressors. Interestingly, 

the TF family with most binding sites (17% of all motifs) in downregulated genes from 

the embryos was E2F, a family of TFs conserved from C.elegans to mammals (Tsai 

et al. 2008). During early embryonic development, the E2F family of TFs  are 

associated with differentiation and proliferation signals, and the defect in the E2F 

family during embryonic development causes metabolic changes, such as decreased 

body weight and adipose mass, in adult mice (Tsai et al. 2008; Palena et al. 2000). 
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Cell cycle progression and renewal is affected by E2F during embryonic growth, which 

impacts the adult animal body size significantly (Tsai et al. 2008). 

There are several factors outside the scope of the current study. These include 

addressing several important questions, such as the potential role of seminal fluid and 

the lymph node in the transmission, the travel trajectory of injected EVs and 

downstream effect on the cells EVs are taken up by, the origins of alterations in sperm 

small and long RNAs, other possible changes in the sperm of the injected males and 

the rationale behind the different mechanisms that gave rise to the metabolic variability 

observed in the offspring obtained 12 and 46 days post-injections. 

Seminal fluid was shown to partially transfer paternal exposure information to 

the offspring by others (Watkins et al. 2018). We do not exclude this possibility in our 

model. However, we showed with in vitro fertilization experiments that sperm alone is 

enough to affect the early embryonic development of the offspring of ELS EV-injected 

males. How the changes in gene expression in embryos unfolds remains to be 

explored further. 

Another mode of transmission of environmental exposure information to the 

germ cells that was not explored in our study is the lymph node. Both testis and 

epididymis have access to lymphatic drainage (McDonald et al. 1988), and the 

capillaries responsible for nutrient and vesicle transport of the lymphatic and the 

circulatory systems are found near each other. Moreover, when a human AVV pre-

miR941 is expressed in the mouse brain, the presence of the human pre-miR941 is 

persistently detected in the lymph nodes, in addition to other organs (O’Brien et al. 

2020). Therefore, we cannot eliminate the possibility of circulating EVs acting on the 

germ cells in males through the lymphatic system. 

In addition to the possible modes of transmission mentioned above, the origins 

of the changes in sperm RNA signature as well as metabolism in the males injected 

with ELS EVs 12 days and 46 days after injections is yet to be addressed. To do so, 

more time-points and animals are necessary. One would need to be able to 

continuously monitor changes in the blood as well as in the spermatozoa, ideally, at 

different stages of maturation in testis and epididymis. However, at present, there is 

no sensible method that enables sampling enough spermatozoa for molecular 

analysis, while keeping the animal alive. Potentially, teil sampling for plasma and 

electroejaculation for semen collection could be considered. 
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We have shown that exposure to stress in early postnatal life still has readable 

effects in the circulating EV components in adults. We have also shown that the 

changes in EV components are relevant to the overall metabolism of an organism as 

well as that of the offspring. We speculate that, the circulating components that drive 

metabolic alterations in the offspring are specific to ELS plasma fractions enriched 

with EVs, due to no apparent changes in the offspring of males injected with protein-

enriched plasma fractions. These findings bring new potential applications to light. 

First, circulating EVs can be used as a diagnostic tool or an additional readout of an 

organism’s metabolic state. Second, circulating EVs should be considered in the case 

of blood component transfusions in humans. When blood is separated into plasma, 

red and white blood cells for transfusions, no filtering of plasma components is 

performed to remove EVs from plasma. This becomes more relevant in the case of 

patients receiving regular transfusions, as we demonstrated the impact of chronic 

injections of plasma EVs with altered cargo. Lastly, with the advances in EV isolation 

and characterization methodologies, more targeted delivery of drugs or EVs with 

manipulated cargo could be considered, since the cell or tissue origin of a disease will 

be easier to be determined. 

2.5 Materials and Methods 

2.5.1 Mice 

All C57Bl/6J mice that were used for the experiments were kept under a 12-h reverse 

light/dark cycle in an environment with temperature and humidity control. The animals 

had ad access to food and water ad libitum. All the experiments were performed on 

the animals during the period of their active cycle, in conformity with the guidelines of 

the Cantonal Veterinary Office, Zürich. The animals in this work belong to the license 

number: ZH083/2018. All experimental animals were between 3-4 months old of age, 

except females used for in vitro fertilization experiments (2 months old). 

2.5.2 ELS 

ELS was performed as previously described elsewhere (Franklin et al., 2010). Briefly, 

3-month-old C57Bl/6J females were paired with age-matched males for 1 week. 

Following birth, the litters were separated to ELS or control groups, balancing the litter 

sizes and number of animals between the two groups. Control animals were left 
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undisturbed apart from a cage change once a week until weaning (postnatal day 21). 

Dams assigned to ELS group were subjected to a 3h separation (occurred at 

unpredictable times daily) from their pups from postnatal day 1 to postnatal day 14. 

During the separation, the dams were subjected to either an acute swim in cold water 

(18°C for 5 min) or a 20-min restraint stress in a tube. At postnatal day 21, pups from 

both groups were weaned and assigned into cages of 3-5 animals/cage, based on 

gender and treatment. To avoid cage effect, the pups coming from the same litter were 

assigned to different cages. 

2.5.3 Blood collection 

To avoid triggering the stress response in littermates, the adult males were single-

house overnight with food and water before sacrifice and blood collection. Trunk blood 

was collected into EDTA-coated tubes (Microvette, Sarst-edt) from the adult males 

after decapitation, inverting the tube gently several times. After 15 mins at room 

temperature, the blood was centrifuged at 2,000 × rcf for 10 min. Plasma was collected 

and centrifuged again at 2,000 × rcf for 5 min to remove any debris. Plasma was then 

stored at -80°C. 

 

2.5.4 Nanoparticle tracking analysis 

The number and size distribution of plasma EVs was measured on Nanosight NS300 

(Malvern, UK) at 20 oC, according to manufacturer’s guidelines. All samples were 

diluted to a 1:1000 concentration in filtered (0.22µm) PBS.  

 

2.5.5 Characterization of EVs by TEM 

EVs were visualized by TEM using a negative stain method with methylcellulose. 

Briefly, the carrier grid was glow-discharged in plasma for 10 min and then washed 

with a 100 ul drop of PBS, followed by incubation in 1% glutaraldehyde (GA) in water 

for 5 min and washing with water 5 times for 2 min per wash. The grid was then 

incubated in 1% UAc (uranyl acetate) for 5 min and kept on ice in Methylcellulose/UAc 

(900 ul Methylcellulose 2 % and 100 ul 3 % UAc) solution.  
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2.5.6 Isolations of plasma EVs 

To isolate plasma EVs by size-exclusion chromatography, qEVoriginal columns were 

used (IZON, SP1). The column was prepared and run according to manufacturer’s 

instructions. Briefly, immediately after loading 500 ul of plasma, 13 1 mL fractions were 

collected. Fractions 4-5 of SEC were used as EV-enriched fractions.  

To isolate plasma EVs by density-gradient ultracentrifugation, the Iodoxanol 

(OptiPrep) density media (Sigma-Aldrich, St Louis, MO, USA) was used to prepare an 

OptiPrep gradient (40%, 20%, 10%, 5%) by diluting OptiPrep with 0.25M sucrose, 

10mM Tris. 1 mL of plasma was layered onto the OptiPrep gradient and 

ultracentrifuged at 100,000 x g 4oC for 18 h. 10 fractions were collected from top to 

bottom, and each fraction was diluted with filtered cold PBS and subjected to 120,000 

x g ultracentrifugation for 2 h at 4 oC. The supernatant was removed, and the final 

pellet was resuspended in cold phosphate buffer saline (10010-015, Gibco) and frozen 

in -80 oC. Fractions 5-7 were pulled as EV-enriched fractions.  

2.5.7 Western blotting 

The pellet containing EVs was mixed with 10X RIPA (Cell Signaling Technology) and 

incubated for 5 min at 4oCm and mixed with 4X Laemmli Sample Buffer (Bio-Rad 

Laboratories, USA). The membranes were blocked in 5% SureBlockTM 

(LubioScience GmbH, Zürich, Switzerland) in Tris-buffered saline with 0.05% Tween-

20 (Sigma-Aldrich, St Louis, MO, USA) for 1 h at 20oC and incubated with primary-

antibodies overnight at o4C (anti-HSP70 [1:1000; System Biosciences, EXOAB-

Hsp70A-1], anti-CD63 [1:1000; System Biosciences, EXOAB-CD63A-1], anti-ApoA1 

[1:10000; Genetex, GTX112692], anti-CD9 [1:1000; System Biosciences, EXOAB-

CD9A-1], anti-TSG101 [1:2000; Abcam, ab125011]). Human exosome lysate 

(System Biosciences, EXOAB-POS-1) was used as a positive control. Next, the 

membranes were washed in TBS-T (3 times for 15 min), and incubated with an HRP-

conjugated secondary- antibody (anti-rabbit [1:10000; Santa-Cruz Biotechnology, 

cs2357], anti-mouse [1:10000; Upstate Biotechnology, 12-349]) for 1h, followed by 

another round of washes in TBS-T.  

2.5.8 Intravenous injections of EVs  

EVs injections were performed immediately following isolations by size-exclusion 

chromatography. 100 ul of 1010 freshly isolated EVs from adult ELS or control mice 



 70 

were injected intravenously twice per week for 4 weeks. For injections, mice were 

placed in a restraint tube and the tail was placed in a lukewarm water. The two lateral 

veins of the tail were alternated. The injections success was confirmed by absence of 

resistance and presence of blood. All injections were successful with maximum of 2 

attempts. Each injected male was paired with a primiparous adult naïve female 12 

days or 46 days after the last injection to obtain Day-12 and Day-46 post-injection 

offspring. 

2.5.9 Preparation of sperm samples 

Sperm was isolated as previously described (Roszkowski et al., 2021). Briefly, cauda 

epididymis was incised with several cuts, placed into M2 medium (M7167-100ml, 

Sigma-Aldrich) and incubated for 30 min at 37oC. The supernatant, containing the 

motile sperm was centrifuged at 2000 rcf for 10 min. The supernatant was then mixed 

with equal volume of somatic cell lysis buffer ((0.1 % sodium dodecyl sulfate and 0.05 

% Triton X-100 in MilliQ water)), centrifuged again at 2000 rcf for 10 min and washed 

twice with phosphate buffer saline (10010-015, Gibco).The final sperm pellet was then 

snap-frozen and stored at -80 oC for molecular analysis. 

2.5.10 In vitro fertilization and collection of embryos 

2 months old female mice were superovulated with Card Hyperova (Cosmo Bio, 

KYD-010-EX-X5), followed by 5 Units of human chorionic gonadotropin (hCG) 48 

hours after. 16 hours following the hCG administrations, the females were sacrificed 

by cervical dislocation and ampulla was cut with excised scissors. The cumulus-

oocyte complexes (COC) were then released into HTF medium (Cosmo Bio LTD, 

CSR-R-B070) and incubated for 60 mins (5% CO2, 37oC), before introducing the 

sperm. To prepare the freshly-harvested sperm samples for IVF, the adipose around 

cauda epididymis was removed carefully. The cauda was then placed into a petri 

dish with pre-incubated (30 mins, 5% CO2, 37oC ) Card FertiUP medium (Cosmo Bio 

LTD, KYD-005-EX) solution, overlayed with mineral oil (Sigma, M8410-1L). 1 incision 

per cauda was made and a small ‘ball’ of sperm was dragged through the oil into the 

drop of FertiUP. The sperm was then allowed to disperse throughout the medium 

(1h, 5% CO2, 37oC ). A few drops of the sperm from the FertiUP drop were then 

added into the oocyte-containing drop. After fertilization, the oocytes were washed 
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with 3 washes of HTF medium to remove the cell debris, degenerating oocytes and 

dead sperm. The zygotes were then moved into a fresh drop of HTP overlaid with 

the oil and cultured overnight. Next morning the 2-cell embryos were collected 

immediately into a tube containing the lysis buffer for Smartseq2. 

2.5.11 Metabolic testing 

Glucose in response to restraint 

All animals were single-housed for 5h before the restraint. Mice were restrained in a 

cylindrical plastic tube (3.18 cm in diameter, Midsci) for 30 min. The blood was 

obtained by tail pinch using a 28-G needle at 0, 15, 30 and 90 min after restrain, and 

measured by Accuckeck aviva device. Data were analysed with repeated-measures 

ANOVA and corrected for multiple comparisons. 

Glucose and insulin tolerance test 

All animals were single-housed, fasted for 5 hours before to establish a baseline blood 

glucose level and the body weight was measured. All animals received a single 

injection of glucose or insulin, adjusted for the body weight (insulin: 1 mU/g, glucose: 

2 mg/g). For blood glucose measurements, the blood was taken from tail vein by 

pinching with  28-G needle and measured by Accuckeck aviva device. Data were 

analysed with repeated-measures ANOVA and corrected for multiple comparisons. 

Body Composition Analysis and weight measurement 

The total body fat, lean and total water masses were measured by EchoMRITM system, 

according to manufacturer’s instructions. Briefly, the total body weight of the animals 

was measured, followed by placement and fixation in a plastic holder. The holder was 

then inserted into a tubular space at the side of the machine and scanned. The 

scanning took 2.5-3 minutes per animal. 

2.5.12 Metabolomics  

Extraction 

Metabolite extraction was performed on the Hamilton STAR M liquid handling robot 

with the following protocol. In brief, 10 µl of the sample was aliquoted into 1.2 ml 96-

deep well plates. Afterward, 300 ul of cold extraction solvent Methanol: H2O, (4:1 v:v) 

was added. After brief vortexing on a plate shaker, the samples were kept at -20 oC 

for 2 hours. The samples were then centrifuged at 4000g for 20 min. After 
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centrifugation, the supernatant was transferred to another deep-well plate, and dried 

under N2. Before mass spectrometric analysis, the dried extracts were then 

resuspended in 100 ul MilliQ H2O and then transferred to PCR 96-well plates, and 

then sealed using heat sealing. 

Mass Spectrometry 

Flow injection mass spectrometry was performed as described previously (Fuhrer et 

al. 2011). In brief, the samples were injected directly into the mass spectrometer 

(Agilent QTOF 6546) using an autosampler( Gerstel, USA) and a quaternary pump 

Agilent 1100 (Agilent, Germany). The samples were injected at an isocratic flow rate 

of 150ul/min of solvent isopropanol:H2O (6:4, v:v) that contains ammonium fluoride 

(1mM) and the reference compounds hexakis (2,2,3,3-

tetrafluoropropoxy)phosphazene) and Homotaurine (3-Amino-1-propane sulfonic 

acid). Electrospray ionization was used with the flowing source parameters: gas 

temperature 225 oC, drying gas 5l/min, nebulizer 20 psi, sheath Gas Temperature 350 
oC, sheath gas flow 10l/min,  Vcap 3500 V and Nozzle voltage 1000 V and Fragmentor 

was set 120 V, Skimmer to 65 V and the Oct1RF Vpp was set to 750 V. The mass 

spec was operated in full scan mode scanning the mass range (50-1000 m/z) at 1.4 

spectra per second. Online mass correction using the reference masses 138.0230374 

and 940.0003763 

Data analysis 

Raw mass spectrometric data was converted to an open source format ( mz5) and 

then processed using an in-house data processing pipeline (FiaMiner) in Matlab. The 

m/z axis for the whole dataset was recalibrated using expected reference masse, 

Afterwards, annotation was performed based on m/z, with mass accuracy of 0.001 Da 

matching to HMDB. Differential analysis statistics were performed in Matlab for 

pairwise and group comparisons and correction of multiple comparisons was 

performed. Pathways enrichment analysis was performed using the HMDB pathway 

definition v 3.0. 

2.5.13 Lipidomics 

Extraction 

Lipid extraction was performed as described previously (Pellegrino et al. 2014) with 

some modifications. To 20 µl of the sample, 1 ml of a mixture of methanol: MTBE: 
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chloroform (MMC) 1.33:1:1 (v/v/v)  was added.  After brief vortexing, the samples were 

continuously mixed in a Thermomixer (Eppendorf) at 25 oC (950 rpm, 30 min). Protein 

precipitation was obtained after centrifugation for 10 min at  16000 g and 25 oC. The 

single-phase supernatant was collected, dried under N2, and stored at –20 °C until 

analysis. Before Analysis, the dried lipids were redissolved in 100µL 

MeOH:Isopropanol (1:1).  

Liquid Chromatography 

Liquid chromatography was done as described previously (Delabriere et al. 2021; 

Cajka et al. 2016) with some modifications. Vanquish LC pump (Thermo Scientific) 

was used with the following mobile phases;  A) Acetonitrile:Water (6:4) with10mM 

ammonium acetate and 0.1% formic acid and  B) Isopropanol: Acetonitrile (9:1) with 

10mM ammonium acetate and 0.1% formic acid. The lipids were separated using 

C18 reverse phase chromatography using Acquity BEH  column (Waters) with the 

dimensions 100mm * 2.1mm * 1.7µm (length*internal diameter*particle diameter). 

The column temp was set to 60oC.  The following gradient was used with a flow rate 

of  1.2 ml/minutes; 0.0-0.29 minutes (isocratic 15-30%B), 0.29-0.37 minutes (ramp 

30-48% B), 0.37-1.64 minutes (ramp 48-82%B),1.64-1.72 minutes (ramp 82-99%), 

1.72-1.79 minutes (isocratic 99%B), 1.79-1.81 minutes ( ramp 100-15% B) and 1.81-

2.24minutes  (isocratic 15%B). injection volume was 2ul. The needle wash solvent 

was Methanol:Isopronal:Acetontirtile:H2O (1:1:1:1, v:v:v:v) 

Mass Spectrometry 

The liquid chromatography was coupled to a hybrid quadrupole-orbitrap mass 

spectrometer (Q-Exactive HFx, Thermo Scientific, Germany). Heated electrospray 

ionization was used with the following source parameters: sheath gas flow rate 40, 

aux gas flow rate 8, spray voltage 3.5 kV, capillary temperature 300 oC, funnel RF 

level 50, and auxiliary gas heater temperature 300oC. The mass spec was operated 

in data-dependent acquisition mode DDA). First,  A full scan was used scanning from  

200-2000 m/z at a resolution of 60000 and AGC Target 1e6, max injection time 100 

ms. Then the top 2 precursors were automatically selected for fragmentation using 

normalized collision energies (NCE) of 20, 30,50,  a resolution of 7500, and an AGC 

target of 1e5.   

Data Analysis                                                  

Raw mass spectrometric data were imported in Compound Discoverer 3.1 ( Thermo 

Scientific) for data analysis. Peak picking, retention time alignment, and compound 
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grouping were performed, Afterwards, lipid annotation was performed by matching 

the MS2 spectra to the LipidBlast in-silico library. Lipid identification was manually 

confirmed based on lipidomics standards initiative criteria and annotations not 

matching the stringent criteria were filtered out. Peak areas were normalized using 

median normalization and differential analysis was performed between the different 

groups and the p values were corrected for multiple comparisons. 

2.5.14 RNA extraction 

RNA from EVs was extracted with Trizol reagent (Life Technologies, 15596026), 

according to manufacturer’s instructions. Briefly, EV preparations from SEC or DGUC 

were lysed in Trizol, followed by phenol-chloroform extraction. The final RNA pellet 

was washed in 75% ethanol, air dried and dissolved in nuclease free water.  

Mature sperm was collected according to the previously established sperm swim-up 

method (Roszkowski et al., 2021). Sperm RNA was extracted with Trizol (Life 

Technologies, 15596026) according to standard RNA extraction protocol. Briefly, the 

samples were homogenized in Trizol, using steal beads and a TissueLyser 

(TissueLyser II, Qiagen), followed by phenol-chloroform extraction. The final RNA 

pellet was washed in 75% ethanol, air dried and dissolved in nuclease free water. 

The RNA concentration and integrity was checked using 2100 Bioanalyzer (Agilent), 

according to the manufacturer’s instructions.  

2.5.15 Preparation of sequencing libraries 

The small RNA libraries from plasma EVs were prepared according to the 

Smallseq protocol, designed for single-cell or low-input RNA sequencing 

experiments (Hagemann-Jensen et al., 2018). The libraries were sequenced with 

Illumina Novaseq6000, 100 bp read length, single-end sequencing with 18 M 

reads/sample depth. All samples were sequenced twice.  

Small RNA-seq libraries of sperm samples were prepared using Realseq Small 

RNA sequencing library preparation kit (Somagenics), according to the manufacturer’s 

instructions. 3-5 ng of total starting RNA was used to prepare the libraries. The libraries 

were sequenced on Illumina Novaseq6000 platform, with 100bp single-stranded read-

length with average sequencing depth of 30M reads/sample.  

3-5 ng sperm RNA was use to prepare total RNA sequencing libraries using 
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SMARTer® Stranded Total RNA-Seq Kit v3 - Pico Input Mammalian (Takara Bio USA, 

#634486), according to the manufacturer’s instructions, with a fragmentation time of 

150 seconds and 12 PCR cycles at the final amplification. Bead purifications were 

performed using AMPure XP beads (Beckman Coulter Life Sciences, #A63881) The 

libraries were sequenced on Illumina Novaseq6000 platform, with 150bp read-length 

paired-end sequencing. 

For embryo RNA-seq experiments, no prior RNA extraction was performed, and 

each single embryo was directly collected into 4 µl of the lysis buffer (Triton X-100, 

nuclease free water, RNasin Plus, Biotinylated Oligo-dT, dNTP mix), followed by 

reverse transcription, template switching, PCR preamplification, tagmentation and 

PCR purification steps, according to Smart-seq2 protocol (Simone Picelli et al., Nature 

protocols, 2014). The Smart-seq2 libraries were sequenced on Illumina Novaseq 6000 

instrument in 1 lane SP Flowcell with single-read 100bp length parameters. On 

average, 5-10 M reads were obtained per embryo.   

2.5.16 Bioinformatic data analyses  

Plasma EVs small RNA-seq  

FASTQ raw read files were processed as specified previously (Hagemann-Jensen et 

al., 2018). Briefly, the UMIs on the 5’ of the reads were appended on the read name 

using UMI-tools (Smith et al., 2017) followed by the removal of adapters using 

Cutadapt (Martin et al., 2011) and CA-linker was removed from the beginning of 

each read. Next, the samples were mapped to the mouse genome with STAR 

alligner (Dobin et al., 2013). The final read count table was used to perform 

differential-expression analysis between the two groups using edgeR (Robinson et 

al., 2010). Batch correction was performed to avoid falsely increasing the power due 

to 2 sequencing runs performed on all samples.  

Sperm small RNA-seq  

Cutadapt (Martin et al., 2011) was used to trim the known sequence 

TGGAATTCTCGGGTGCCAAGG, according to the manufacturer’s instructions. The 

reads were then processed, integrating the ExceRpt pipeline for small RNA analysis 

(Rozowsky et al., 2019).  

Sperm long RNA-seq  

UMItools (Smith et al., 2017) was used to trim the 8nt UMIs, followed by removal with 
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Cutadapt (Martin et al., 2011) of the 3nt UMI linker and 3nt Pico v3 SMART UMI 

Adapter from Read2 prior to mapping. Mapping to the mouse genome (mm10) was 

performed with hisat2 (Zhang et al., 2021), followed with sorting and indexing with 

samtools (Danecek et al., 2021). Final bam files were deduplicated with UMItools and 

raw counts were calculated with featurecounts of Rsubread package (Liao et al., 

2019).   

Embryo Smart-seq2  

After adapter removal with Cutadapt (Martin et al., 2011) reads were mapped to the 

mouse genome (mm10) with STAR aligner (cite, version), following raw count 

quantification with featureCounts (Liao et al., 2019). Differential expression was 

performed in edgeR (Robinson et al., 2010). Genes with FDR < 0.05 value were used 

for functional enrichment analysis using of g:Profiler web-tool (Reimand et al., 2017). 

To differentiate the 2-cell embryos into different stages of 2-cell development, we 

projected the gene-expression profiles of the 2-cell embryos onto an index that 

contained expression profiles from early, mid and late 2-cell embryos (Deng et al., 

2014), using SCMAP tool (Kiselev et al., 2018).  
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2.9 Supplementary Figures  

 
 
Supplementary Figure 2-1. Expression of EVs-specific and HDL-specific 
miRNAs and functional lipids categories in human and mouse plasma EVs. 
a. Heatmap of the expression of EV-specific and HDL-specific miRNAs plasma EVs isolated 
by size-exclusion chromatography.  
 
b. Functional categories of lipids in our plasma EVs preparations. 
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Supplementary Figure 2-2. Isolation and characterization of ELS plasma EVs 
by density-gradient ultracentrifugation.  
a. Experimental design. Plasma EVs are isolated from ELS and Controls by density-gradient 
ultracentrifugation, and analyzed by small RNA-sequencing. Created using Biorender.com. 
 
b. Concentration of plasma EVs (particles/ml) by size (nm) obtained by nanoparticle 
tracking. SD (Standard Deviation), D10-50-90 (points at which 10%, 50% and 90% of the 
sample is contained).  
 
c. Electron microscopy images of EVs from size-exclusion chromatography F4-5. Arrows 
point to individual EVs.   
 
d. Protein levels of extracellular vesicle markers transmembrane protein associated to 
plasma membrane (CD9) and cytosolic protein (TSG 101), and high-density lipoprotein 
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marker (ApoA1). C+ (positive control), C- (negative control), M (Molecular weight marker) in 
the different fractions of size-exclusion chromatography. F 1-9 (fractions 1-9) of the density 
gradient.  
 
e. Mean particle size of plasma EVs from ELS and Controls (two-tailed unpaired Student’s t-
test, ns=non-significant, n=8 biologically independent samples/group). Error bars are SEM.  
 
f. Concentration of plasma EVs in ELS and Controls (n=8 biologically independent 
samples/group, *P < 0.05).  
 
g. Volcano plot of differentially-expressed small RNAs in ELS plasma EVs compared to 
Controls, isolated by density-gradient. (n=7 biologically independent samples/group for small 
RNAs). Corrected for multiple testing with Benjamini-Hochberg test. Significance: Padj.  < 
0.05.  
 

 
 
Supplementary Figure 2-3. Lipid and microRNA profiles of ELS and control 
plasma EVs.  
a. Distribution of lipid classes in plasma EVs from ELS and Controls, isolated with size-
exclusion chromatography F4-5. n=8 biologically independent samples. PC 
(Phosphatidylcholine), LPC (Lysophosphatidylcholine), SM (Sphingomyelin), TAG 
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(Triglyceride), PE (Phosphatidylethanolamine), LPE (Lysophosphatidylethanolamine), PS 
(Phosphatidylserine), CAR (Acylcarnitine). n=6 biologically independent samples. 
 
b. Distribution of lipid functional categories in plasma EVs from ELS and Controls, isolated 
with size-exclusion chromatography F4-5. 
 
c. Heatmap of the expression of EV-specific and HDL-specific miRNAs in ELS and Control 
plasma EVs.  
 

 
Supplementary Figure 2-4. Metabolite functional analysis of ELS and Control 
plasma EVs.   
a-b. Metabolite sets enriched in plasma EVs isolated by size-exclusion chromatography. 
Functional analysis of plasma EV metabolites was performed using MetaboAnalyst tool, by 
looking at the enriched sets of functionally related metabolites. Enrichment ratio was 
computed as Hits/Expected, where Hits = observed hits, and Expected = expected hits.  
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Supplementary Figure 2-5.  
a-b. Metabolite sets enriched within differentially up-regulated (a) and down-regulated (b) 
metabolites in plasma of ELS EV-injected males compared to Controls. n=7 biologically 
independent samples/group. Corrected for multiple testing with Benjamini-Hochberg test. 
Significance: Padj. < 0.05. Metabolites with Padj.  < 0.05 were selected as input for 
Metaboanalyst tool to look at compound enrichment.  
 
c-d. Distribution of RNA biotypes as % of total reads in sperm long RNA-sequencing of ELS 
and Control EV-injected males 12 days (Distribution of RNA biotypes as % of total reads in 
plasma EVs from size-exclusion chromatography F4-5. n=6 biologically independent 
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samples (c) or 46 days (d) post-injections. n=6 biologically independent samples. 
 
e-f. Distribution of  RNA biotypes as % of total reads in sperm small RNA -sequencing of 
ELS and Control EV-injected males 12 days (Distribution of RNA biotypes as % of total 
reads in plasma EVs from size-exclusion chromatography F4-5. n=6 biologically 
independent samples (e) or 46 days (f) post-injections. n=6 biologically independent 
samples. 
 

 
Supplementary Figure 2-6. Change in body weight of ELS EV-injected males.  
a. Change in body weight (%) of the ELS or Control EV-injected males at 12 day post-
injections compared to 1 day post-injections. Two-tailed unpaired Student’s t-test, ns=non-
significant.  
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Supplementary Figure 2-7.  
a. Experimental design. Plasma protein-enriched fractions (PEF) from ELS or Controls were 
intravenously injected into naïve mice for 4 weeks, 2 times per week (n=7 biologically 
independent samples/group). Created using Biorender.com. 
 
b. Body weight of the ELS or Control PEF-injected males at 12 day post-injections (Day-12) 
and % change in body weight at 46 days post-injections (Day-46). Two-tailed unpaired 
Student’s t-test, ns=non-significant, Padj. < 0.05. 
 
c. Glucose tolerance test (GTT) and insulin tolerance test (ITT) of ELS or Control PEF-
injected males.  
 
d. Changes in circulating metabolites in plasma of ELS PEF-injected males at 46 days post-
injections (n=7 biologically independent samples/group). Corrected for multiple testing with 
Benjamini-Hochberg test. Significance: Padj. < 0.05. Metabolites with Padj.  < 0.05 were 
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selected as input for Metaboanalyst tool to look at compound enrichment. 
 
e. Heatmap of significantly changed (Padj. < 0.05) plasma lipids in ELS PEF-injected males 
at 46 days post-injections compered to controls (n=7 biologically independent 
samples/group).  
 
f. Experimental design. ELS or Control PEF-injected males were paired with a naïve female 
at 12 days and 46 days post-injections to obtain offspring. Created using Biorender.com. 
 
g. Body weight of ELS and Control PEF-injected males’ offspring obtained 12 days and 46 
days post-injections. Postnatal day 21 (PND21). Two-tailed Student’s t- test, treatment effect 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns=non-significant.   
 

 
 
Supplementary Figure 2-8.  
a. Plot of 2 main principal components in the embryo RNA-sequencing data. Colour coding: 
EV-injected male. 
 
b. Distribution of RNA biotypes as % of total reads in embryos obtained from ELS or 
Control EV-injected males 12 days post-injections. n=92 embryos.  
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Supplementary Figure 2-9.  
a-h. Cumulative distribution plots of all genes in embryos and genes that have different 
amounts of binding sites to differentially expressed sperm microRNAs in the sperm of ELS 
EV-injected males 12 days post-injections.  
 

 
Supplementary Figure 2-10. Full immunoblot images.  
a, b. Full immunoblot images of plasma size-exclusion fractions for EV-specific markers 
HSP70 (a) and CD63 (b).  
 
c. Immunoblot image of plasma size-exclusion fractions for high-density lipoprotein-specific 
marker ApoA1.  
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3.1 Graphical Abstract 

 

3.2 Abstract 

Sperm RNA can be modified by environmental factors and has been implicated 

in communicating signals about changes in a father's environment to the offspring. 

The small RNA composition of sperm could be changed during its final stage of 

maturation in the epididymis by extracellular vesicles released by epididymal cells. We 

studied the effect of exposure to stress in early postnatal life on the transcriptome of 

epididymal extracellular vesicles using a mouse model of transgenerational 

transmission. We found that the small RNA signature of epididymal extracellular 

vesicles, particularly miRNAs, is altered in adult males exposed to postnatal stress. In 

some cases, these miRNA changes correlate with differences in the expression of 

their target genes in sperm and zygotes generated from that sperm. These results 

suggest that stressful experiences in early life can have persistent biological effects 

on the male reproductive tract that may in part be responsible for the transmission of 

the effects of exposure to the offspring.   

  

Keywords: epigenetics, epididymis, miRNAs, epididymosomes, early life stress, 

sperm, extracellular vesicles. 
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3.3 Introduction 

Post-testicular maturation of spermatozoa in the epididymis is an elaborate 

process that involves modifications of sperm RNA, protein and lipid content (Tamessar 

et al. 2021; Sharma et al. 2016; Nixon et al. 2015; Rejraji et al. 2006; Skerget et al. 

2015). The epididymis is segmented into different parts, including the initial segment, 

caput, corpus and cauda. Each segment has a distinct gene expression profile, and 

different protein and lipid composition. Some modifications in epididymal spermatozoa 

are conserved across species (Sellem et al. 2020). For example, approximately 50% 

of miRNAs, a class of small RNAs that are modified during caput to cauda epididymis 

transit, is identical in mouse and bovine spermatozoa (Sellem et al. 2020). One 

mechanism by which small RNA load in spermatozoa is modified along the epididymis 

is by uptake of extracellular vesicles (EVs), also known as epididymosomes, which 

are produced by epididymal epithelial cells (Reilly et al. 2011). Studies have shown 

that epididymosomes can be taken up by maturing sperm through proteins present on 

the sperm head  such as dynamin in mice and tetraspanins or syntenins in humans 

(Reilly et al. 2011; Cabarello et al. 2013; Thimon et al. 2008; Zhou et al. 2019). Co-

incubation experiments provided evidence for epididymosome-mediated transfer of 

miRNAs to spermatozoa (Reilly et al. 2011). Exogenous DNA and RNA can also be 

directly taken up by spermatozoa via artificial liposomes (Bachiller et al. 1991).  

However, it is still not clear if changes in small RNA composition   of 

spermatozoa occurring during epididymal transit are required for embryonic 

development, and  studies on the subject have been conflicting (Suganuma et al. 

2005; Conine et al. 2018). Changes in sperm small RNA have nevertheless been 

suggested to play a role in the transmission of information about paternal experiences 

to the progeny and can influence their developmental trajectory (Sharma et al. 2016; 

Chan et al. 2020; Gapp et al. 2014). Epididymosomal small RNA content can also be 

altered by exposure, for instance, to dietary insult and stress (Sharma et al. 2016; 

Chan et al. 2020). For instance, epididymosomal miRNAs are changed by exposure 

to chronic stress (Chan et al. 2020) and low-protein diet in mice (Sharma et al. 2016).  

Transmission of information about paternal exposure to the offspring depends 

on the type of exposure, its duration and the developmental window at which it is 

applied. To date, little is known about the long-term effects of early life stress, 

particularly stress experienced after birth, on epididymosomal small RNA composition 
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in adulthood, and whether any changes to this composition can influence gene 

expression in sperm and in zygotes generated from that sperm. Using a 

transgenerational mouse model of postnatal stress induced by unpredictable maternal 

separation combined with unpredictable maternal stress, MSUS (Franklin et al. 2010), 

we show that the miRNA signature of cauda epididymosomes in adult males is altered 

by exposure, and that this alteration correlates with changes in the expression of their 

target genes in sperm and in zygotes.  

3.4 Results  

3.4.1 Isolation of cauda epididymosomes confirmed by several methods  

To characterize the RNA composition of cauda epididymosomes, 

epididymosomes were isolated by high-speed ultracentrifugation from adult control 

males and males exposed to MSUS (Fig. 3-1a). MSUS consists of exposing newborn 

pups to unpredictable maternal separation for 3 hours daily and subjecting dams to 

unpredictable maternal stress during separation (Franklin et al. 2010). Adult MSUS-

exposed and control males were euthanized and cauda epididymis was collected. 

Successful isolation of cauda epididymosomes was confirmed by electron microscopy, 

immunoblotting and nanoparticle-tracking analyses (Fig. 3-1). The presence and 

purity of epididymosomes was further validated by staining with the EV-specific marker 

CD9 and confirming the absence of the cellular marker GAPDH (Fig. 3-1b). Size 

analysis by nanoparticle-tracking indicated that the collected particles are 50-300 nm 

in diameter (Fig. 3-1d), and imaging by transmission electron microscopy showed the 

typical cup-shaped structures of epididymosomes (Fig. 3-1c; Supplementary Fig. 3-
1a) (Choi et al. 2017). RNA profiling by high-resolution automated electrophoresis 

showed enrichment for small RNAs of different length, similar to previous studies on 

cauda epididymosomal RNA content (Supplementary Fig. 3-1b) (Sharma et al. 2016; 

Conine et al. 2018).  
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Figure 3-1.  Isolation and characterization of cauda epididymosomes.  
a. Schematic representation of cauda epididymosomes preparation. 
 
b. Immunoblot analysis was used to confirm the purity of isolation by staining with 
epididymosomal marker CD9 and absence of cellular marker GAPDH in the ultracentrifuged 
pellet.  
 
c. Electron microscopy images of the preparations were used to assess the size and 
heterogeneity of the isolated populations. Arrows indicate cauda epididymosomes.  
 
d. Nanoparticle-tracking analysis by dynamic light scattering showed particles of expected 
size of 50-300 nm.  

 
3.4.2 The number and size of epididymosomes in adult males are not altered by 
postnatal stress  

We next examined the number and size of cauda epididymosomes in adult 

MSUS and control males by dynamic light scattering. No significant difference could 

be detected between MSUS and control males (Fig. 3-2a, 2b). Since most 

epididymosomal production occurs via apocrine secretion from principal cells located 

in caput epididymis, we also examined the expression of genes involved in 

extracellular vesicles exocytosis. We chose Ras-related protein Rab-5A (Rab5) and 
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Ras-related protein Rab-7A (Rab7), which are involved in vesicle trafficking, the 

SNARE family protein vesicle-associated membrane protein 7 (Vamp7) and SNARE 

recognition molecule synaptobrevin homolog YKT6 (Ykt6), involved in vesicle fusion. 

No significant change in  the expression of these genes could be detected in caput 

epididymis between MSUS and control adult males (Fig. 3-2c). However, we observed 

a consistent trend (not statistically significant) for decreased expression of all genes 

involved in extracellular vesicles secretion in caput epididymis of MSUS mice (Fig. 3-
2c).  

 
Figure 3-2. Comparison of epididymosomal number, size and release 
machinery in adult MSUS and control males.  
a. Nanoparticle-tracking analysis showed no difference in the number of cauda 
epididymosomes between MSUS and control males. The plots were generated from average 
values across replicates (N = 5 animals/group). Data are presented as mean ± standard 
error of the mean (SEM). P < 0.05.  
 
b. Quantification of nanoparticle-tracking analysis showed the mean size of cauda 
epididymosomes was not changed between the two groups (N = 5 animals/group). Data are 
presented as mean ± SEM. P < 0.05.  
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c. Expression of genes involved in vesicular secretion in the caput epididymis from adult 
males measured by qRT-PCR. The experiments were performed in triplicates without 
pooling (N = 8 animals/group). Expression of Gapdh was used as endogenous control to 
normalize the expression level of the target genes. Data are presented as mean ± SEM. P < 
0.05. 

3.4.3 miRNAs are persistently altered by postnatal stress in cauda 
epididymosomes  

Epididymosomal small RNAs are known to be affected by changing 

environmental conditions in rodents. Small RNAs, like tRNA-derived fragments (tRFs), 

miRNAs and more recently rRNA-derived small RNA fragments are believed to act as 

messengers of a father's experiences that can be transferred to the offspring (Sharma 

et al. 2016; Chan et al. 2020; Wang et al. 2021; Zhang et al. 2018). Our previous work 

showed that early postnatal stress alters small and long RNA content in sperm of adult 

males (Gapp et al. 2014; Gapp et al. 2020). Since caudal sperm and epididymosomal 

small RNA profiles are highly similar (Sharma et al. 2016), we examined whether small 

RNA content of cauda epididymosomes is also altered by postnatal stress. We 

extracted RNA from cauda epididymosomes of adult MSUS and control males and 

prepared small RNA-seq (sRNA-seq) libraries. RNAs of different size were observed 

in cauda epididymosomes, with the majority of small RNA reads mapping to tRNAs as 

previously observed (Fig. 3-3a) (Sharma et al. 2016). When plotting the results of 

differential expression analysis of small RNAs (P < 0.05) between MSUS and control 

sample, the majority of nonsignificant differences in small RNAs appeared to be in 

miRNAs, although some differences in tRNAs and piRNAs were also detected (Fig. 3-
3b). We next performed size-selection on the same libraries to enrich for miRNAs and 

then, we re-sequenced the libraries (Supplementary Fig. 3-2a, 2c). As expected, 

size-selection did not alter the abundance of miRNAs and uniformly enriched the 

miRNA fraction in all samples (Supplementary Fig. 3-2b, 2d). Differential expression 

analysis of miRNAs biotypes from the combined sequencing datasets after batch 

effect correction revealed changes in several miRNAs in MSUS cauda 

epididymosomes (Supplementary Table 3-1). These include upregulation of miR-

878-5p, miR34c-5p, miR-881-3p and downregulation of miR-31-5p and miR-155-5p 

(adjusted P ≤ 0.1). Differential expression analysis on all small RNA biotypes from the 

combined datasets showed that 70% of all significantly altered small RNAs correspond 

to miRNAs, 15% to tRNAs, 15% to piRNAs and snoRNAs, while rRNAs are not 
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changed (Supplementary Table 3-4). Pathway analysis of top candidate RNAs from 

miRNA-based analysis after size-selection revealed that the most up- and down-

regulated miRNAs (P < 0.05) have target mRNAs that encode proteins involved in fatty 

acid metabolism, steroid biosynthesis, lysine degradation and thyroid hormone 

signaling (Fig. 3-3c). Notably, similar pathways are altered in plasma of MSUS males 

during postnatal life and adulthood as shown by metabolomic analysis (van Steenwyk 

et al. 2020). In particular, metabolites implicated in polyunsaturated fatty acid 

biogenesis were up-regulated, whereas steroidogenesis and the steroidogenic ligand 

aldosterone were down-regulated (van Steenwyk et al. 2020). Steroidogenesis was 

already altered at postnatal day 28  in MSUS males, with total cholesterol significantly 

decreased in testis (Fig. 3-3d) and HDL cholesterol significantly increased in liver (Fig. 
3-3f). Since the primary role of  HDL cholesterol in blood is to transport excess 

cholesterol from peripheral tissues to liver, an increase in HDL in liver is consistent 

with a decrease in testis. However, cholesterol was no longer altered in testis of adult 

MSUS males (Fig. 3-3e), suggesting a transient alteration. The androgen receptor, 

which the cholesterol derivatives, androgens bind to, was decreased in adult caput 

epididymis (Fig. 3-3g), suggesting potential secondary effects of lower cholesterol in 

testis when occuring in early postnatal life. 
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Figure 3-3. Target pathways of up- and down-regulated miRNAs in adult MSUS 
cauda epididymosomes and alterations in steroidogenesis in postnatal and 
adult MSUS males. 
a. Representative distribution of RNA biotypes from cauda epididymosomal sequencing (N = 
10 animals, 5 animals/group).  
 
b. Heatmap of the most abundant small RNAs (n = 39). Expression fold-change (log2 FC) 
was calculated by subtracting log2 counts per million (CPM) of MSUS from controls. Each 
row depicts a small RNA and each column depicts a sample. Samples and RNAs are 
ordered by “PCA” method using seriation (R package).  
 
c-e. Dot plot of miRNAs and pathways. Color-scale of the dot represents -log10 adjusted P of 
miRNA in a pathway and size of the dot represents -log10 adjusted P of the pathway. Total 
cholesterol measurements in whole testes of males at postnatal day 28 (N = 4 males/group) 
(d) and adulthood (N = 10 Controls, N = 7 MSUS) (e).  
 
f. HDL cholesterol level in the liver of males at postnatal day 28 (N = 6 males/group).  
 
g. Relative expression level of the androgen receptor in adult caput epididymis measured by 
qRT-PCR. qRT-PCR experiments were performed in triplicates, without pooling (N = 10 
animals/group). (d-g) Data are presented as mean ± standard error of the mean (SEM). P < 
0.05.  

3.4.4 mRNA targets of miRNAs from cauda epididymosomes are altered by 
postnatal stress in sperm and in zygotes  

The relative abundance of miRNAs in cauda epididymosomes and mature 

sperm significantly correlated (Fig. 3-4c), consistent with prior findings (Sharma et al. 

2016; Chan et al. 2020). Since cauda epididymosomes carry small RNA payloads 

matching those of mature sperm and are part of the ejaculate (Frenette et al. 2005; 

Belleannée et al. 2013), they may contribute to the information delivered to the oocyte 

upon fertilization. Therefore, we looked at the mRNA targets of miRNAs significantly 

changed in MSUS cauda epididymosomes in 2 previously published analysis of genes 

identified in MSUS sperm and in zygotes derived from MSUS males (P < 0.05) (Gapp 

et al. 2020). For this, we plotted the cumulative log fold-change distribution of all genes 

from differential expression analysis of sperm or zygotes versus the number of 

conserved binding sites for miRNAs significantly changed by MSUS in cauda 

epididymosomes (Fig. 3-4a, 4b; Supplementary Fig. 3-5). Target genes with 3 

binding sites for miR-31-5p, a miRNA differentially expressed in MSUS cauda 

epididymosomes, had increased expression in sperm and decreased expression in 
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zygotes from MSUS males (Fig. 3-4a, 4b; Supplementary Table 3-2, 3). However, 

not all targets of miRNAs significantly altered in MSUS cauda epididymosomes 

showed corresponding changes in expression in sperm and zygotes (Supplementary 
Fig. 3-5). We then conducted miRNA-gene interaction analysis based on 

experimentally validated data from Tarbase (Vlachos et al. 2017). This analysis 

showed that, overall, the 5 miRNAs significantly changed in MSUS cauda 

epididymosomes target genes that are part of pathways involved in steroid 

biosynthesis, ECM-receptor interaction and cell adhesion molecules (Fig. 3-4d). 

 
Figure 3-4.  Targets of miRNAs from cauda epididymosomes are altered by 
MSUS in sperm and zygotes.  
a-b. Cumulative distribution plots of miR-31-5p targets from 5 months old MSUS and control 
caudal sperm RNA-seq (a) and from RNA-seq of zygotes originating from 3 months old 
MSUS and control males (b).  
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c. miRNA abundance of sperm plotted against abundance in cauda epididymosomes. 
Coefficient of determination (R2) = 0.74.  
 
d. Dot plot of the top target pathways (adjusted P < 0.05) of miRNAs differentially expressed 
(adjusted P ≤ 0.1) in adult MSUS cauda epididymosomes. Color-scale of the dot represents -
log10 adjusted P of miRNA in a pathway and size of the dot represents -log10 adjusted P of 
the pathway. 

3.5 Discussions 

         The effects of environmental factors on RNA in the male reproductive tract, in 

particular, the epididymis have been examined in rodent models. Until now, most 

models have used invasive exposure such as dietary insult or injection of endocrine 

disruptors, applied prenatally and sometimes before conception. Few studies have 

examined the effects of non-invasive psychological/emotional exposure such as stress 

in early life and the effects on epididymal RNA in adulthood (Chan et al. 2020). This 

study examines if postnatal stress affects RNAs in EVs released from the cauda 

epididymis and whether this has consequences for mature sperm and zygotes 

generated from that sperm. 

         Using a transgenerational mouse model of early postnatal stress, we show that 

several miRNAs, including miR-871-3p, miR-31-5p, miR-155-5p, miR-878-5p and 

miR-34c-5p are altered in cauda epididymosomes in adult males exposed to postnatal 

stress, and that the targets of some of these miRNAs are affected in mature sperm 

and zygotes. Particularly, miR-31-5p is significantly decreased in cauda 

epididymosomes and its target genes are up-regulated in sperm but down-regulated 

in zygotes generated from that sperm,  suggesting an over-compensation during early 

development. This may also be due to the heterogeneity of epididymosomes which 

have different size, biogenesis and cellular targeting (Sullivan et al. 2015), leading to 

a dissociation between the RNA content of epididymosomes and transcriptional 

changes in zygotes. It has been suggested that different subsets of epididymosomes 

have different roles. While a subset communicates with spermatozoa during sperm 

epididymal transit (Sharma et al. 2016; Reilly et al. 2016), another subset serves in 

the communication within epididymal epithelial cells (Belleannée et al. 2013), and a 

third one is delivered as part of seminal fluid during fertilization (Frenette et al. 2005; 

Belleannée et al. 2013). Thus owing to their heterogeneity, not all cauda 

epididymosomes or their cargo are delivered to the oocyte upon fertilization, which 

may explain the differences in miRNAs targets that are affected in sperm and zygotes. 



 100 

Several of the differentially expressed miRNAs in MSUS cauda 

epididymosomes play a role in metabolic processes and early development (Reza et 

al. 2019). For instance, miR-31-5p is involved in glucose metabolism and fatty acid 

oxidation (Reza et al. 2019). In humans, its target complement C1q Tumor Necrosis 

Factor-Related Protein 9A (CTRP9) protein is negatively correlated with the amount 

of visceral fat and positively associated with a beneficial glucose and metabolic 

phenotype (Shao et al. 2017). This is consistent with the observation that glucose and 

insulin metabolism are also affected by MSUS (Gapp et al. 2014; Franklin et al. 2010). 

The level of other miRNAs is significantly increased or decreased in MSUS 

epididymosomes, such as miR-155-5p, which facilitates differentiation of mouse 

embryonic stem cells, or miR-34c-5p which initiates the first embryonic cleavage in 

mice (Reza et al. 2019).   

The first days after birth are a sensitive period for the development and the 

establishment of cellular niches in tissues. Epithelial cells in the epididymis, which are 

the source of epididymosomes, undergo differentiation and expansion postnatally until 

puberty (Robaire et al. 2002). Once their expansion is completed, epididymal epithelial 

cells remain at a nearly constant number in adulthood. If they can be modified by prior 

exposure, they may therefore carry a memory of exposure into adulthood. The 

postnatal development and differentiation of epididymal epithelial cells primarily 

depend on testicular signals (Robaire et al. 2002; Robaire et al. 2011; Zhu et al. 2000; 

Bilińska et al. 2006). Since chronic stress affects the coupling of the hypothalamus-

pituitary and hypothalamus-gonadal axes, stress-related decrease in steroidogenesis 

can profoundly affect the differentiation and expansion of epididymal epithelial cells in 

early postnatal life. A number of studies have shown the importance of the abundance 

of androgens during postnatal life for epididymal development (Robaire et al. 2002). 

Thus, the availability of testicular cholesterol during epididymal cells differentiation has 

implications for these cells. Systemic alteration in cholesterol metabolism seen in 

young MSUS males (decreased total cholesterol in testis and increased HDL 

cholesterol in liver) may contribute to metabolic changes seen in adult animals, for 

instance in plasma steroidogenesis and fatty acid pathways, and to alterations in 

glucose and insulin metabolism in adult MSUS males. Moreover, androgen-dependent 

miRNAs miR-878-5p and miR-871-3p are significantly increased in cauda 

epididymosomes in MSUS.  
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         In conclusion, our results provide evidence that chronic stress in early postnatal 

life alters miRNAs in extracellular vesicles of the male reproductive tract in adulthood, 

with effects in mature sperm and zygotes. These persistent and intergenerational 

effects in vivo point to the sensitivity of the reproductive system to stress exposure 

and the detrimental consequences for descendants. These consequences may differ 

depending on the time window and severity of paternal stress exposure. Further 

studies are necessary to more precisely define these effects and the source of vesicles 

and their cargo miRNAs. 

3.6 Materials and Methods 

3.6.1 Animals  

Animal experiments were conducted according to the Swiss Law for Animal Protection 

and were approved by the cantonal veterinary office in Zürich under license number 

83/2018. C57Bl/6J mice were obtained from Janvier (France) and bred in-house to 

generate animals for the experiments. Animals were maintained under a reverse light-

dark cycle in a temperature and humidity-controlled environment with constant access 

to food and water. 9 months old age-matched MSUS and control males were used for 

small RNA-sequencing (sRNA-seq) of cauda epididymosomes, tissue collection for 

RT-qPCR, nanoparticle-tracking analysis and total cholesterol measurements. HDL 

cholesterol and total cholesterol measurements were performed on MSUS and control 

males at postnatal day 28. Datasets from previous publication (Gapp et al. 2020) : 

caudal sperm RNA-seq was performed on 5 months old males, and zygote RNA-seq 

was performed on zygotes from 3 months old males.   

3.6.2 MSUS 

To obtain MSUS mice, 3 months old C57Bl/6J females and their litters were subjected 

to daily 3 hour separation unpredictably and females were exposed to an 

unpredictable stressor during separation as previously described (Franklin et al. 2010). 

Control dams and pups were left undisturbed. After weaning at postnatal day 21, pups 

from different litters were randomly assigned to cages of 4-5 mice, in corresponding 

treatment groups to avoid litter effects.  
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3.6.3 Tissue collection 

After decapitation and blood collection, mice were pinned on a dissection board and 

cleaned with alcohol. Epididymis and testis were carefully excised and separated from 

surrounding adipose tissue. The epididymis was further separated into caput, corpus 

and cauda. Cauda was excised with several incisions and sperm collected with a 

swim-up protocol. The supernatant was collected to isolate epididymosomes. The 

whole testis and caput epididymis were crushed with stainless steel beads in a tissue 

crusher in cold PBS, centrifuged at 3’000 rcf for 10 min to pellet the tissue and cells 

and used for total cholesterol and HDL cholesterol measurements. 

3.6.4 Electron microscopy images 

Negative staining of cauda epididymosomes was performed with methylcellulose. 

Briefly, the carrier grid was glow-discharged in plasma for 10 min and washed with a 

drop of PBS, then incubated in 1% glutaraldehyde (GA) in water for 5 min and washed 

with water 5 times for 2 min each. Afterwards the grid was incubated in 1% UAc (uranyl 

acetate) for 5 min and then kept on ice in Methylcellulose/UAc (900 ul Methylcellulose 

2 % and 100 ul 3 % UAc) solution. After incubation with Methylcellulose/UAc, the 

excess liquid was removed by dipping onto a filter paper. The grid was air-dried on ice 

for 5 min. Imaging was performed with a Transmission Electron Microscope.  

3.6.5 Epididymosomes isolation by ultracentrifugation  

After pelleting sperm following the sperm swim-up protocol in M2 medium (Sigma, 

M7167), the supernatant was centrifuged at 2’000 rcf for 10 min, 10’000 rcf for 30 min 

and then ultracentrifuged at 120’000 rcf at 4 °C for 2 h (TH 64.1 rotor, Thermo Fisher 

Scientific). The epididymosomal pellet was then washed in PBS at 4 °C and 

ultracentrifuged at 120’000 rcf at 4 °C for 2 h. The resulting pellet was resuspended in 

60 μl of PBS for all downstream analysis. 

3.6.6 Immunoblotting  

PBS-resuspended pellet containing epididymosomes was lysed in 10x RIPA buffer for 

5 min at 4 °C. Equal amounts of protein were mixed with 4x Laemmli Sample Buffer 

(Bio-Rad Laboratories, USA) and loaded on 4-20% Tris-Glycine polyacrylamide gels 
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(Bio-Rad Laboratories, USA). The membranes were blocked in 5% SureBlock (in Tris-

buffer with 0.05% Tween-20) for 1 h at room temperature and incubated with primary 

antibodies overnight at 4 °C with anti-Cd9 ([1:3000; System Biosciences, Palo Alto, 

CA, USA] and anti-Gapdh [1:5000; Cell Signaling, Davers, MA, USA; 14C10]). 

3.6.7 Nanoparticle tracking analysis 

Particle number and size of epididymosomes were measured using a Nanosight 

NS300 (Malvern, UK) at 20 °C, according to the manufacturer’s instructions and lots 

were generated using a published method (Dragovic et al. 2011). The following 

parameters were kept constant for all samples: “Camera level” = 14 and  “Detection 

threshold” = 7. For measurements with Nanosight, the resuspended pellet from 

ultracentrifugation was diluted to a 1:1000 concentration. 

3.6.8 RNA isolation and epididymosomes profiling 

To lyse purified epididymosomes, 33 μl of lysis buffer (6.4 M guanidine HCl, 5 % 

Tween 20, 5 % Triton, 120 mM EDTA, and 120 mM Tris pH 8.0) per every 60 μl of 

PBS resuspended pellet was added to each sample, together with 3.3 μl ProteinaseK 

and 3.3 μl of water. Samples were incubated at 60 °C for 15 min with shaking. 40 μl 

of water was added and RNA was extracted using the Trizol LS protocol, according to 

the manufacturer’s instructions. Profiling of the extracted RNA was performed using 

high-resolution automated electrophoresis on a 2100 Bioanalyzer (Agilent, G2939BA), 

according to instructions for the RNA 6000 Pico Kit (Agilent, 5067-1513) reagent. 

3.6.9 Preparation and sequencing of sRNA-seq libraries from epididymosomes 

sRNA-seq libraries were prepared using the NEB Next Small RNA-sequencing kit 

(NEB #E7300, New England BioLabs), according to the manufacturer’s instructions. 

80-90 ng of total RNA per sample was used to prepare the libraries. The same libraries 

were sequenced before and after size-selection (target peak 150bp) with the 

BluePippin System. 200 million reads were obtained for 10 samples, with 125bp 

single-stranded read-length on a HiSeq2500 sequencer. 
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3.6.10 RT-qPCR 

For gene expression analysis in caput epididymis, RNA was extracted using the 

phenol/chloroform extraction method (TRIzol; Thermo Fisher Scientific). Reverse 

transcription was performed using miScript II RT reagents (Qiagen) - HiFlex buffer, 

and RT qPCR was performed with QuantiTect SYBR (Qiagen) on the Light-Cycler II 

480 (Roche). All samples were run in cycles as follows: 95 °C for 15 min, 45 cycles of 

15 sec at 94 °C, 30 sec at 55 °C and 30 sec at 70°C, followed by gradual increase of 

temperature to 95 °C. The endogenous control Gapdh was used for normalization. 

The expression level of genes was analysed using two-tailed Student’s t-test. 

3.6.11 Cholesterol measurements 

Testicular and epididymal total cholesterol and HDL cholesterol levels were measured 

using the CHOL reagent, in conjunction with SYNCHRON LX® System(s), UniCel® 

DxC 600/800 System(s) and Synchron® Systems Multi Calibrator (Beckman Coulter), 

according to the manufacturer’s instructions at the Zurich Integrative Rodent 

Physiology (ZIRP) facility of the University of Zurich. 

3.6.12 Bioinformatics data analysis  

sRNA-sequencing FASTQ files were processed using the ExceRpt pipeline, a 

previously established pipeline for extracellular vesicle small RNA data analysis 

(Rozowsky et al. 2019). Briefly, ExceRpt first automatically identifies and removes 

known 3’ adapter sequences. Afterwards the pipeline aligns against known spike-in 

sequences used for library construction, filters low-quality reads and aligns them to 

annotated sequences in the UniVec database. Reads that were not filtered out in the 

pre-processing steps are then aligned to the mouse genome and transcriptome using 

STAR aligner (Dobin et al. 2013). The annotations were performed in the following 

order: miRbase, tRNAscan, piRNA, GENCODE and circRNA. rRNA counts were 

obtained using Oasis 2 tool. Reads mapped to miRNAs were combined from 

sequencing obtained before and after size-selection and were corrected for batch 

effect using RUVSeq (Leek et al. 2014). Normalization factors were calculated using 

the TMM (Robinson et al. 2010) method and differential expression was performed 

using the edgeR package in R (Robinson et al. 2010).  
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For cumulative distribution plots, miRNA targets (all and conserved) were downloaded 

from TargetScan release 7.2 (Agarwal et al. 2015). When using the context++ scores, 

targets were split into 3 same-frequency groups according to their scores. P-values 

were calculated using a Kolmogorov-Smirnov test between the first and the last groups 

(i.e., strongest and weakest targets). The miRNA pathway analysis was conducted 

using a web-server tool DIANA-miRPath (Vlachos et al. 2017), where targets were 

predicted-derived from DIANA-TarBase v6.0, a database of experimentally validated 

miRNA targets. The adjusted P cutoff value of 0.05 was used for the identification of 

expressed pathways. The miRNAs and their corresponding target pathways 

information was extracted and plots were generated in R. ggplot2 (Wickham et al. 

2016) and ComplexHeatmap R packages (Gu et al. 2016) were used for generation 

of figures.  

3.7 Data availability  

The datasets collected for this study are available as follows:  

• sRNA-seq dataset of cauda epididymosomes before and after size-selection 

: NCBI GEO under accession number GSE175976. 

• Codes for bioinformatics analysis of RNA-sequencing datasets and all 

corresponding differential expression analyses:  Github repository 

https://github.com/mansuylab/alshanbayeva_et_al_2021. 

• Sperm and zygote sequencing datasets from previous publications can be 

found in ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) 

with the accession number E-MTAB-5834 (sperm) and E-MTAB-6589 

(zygotes). 
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3.11 Supplementary Figures  

Supplementary Figure 3-1. 
a. Electron microscopy images of the preparations used to assess the size and 
heterogeneity of the isolated populations.  
 
b. The RNA amount of epididymosomes preparations was assessed by high-resolution 
automated electrophoresis.   
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Supplementary Figure 3-2.  
a. RNA read-length distribution of cauda epididymosomal small RNAs after size-selection. 
 
b. Heatmap of top miRNAs of cauda epididymosomal small RNA-seq before and after size-
selection. Each row depicts a miRNA and each column depicts a sample. (N= 10 Controls, 
N=10 MSUS).  
 
c. Representative distribution of RNA biotypes from cauda epididymosomal sRNA-seq after 
size-selection. (N = 5 Controls, N = 5 MSUS).  
 
d. miRNA abundance distributions plot of cauda epididymosomal sRNA-seq. (N = 10 
Controls, N = 10 MSUS) 
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Supplementary Figure 3-3.  
Scatterplot of log fold-change of miRNAs in sperm and cauda epididymosomes. miRNAs 
down-regulated (blue) and up-regulated (red) in MSUS cauda epididymosomes.  

 

Supplementary Figure 3-4.  
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Profiles of cauda epididymosomal small RNAs by high-resolution automated electrophoresis. 
(N = 10 Controls, N = 10 MSUS).  
 

 

Supplementary Figure 3-5.  

Cumulative distribution plots of miR-34c-5p, miR-155-5p targets in differentially expressed 
genes (P < 0.05) from 5 months old MSUS sperm and RNA-sequencing of zygotes from 3 
months old control and MSUS males.   
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Supplementary Figure 3-6.  
a-b. Immunoblot images of cauda epididymosomes and liver cell lysate, stained with cellular 
marker GAPDH (37kDa) (a) and extracellular vesicle marker CD9 (25kDa) (b). Same 
membrane was incubated and imaged separately.  

 
Supplementary Table 3-1.  
Differential expression analysis of miRNAs from the combined and batch-corrected reads of 
the two sequencing runs.   
 
 

gene_name logFC 
meanExp
r Pvalue FDR sites 

targetscan.scor
e 

conserved. 
sites 

Glu1 1.00 7.7 2.40E-06 0.0042 2 -0.60 1 
Pik3c2a 1.00 4.2 3.00E-06 0.0048 2 -0.36 2 
Trank1 0.93 4.7 6.90E-05 0.0240 3 -0.53 1 
Wdr5 1.00 1.8 2.10E-03 0.1000 2 -0.65 1 
Eif5 0.93 5.2 8.40E-05 0.0260 1 -0.39 1 
Bicd1 1.10 3.7 1.10E-04 0.0280 2 -0.23 1 

 
Supplementary Table 3-2.  
miR-31-5p target genes in RNA-seq dataset from MSUS sperm.  
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gene_name logFC meanExpr Pvalue FDR sites targetscan.score 
conserved. 
sites 

Hsf2bp -2.30 -1.60 0.0300 0.12 1 -0.460 1 
Satb2 -1.90 -1.60 0.0110 0.12 2 -0.380 2 
Dpep3 -2.50 -2.90 0.0029 0.12 1 -0.019 1 
Jazf1 -1.20 -0.23 0.0015 0.12 2 -0.640 1 
Ret -1.90 -1.80 0.0100 0.12 2 -0.250 1 
Wdr5 -0.93 2.50 0.0360 0.12 2 -0.650 1 
Snx22 -1.70 -1.30 0.0067 0.12 2 -0.250 2 
Rab9b -1.20 -4.30 0.0380 0.12 2 -0.490 1 
Nr5a2 -1.50 1.30 0.0140 0.12 1 -0.320 1 
Plin1 -2.70 -0.62 0.0290 0.12 1 -0.210 0 

 

Supplementary Table 3-3.  
miR-31-5p target genes in RNA-seq dataset from MSUS zygote.  
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Supplementary Table 3-4.  
Differential expression analysis of all RNA biotypes from the combined and batch-corrected 
reads of the two sequencing runs (adjusted P ≤ 0.05).  
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4. Conclusions and Outlook  

 We previously showed that injections of whole serum from mice exposed to 

early life stress into naïve males cause metabolic alterations in the offspring of the 

naïve males (van Steenwyk et al., 2020). To gain a better understanding of the 

different circulating components involved in passing stress-related information to the 

injected males and their offspring, we divided blood components into EV-enriched 

and protein-enriched fractions with size-exclusion chromatography, and injected 

these fractions from ELS mice or controls to naïve animals. We proceeded to 

characterize the effect of chronic ELS EV injections on the naïve males, their sperm, 

embryos and offspring. This thesis provides evidence that, when injected chronically, 

circulating EVs from mice exposed to ELS can cause several alterations in naïve 

unexposed mice and their offspring. These alterations include changes in circulating 

metabolites, lipids, and sperm RNA of the injected males, gene expression changes 

in early embryos and metabolic alterations in the offspring.  

 In the section below, I will summarize our findings from Chapter 2 and 

Chapter 3 and explain the basis for our experimental approaches. I will then discuss 

the challenges and limitations of the current work that are caused by the chosen 

methods or time restrictions. I will then describe further experimental suggestions 

that will help to dissect the mechanism of action of EVs on male germ cells and to 

understand the establishment of changes in EV cargo due to the environmental 

exposure. Finally, I will discuss the contribution of this thesis work on the current 

state of knowledge on circulating factors’ role in communicating information on life 

experiences to the germ cells in males.  

4.1 Summary of research questions and major findings   

Early life experience can have an effect on the physical and mental 

development of an organism during adolescence and adulthood. In addition, parental 

early life exposure to environmental stressors can affect the unexposed offspring 

intergenerationally and sometimes transgenerationally. Impact of stressors to the 

exposed organism and offspring was demonstrated from C.elegans, rodents to 

humans (Conine et al. 2022). The effects observed in the offspring of parents 

subjected to an environmental insult vary depending on different parameters, such as 

exposure time, severity, the age of the exposed generation and many others. The 
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mechanisms of this effect are not single-fold and were suggested to involve a number 

of potential factors, such as RNAs, proteins, histone modifications and DNA 

methylation (Conine et al. 2022). Even though studies of the direct or indirect 

mechanisms of epigenetic inheritance often focused on deciphering the information 

carried in sperm or seminal fluid delivered to females upon fertilization, how those 

changes in the sperm or seminal fluid arise is less known. More specifically, the 

question of by which intermediaries the periphery can communicate with the germ cells 

to inform on changes in the environmental conditions is not well addressed. These 

intermediaries include a number of factors, such as factors in the blood, factors in the 

lymphatic system, the somatic cells that have direct or indirect contact with the germ 

cells in testis and epididymal tract, the nerve innervations to the testis and epididymis. 

 This research work attempts to address one of the potential intermediaries in 

this gap by tackling the question whether the body can communicate to sperm through 

circulating factors and alter information carried by sperm to the offspring. It executes 

this attempt by using a mouse model of ELS, which was shown to alter metabolic and 

behavioral phenotype of the exposed and unexposed generations (van Steenwyk et 

al. 2018). ELS is used as a model due to the developmental time point it targets and 

its relevance to studies in humans (Eachus et al. 2021, Smith et al. 2020, Brenhouse 

et al. 2018, Murphy et al. 2017). 

 As we previously showed that chronic serum-injections can recapitulate some 

of the metabolic phenotype of ELS in naïve animals, we concentrated on dissecting 

the contribution of different circulating factors in this phenomena (Chapter 2). To do 

that, we performed a series of experiments. First, since circulating EVs are involved in 

long-distance interorgan communication, we tested whether ELS can alter the 

circulating EV components in adult animals. In particular, we looked at EV RNA, lipids 

and metabolites. We next examined if chronic exposure to circulating EVs from males 

exposed to ELS can have an effect in the naïve males as well as their offspring, by 

chronically injecting ELS or control EVs into naïve males and breeding at different 

time-points. In addition to metabolism of the EVs injected males, we looked at both 

sperm small and long RNAs, as well as mRNAs of their embryos generated by IVF. 

IVF was the method of choice, since it allows one to differentiate between the factors 

that arrive from male upon fertilization into sperm-factors and non-sperm factors, such 

as seminal vesicles and other components of seminal fluid. Furthermore, in order to 

understand if the effect we observe in the offspring of EV-injected males is dependent 
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on the presence of EVs or other plasma components, we have chronically injected 

plasma protein-enriched fractions from mice exposed to ELS into naïve males to 

examine the offspring phenotype. Since germ cells in males are modified in their RNA, 

protein and lipidic content throughout the transit in the epididymal tract, in addition to 

characterizing circulating EV RNA components in ELS and control mice, we looked at 

the small RNA content of ELS epididymal EVs (Chapter 3). We found that ELS alters 

the epididymal EV small RNA content, and for some of the differentially expressed 

small RNAs, such as miRNAs, the upregulation in miRNAs is correlated with the 

downregulation of their target genes in sperm and zygotes, generated from ELS sperm 

(Chapter 3).  

4.2 Novelty of the research  

In addition to providing information about the different tissue states and 

informing on the cellular damages or disease states, circulating EVs can also transfer 

messages among cells or tissues across the body. Examples of these processes 

include, but are not limited to, targeting of immune cells by tumor cell EVs, 

communication between damaged liver hepatocytes and macrophages, secretion of 

modulating EVs from adipocytes in obesity. However, the potential of circulating EVs 

signaling to germ cells in males has not been extensively researched.  

 A few studies attempted to address this potential role of circulating EVs or other 

circulating factors by either introducing changes into environmental conditions or by 

introducing exogenous systems into animals. For example, Cossetti et al. 

xegonagradted human melanoma cells expressing EGFP plasmid in mice and 

observed the EGFP-specific RNA in the circulating vesicles and sperm, whereas 

O’Brien et al. stereotactically injected AAV expressing human pre-miR-491 in mice 

striatum and detected presence of the human pre-miR-491 in epididymis, lymph nodes 

and blood (O’Brien et al. 2020, Cossetti et al. 2014).  

 The ability of blood factors in altering physiological states has been undeniable 

- the rejuvenating effect of blood transfer from young to old mice, together with 

parabiosis experiments put circulating factors into perspective (Gonzalez-Armenta et 

al. 2020, Gan et al. 2019, Villeda et al. 2014). The active circulating components 

responsible for such effects were suggested to be proteins (Zeybel et al. 2014) and 

metabolites (van Steenwyk et al. 2020). Here we show that EVs enriched blood 

fractions alone can cause metabolic alterations, changes in sperm small and long 
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RNAs and furthermore, affect the early embryo development and offspring 

metabolism. Waiting 12 and 46 days after injecting naïve males with ELS and control 

EVs before obtaining offspring allowed us to distinguish the time-dependent impact of 

the ELS EVs on naïve males’ metabolism, sperm and offspring. Metabolic alterations 

in the injected males 46 days after injections and their offspring, demonstrates that 

ELS EVs can (i) have long-lasting effects in the naïve males; (ii) can directly or 

indirectly affect the mature male germ cells; (iii) can alter developmental trajectory of 

early embryos generated from that sperm. These findings demonstrate that, in addition 

to metabolites and proteins, circulating EVs can act as messengers of life experiences 

to germ cells in males and influence offspring phenotype.  

4.3 Challenges and limitations 

This work contains several limitations, which could be divided into practical 

limitations (such as methodological, time-dependent, resource-dependent and other 

similar constraints) and theoretical limitations (such as the choice of the experimental 

designs in addressing the hypotheses and the type of hypotheses that were 

addressed). In the section below we will cover both types of limitations and their impact 

on the results and interpretations of the findings. 

 Undoubtedly, SEC, as the main method of EVs isolation from circulation used 

in our study, is limited due to concentrating on one property of particles in a biofluid - 

the size. Circulating EVs are known to be of different sizes; in addition, they are known 

to overlap in size and sometimes in density with other components in the blood, such 

as lipoproteins and apoptotic bodies. Although we showed enrichment of small EVs in 

our preparations from plasma and demonstrated comparable purity from HDL 

particles, the presence and potential contribution of other lipoproteins such as LDL 

and vLDL, or other blood components that overlap with small EVs in size cannot be 

excluded from our preparations. Moreover, since circulating EVs vary in size, with our 

method, we could only concentrate on small EVs, due to the higher overlap in size of 

large EVs with other circulating components, mentioned above. 

 In addition to the functional RNA and lipid content, circulating EVs are known 

to carry proteins inside and on the surface of  their membrane. Even though EV surface 

proteins were originally thought to be assembled before the release of EVs from a 

parent cell, emerging evidence suggests that EV proteins are also taken up while EVs 

are in the extracellular milieu and assist in circulating EVs’ roles in immune response, 
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coagulation, complement pathway activation and others (Ramos et al. 2022). In the 

current study, we did not examine how and if the proteins in circulating EVs are altered 

by ELS. This stems partially due to the limits in the amount of accessible material 

(plasma from mice subjected to ELS) and prioritization of small RNAs, metabolites and 

lipids due to previous research findings in ELS. These findings include but are not 

limited to the changes of circulating metabolites in adult ELS males, alterations in the 

sperm small and long RNAs and changes in the offspring body weight as well as 

glucose metabolism (Gapp et al. 2014, Gapp et al. 2020, van Steenwyk et al. 2020, 

van Steenwyk et al. 2018).  

 Another challenge is the choice of cells that were used to study the uptake of 

circulating EVs by male germ cells in mice, particularly the GC-1 cell line. According 

to previous knowledge in the field and history of usage, GC-1 cells display 

characteristics of cells that are between type B spermatogonia and primary 

spermatocytes (Wang et al. 2019, Godmann et al. 2010). However, other evidence 

based on transcriptomic profiling of GC-1 cells suggests that these cells could be 

similar to somatic cells in the testis than germ cells (Normal et al. 2021). Evidently, this 

is not the only possible limitation of using GC-1 cells to address the question of 

circulating EVs uptake by male germ cells. Employing such an in vitro system to model 

complex in vivo processes in the testis limits the extent of possible interpretations, due 

to: (i) the absence of neighboring supporting, cells such as macrophages, Leydig cells 

and Sertoli cells; (ii) the inability of GC-1 cells to mimick germ cells at different stages 

of differentiation; (iii) lack of communicating signals among all different types of germ 

and somatic cells in the testis.  

 Although we showed that circulating EVs can transfer some of the stress-

induced metabolic phenotype to naïve males and their offspring, the mechanism by 

which EVs are able to communicate the information on the exposure to the germ cells 

is yet to be understood. This mechanism could include either a direct uptake by 

crossing blood-testis or blood-epididymal barriers or an indirect communication by 

contacting the somatic cells in the testis and epididymis.  

 Another important question to address is how the changes in the gene 

expression profile of the 2-cell embryos obtained from ELS EV-injected naïve males 

initiate altered developmental processes that result in metabolic changes in adult 

offspring. 

We showed that both the RNA and lipid content of circulating EVs is altered by 
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ELS; however, we did not casually link the phenotype we see in the injected males or 

their offspring to specific RNAs or lipids. Although not the main part of our work, it is 

also compelling to draw on the origins of those lipids and RNAs that are differentially 

present in the circulating EVs of ELS males.  

 Blood possesses a heterogeneous mixture of EVs. This heterogeneity cannot 

be eliminated by a size-based isolation method, such as size-exclusion 

chromatography, which was the main method used for our EV isolations. Therefore, 

although we succeed in enriching small EVs from mice plasma, the heterogeneity of 

these EVs is still present. This heterogeneity makes it more difficult to understand 

which specific cells and organs ELS or control EVs target when injected in naïve mice.  

 Injections of ELS sperm long RNAs were shown to contribute to the inheritance 

of some of the stress symptoms observed in adult ELS mice (Gapp et al. 2018); in 

particular, inheritance of glucose response to insulin, risk-taking behavior and changes 

in the food intake behavior were demonstrated. Whereas ELS sperm small RNAs 

altered offspring body weight and stress-induced behaviors (Gapp et al. 2018). 

Through in vitro fertilization experiments with the sperm of ELS EV-injected males, we 

demonstrated the effect of ELS EVs to the transcriptional changes in early embryos; 

however, we failed to demonstrate whether and how the altered transcriptional 

patterns in early embryos lead to the metabolic phenotype we observe in the adult 

offspring of the ELS EV-injected males.  

 Another important aspect that should be considered while interpreting the 

findings in this work is the dosage of EVs and the timing of injections relative to the 

differentiation of germ cells in male mice. Our injections last for four weeks and repeat 

two times per week to have the property of chronicity and to mimic our previous serum 

injection experiments. When analyzing the effect of EV injections, we look at the EV-

injected males at 12 and 46 days after injections as well as their offspring generated 

at these two timepoints. These are important timepoints, since 12 days after injections, 

the mature sperm at fertilization has a possibility to be exposed to the injected material 

during its latest stages of testicular maturation and during epididymal transit; however, 

with this time-point, one cannot distinguish if the male germ cells are also potentially 

susceptible to the injected material at the earlier stages of maturation, such as 

spermatogonium or preleptotene spermatocyte, which take place outside the BTB. 

This is partially answered by waiting 46 days post-injections before breeding, which 

provided enough time for a complete spermatogenesis cycle and clearance of mature 
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sperm from cauda by spontaneous ejaculation. Nevertheless, none of these two time-

points eliminate another important parameter – the effect of adapted long-term 

metabolic alterations in the injected animals. As the ELS EV-injected males had 

extensive alterations in circulating metabolites and lipids, the possibility of the small 

and long RNA changes we observe in the mature sperm of these animals originating 

due to those alterations cannot be eliminated. Therefore, the effect of shorter or longer 

injection periods, higher amounts of EVs injected more acutely or injecting at different 

developmental time points throughout an animal’s life, are all possible ways to address 

further the questions on the effect of time, dosage and period of EV injections.  

 Although we are using ELS EVs, the effect of the injections on the naïve animals 

cannot be directly compared to the effect ELS has on the adult animals, since any 

epigenetic changes in ELS sperm encompasses a merged effect of the ELS, 

combination of constant signals through somatic cells in the testis, possible effect of 

the ELS on the differentiation of somatic cells and establishment of germ stem cell 

pool. Therefore, this work can be recognized as a tool to understand how circulating 

factors such as EVs can signal to germ cells in males, using a mouse model with 

known impacts on mature germ cells, rather than explaining the effect of ELS in 

adulthood through circulating EVs. 

4.4 Recommendations for implementation of future research  

To address the heterogeneity of EVs in blood and dissect the diversity of EV-

secreting sources that are contributing to our findings, one could involve high-

resolution flow cytometry to characterize the circulating EVs in ELS and control mice 

on their surface markers and therefore deduce the cells or tissues of origin. This could 

be combined with proteomics of EVs. In addition to these experiments, dissection of 

the role of ELS EV small RNAs and lipids in the metabolic effect we observe in the 

injected animals could be performed by enriching the EV lipid bilayer in the ELS EV-

enriched PC or PE lipids, or by electroporating a cocktail of synthetic miRNAs of 

interest into plasma EVs and observing the effect in naïve males with in vivo injections 

of either.  

 Tracking EVs to the tissue and cells of uptake is another experiment that would 

help us understand our findings. The uptake tissue could be tracked by labeling EVs 

with a lipophilic fluorescent membrane dye and performing imaging of the different 

tissues. Understanding the target organs of the injected EVs is important, since some 
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extracellular EVs were shown to possess organ or cell specificity. For example, tumor 

cell-derived EVs exhibited preferential targeting of organs involved in immune 

response, with the underlying effect of immunosuppression for tumor progression; on 

the other hand, intestinal epithelial cell-derived EVs favorably targeted liver, with some 

also reaching adipose and muscle tissue.  

 Since our EV injections are repeated two times per week for four weeks, a very 

interesting experiment, that would give an extensive overview of the processes altered 

during the injections, is looking at several time-points during and post-injections into 

different tissues with multi-omics approaches. The major interests for such an 

experiment would be liver, epididymal epithelial cells and testicular somatic cells, as 

well as the germ cells in the testis and epididymis.  

 Some other experiments to understand different aspects of our findings would 

be: (i) understanding the sources of circulating EVs in ELS and characterizing lipids 

and RNAs by the EV type (EV surface marker); (ii) culturing cells from the EV source 

tissue in ELS and using EVs secreted by them into the cell culture media for injection 

into naïve animals to test for any metabolic abnormalities; (iii) blocking cell-specific 

secretion of small EV production in culture by adding IFN and examining the role other 

secreted components have.  

 Looking at the effect of EV injections on the cells residing in the testis is another 

unexplored area. It was demonstrated that testicular EVs are secreted mainly from 

Leydig cells and testicular macrophages (Choy et al. 2022). Whether the amount of 

EVs, their cargo or size is altered by environmental exposures is not known and 

whether circulating EVs can impact testicular resident cells is, to our best knowledge, 

has not been studied. Sertoli cells, that play the role of nurture cells to the testicular 

germ cells, providing lactate and main energy support to them, were shown to alter 

spermatogenesis due to exposure to a high-fat diet. Lipotoxicity increases glycolysis 

and lactate production, affects energy metabolism in Sertoli cells, which in turns 

impairs spermatogenesis. In addition, lipotoxicity can lead to the impairment of the 

BTB. As we have seen differences in EV lipid cargo, once again, looking at the 

changes of testicular and epididymal cells due to increase in EV PC and PE lipids 

would be important.  

The role of different EV components  
The lipid composition of EVs can be affected in pathological states (Kumar et 

al. 2022, Lam et al. 2021). We showed that ELS significantly increases circulating EV 



 121 

lipids, namely 3 PC lipids, 1 PE and 1 TAG lipid. The majority of significantly increased 

EV lipids in ELS plasma are PC lipids, that are a major component of biological 

membranes. Biological functionality and uptake properties of PC lipids was shown to 

be dependent on the form of the PC lipid. For example, in their free form PC lipids 

have no targeting specificity, whereas as a part of EVs, they are taken up more 

efficiently and can increase the uptake efficiency of EVs (Kumar et al. 2022). Kumar 

et al. demonstrated that high-fat diet increased the amount of PC lipids in EVs secreted 

by intestinal epithelial cells, which in turn improved the uptake of these EVs by liver 

hepatocytes and macrophages, causing suppression of genes involved in insulin 

activation pathway and inhibition of insulin response in animals fed with high-fat diet 

(Kumar et al. 2021). According to Kumar et al., the PC-driven effect of HFD EVs is 

caused by the inhibition of insulin response via binding of these EV-PCs to the Aryl 

hydrocarbon receptor (AhR) in hepatocytes. Binding of a ligand to AhR causes 

translocation of the ligand-receptor complex into the nucleus and activation of the AhR 

pathway. This in turn causes suppression of genes involved in the insulin activation 

pathway, such as IRS-1, IRS-2 and PPAR and creates insulin resistance. Overall, 

mice fed with HFD have increased body weight, epididymal white adipose tissue and 

circulating triglycerides and are glucose-intolerant and insulin-resistant. Interestingly, 

ELS EV-injected males are also insulin resistant and have an increased body weight. 

If a similar mechanism takes place in our EV-injected mice due to the higher amount 

of PC lipids in circulating EVs from ELS mice, the apparent metabolic changes in the 

ELS and ELS EV-injected mice could be explained by comparable gut-liver-muscle 

tissue axes metabolic syndrome observed in HFD mice. Injecting PC-depleted ELS 

EVs into naïve males, incubating PC-depleted or PC-enriched EVs with primary SCs 

and somatic cells of epididymis and testis, estimating the expression of genes involved 

in insulin activation pathway in hepatocytes in ELS and ELS EV-injected animals are 

a few of the ways to address the relevance of increased PC amount in ELS circulating 

EVs to their functionality.  

 PCs in EVs do not only alter uptake of EVs, but they were also shown to directly 

bind transcription factors, such as AhR. Lipids are known to function as ligands to lipid-

activated receptors that play roles in metabolic diseases. For example, lipid-activated 

nuclear receptors, such as liver X-receptor (LXR), pregnane X-receptor (PXR) and 

peroxisome proliferator-activated receptor alpha (PPAR alpha) control expression of 

genes involved in bile acid homeostasis in the liver (Barbier et al. 2009). Therefore, 
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the presence of various lipids in not only ELS circulating EVs, but also in epididymis, 

testis and seminal fluid of the EV-injected males should be determined.     

We showed that circulating EV RNAs were significantly altered by ELS. There 

are many reasons to consider EV RNAs as potential candidates that could be at least 

partially responsible for the EV-induced phenotypes we observe in naïve males: (i) 

RNAs in EVs are protected from degradation in extracellular environments, including 

circulation (Arroyo et al., 2011; Shurtleff et al., 2017; Pua et al., 2019); (ii) in some 

cases, RNAs in EVs can be used as a readout of the biological state of the secreting 

cell or tissue (Konstantinidou et al., 2016; Shah et al., 2017b; Murillo et al., 2019; Pua 

et al., 2019); (iii) RNAs in EVs can be transferred between cells and alter cellular states 

or functions (Mathieu et al., 2019; Stahl and Raposo, 2019). In our findings, we 

observed that most of the differentially-expressed small RNAs in ELS EVs are up-

regulated miRNAs. Among these miRNAs, the miRNA families miR-30, let-7 and miR-

26 are the most recurrent, regardless of the underlying EV isolation method.  

 Regardless of the RNA candidates altered by ELS in circulating EVs, one must 

be cautious in interpreting these findings, without additional in vitro and in vivo 

experiments to test the functions of the altered small RNAs in physiologically relevant 

amounts and while being a part of the EV cargo. This is due to: (i) the low abundance 

of miRNAs per circulating EV, which is estimated to be approximately 1 miRNA 

molecule in every 13 EVs (Otahal et al. 2021); (ii) EV RNAs are highly susceptible and 

carry irreversible alterations due to the storage and handling differences of EVs as 

well as the blood (Kim et al. 2022); (iii) some studies show that miRNAs in EVs are not 

accountable for functional roles of EVs (Albanese et al. 2021). 

4.5 Concluding summary   

To conclude, this work provides a stimulating update on the potential role of 

circulating factors, such as EVs, as the messenger of an organism’s experiences of 

environmental stressors to the germ cells. It demonstrates that (i) environmental 

exposures such as early life stress can alter the components of circulating EVs, 

particularly their small RNAs and lipids contents; (ii) when chronically injected, EVs 

from animals exposed to early life stress can alter the physiological state of naïve 

animals long-term; (iii) some of the physiological alterations caused by these EV-

injections are transferred to the offspring of those naïve males. These findings pave 

the way to further understand the overall contribution of blood components in 
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communicating changes in the periphery to the germ cells and encourage a more in-

depth study of blood-testis- and blood-epididymal barriers, permeability of these 

barriers to circulating factors, alterations to male germ cells during the testicular-

epididymal maturation, as well as the role of lipids and metabolic alterations as an 

overall connecting element of many models of environmentals exposures.  
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5.1 Introduction 

Sperm cells, the vector of paternal genetic information, have a crucial role in species 

with sexual reproduction. During spermatogenesis, sperm cells acquire unique cellular 

traits that enable the fertilization of the oocyte and the undistorted initiation of the 

embryonic development. These sperm-specific features include the motility apparatus 

to reach the oocyte and an enzymatic machinery to penetrate the zona pellucida and 

fuse into the egg [1, 2]. Once the sperm cell enters the oocyte, the sperm-derived 

phospholipase C, PLC-ζ, initiates the gamete to embryo transition and the paternal 

genome joins its maternal counterpart for the initiation of the embryonic transcription 

[3, 4]. To ensure the production of sperm cells capable of all these functions, 

spermatogenesis involved multiple cell death checkpoints at which erroneous sperm 

cells undergo apoptosis [5].  

Genetic factors, diseases and environmental factors, however, can disrupt 

spermatogenic mechanisms, potentially resulting in dysfunctional germ cells. Sperm 

cells without the capacity to move or penetrate the egg, or sperm with defects its 

proteome or epigeneome that will lead to embryonic arrest after a successful 

fertilization are often the outcome of such dysfunctional spermatogenesis [3, 6, 7]. 

Recent developments improved the understanding of male reproductive medicine but 

there is still a large number of idiopathic sperm abnormalities resulting in infertility [8]. 

As male infertility is becoming an more important issue, with fertility rates in men 

younger than 30 years decreasing by 15 % over the last decades, there is an growing 

need to understand pathologies resulting in male infertility [6, 9]. 

Sperm cells have been further implied to not only deliver DNA to the oocyte, but also 

to non-genetic factors. Environmentally-induced changes in the sperm epigenome, i.e 

in small RNA, DNA methylation (DNAm) or histone modifications, have been shown 

to affect the next generation [10–12]. While the mechanisms behind this epigenetic 

transmission are not fully understood yet, there are increasing scientific efforts to 

understand how the somatic cells communicate with sperm and how the alterations in 

sperm are implanted into the early embryo. 

Extracellular vesicles (EVs) have been shown to bear an important role in sperm 

biology. EVs in the epididymal lumen, where they are called epididymosomes, form a 

communication route between the epididymis and sperm. The main role of 

epididymosomes is to transport nutrients from the epididymal epithelium to sperm 
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where they are needed for the maturation, motility and survival of the germ cells [13, 

14]. Additionally, epididymosomes transport small RNA to sperm cells in response to 

environmental stimuli, where the RNA is eventually are transmitted to the embryo [15, 

16]. 

Here we present a method for the simultaneous collection of mature mouse sperm 

and EVs, Omnisperm, with increased sperm cell yield per male compared to other 

methods that allows multi-layered analysis of sperm and parallel fertilization of 

females. We used this approach to study sperm DNAm and RNA from sperm and 

embryos to identify putative associations of sperm DNAm with transcription in sperm 

and embryos fertilized by the same sperm samples. The workflow can be easily 

implemented in any laboratories working with mice and presents a new tool to 

research sperm biology in the context of in reproduction and development.  

5.2 Results 

5.2.1 OmniSperm to collect increased numbers of sperm cells for multi-layered 
analyses 

We developed a collection method called OmniSperm to increase the yield of mature 

sperm cells per individual male. Cauda epididymis and vas deferens were dissected, 

the luminal fluid of vas deferens was extruded and vas deferens was removed (Figure 

1A). Cauda epididymis was cut open, placed, together with the luminal fluid, on a cell 

strainer and rinsed with M2 medium (Figure 1B). The filtrate was centrifuged to collect 

sperm cells in the pellet while the supernatant was used for extracellular vesicles 

collection (Figure 1C and D and Supplementary figure 1). 32-45 million sperm cells 

per male could be collected, which is 587 ± 17 % and 173 ± 18 % more than simple 

and repeated swim-up methods respectively (Figure 1E). This large number allowed 

us to use up to 30 million sperm cells for DNA and RNA extraction and, in parallel, 

fertilize three females per donor male using artificial insemination (AI) with 2 million 

sperm cells per female (Figure 1F). The nucleic acid extractions resulted in high yields 

of both DNA and RNA (Figure 1G and H) and the average quantified DNA integrity 

was 8, indicating good DNA quality (Figure 1G). Sperm RNA quality could not be 

quantified but was visually assessed using electropherograms which did not show any 

degradation (Supplementary figure 2). Sperm DNA was used for whole genome 

bisulfite sequencing (WGBS) to analyse DNAm and RNA for total RNA-sequencing to 
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analyse the transcriptome. From the AI-fertilized females, we were able to collect 

preimplantation embryos between 4- and 8-cell stages, which were used for polyA+ 

single-embryo RNA sequencing (Supplementary figure 3A-D). 

Epididymosomes were collected from the sperm supernatant using a series of 

centrifugation and ultracentrifugation steps (Supplementary figure 1A). After 

confirming their integrity by electron microscopy (Fig. 1C), we measured their size and 

concentration by nanoparticle tracking analysis. The majority of vesicles were 100-350 

nm in diameter and reached a concentration of 2 to 5 million particles/ml 

(Supplementary figure 1B). We also confirmed the presence of the EV surface marker 

Cd9 in the Optiprep gradient fraction between 30 and 35 %, which is expected to 

contain EVs (Supplementary figure 1C). In summary, Omnisperm can be used for the 

parallel collection of sperm and epididymosomes, of which sperm yield is high enough 

for the fertilization of multiple females per male and additional molecular analyses.  

5.2.2 Isolation of mature sperm cells confirmed by several methods 

To confirm that the collected sperm cells are mature, we employed multiple 

experimental strategies. First, sperm RNA sequencing data was used to compare the 

expression of marker genes with RNA sequencing data from testes and somatic tissue 

(liver) (Figure 2A). Mature sperm marker genes Prm2 [17] and Tnp1 [18] were 

expressed and spermatocyte markers Piwil3 and Sycp3 [18] were not transcribed. 

Further, the histone gene Hist2h2aa1 was not expressed in sperm but in testes and 

liver while the liver specific gene Cyp1a2 [19] was only expressed in liver tissue. We 

further analysed sperm DNAm at know germline specific imprinted CGs [20] and 

observed that only paternally imprinted CGs are methylated while maternal imprinted 

CGs are not. The absence of contaminating somatic cells was additionally confirmed 

by visually inspecting electropherograms of sperm RNA: The sperm RNA did not have 

peaks for 18S and 28S ribosomal RNA, which are present whole testis RNA 

(Supplementary figure 2). Finally, sperm cell structure was assessed using electron 

microscopy (Figure 1D) and imaging flow cytometry (Supplementary figure 4).  

5.2.3 Association of sperm DNAm with RNA expression in sperm and embryos 

We then investigated the association between sperm DNAm and RNA expression in 

sperm and embryos. For each transcript, promoter DNAm was plotted against 
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transcript expression. First, we examined the effects in the whole datasets, by plotting 

average promoter DNAm from all sperm samples (n = 10) against the median 

transcript expression in either the same sperm samples (n = 10, Figure 2C) or embryos 

descending from the same sperm samples (n = 28, Figure 2D). For sperm RNA, we 

observed the highest abundance in transcripts with a non-methylated promoter 

(DNAm < 0.1) but also transcripts with promotor DNAm higher than 0.1 were present, 

although to a lesser extend (Figure 2C). When analysing the association of sperm 

DNAm and embryo transcription, we observe a different pattern: Embryo transcripts 

with promoter methylation > 0.1 in sperm were generally not expressed, and only 

unmethylated promoters were permissive for transcription in the embryo. To confirm 

that Omnisperm can be used to generate valuable data from individual males, we 

conducted the same analyses on sperm from individual males and their respective 

embryos (Supplementary Figure 5). We observed the same trends as in the cumulated 

data: In sperm, transcripts are mainly present if their promoter is demethylated but 

some can be detected with methylated promotors. In embryos, only transcript with 

unmethylated promoters in sperm are permissive for transcription. In summary, we 

show that Omnisperm can be used to perform multi-omic analyses in sperm and its 

derived embryos, in both, cumulated and individual-male data.  

5.3 Discussion 

As numbers of male infertility are increasing, the understanding of sperm biology in 

the context of reproduction and development are becoming more relevant for the 

public. Here we present Omnisperm, an improved method for sperm cell extraction 

and parallel EV collection, using multiple washes of cauda epididymis. This protocol 

enables the collection of a large number sperm cells per male to fertilize several 

females and conduct a versatile analysis of the sperm cells, epididymosomes and 

offspring.  

As example for a multi-layered analysis based on Omnisperm, we collected sperm 

from several males, fertilized three females per male using AI and generated sperm 

RNA and DNAm sequencing data. Preimplantation embryos were collected from the 

females and used for single embryo RNA sequencing.  

Most commonly used methods for sperm collection include a swim-up step as a 

positive selection for motile, and hence mature, sperm. Because this is not the case 

for Omnisperm, we used multiple experimental approaches to confirm the maturity of 
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collected sperm. Sperm gene expression showed absence of markers for immature 

sperm and somatic cells, while mature marker genes were expressed. DNAm at sex- 

and germline-specific imprinted genes represented the expected pattern of highly 

methylated paternally imprinted genes and no methylation at maternally imprinted 

genes. We further compared RNA electropherograms of sperm and whole testis and 

observed the lack of ribosomal RNA peaks in sperm RNA, indicating absence of 

somatic cells in our samples. Electron microscopy and flow cytometry imaging were 

used to assess the cellular structure of collected sperm. Based on these analyses, we 

are confident that the collected sperm using Omnisperm is mature.  

Using the generated sequencing data, we analysed the regulatory connections of 

sperm DNAm with transcription in sperm and embryos. We observed a general trend 

of expression of transcripts with a non-methylated promoter, which is in accordance 

to the general inversed correlation of DNAm and gene expression [21]. In sperm, over 

half of the transcripts with non-methylated promoters were expressed, but additional 

transcripts with partial or fully methylated promoters were detected. Sperm cells are 

thought to be transcriptionally inert and only contain a certain population of RNA 

retained from spermatogenesis with potential functions for embryo development [3, 

22, 23]. This could explain the presence of transcripts with methylated promoters; 

These transcripts are remaining from earlier spermatogenic stages while the 

promoters have been methylated during the final differentiation steps. When exploring 

embryo transcript expression and its relation to sperm DNAm, we observed that 

generally only transcripts with unmethylated promoters are permissive for transcription 

in the embryo. Transcripts with partial or fully methylated promoters in sperm, 

however, are largely not expressed in embryos. Taking these findings together, our 

data aligns with results of other groups: The role of the sperm epigenome is vastly to 

constitute a preparation for the zygotic gene regulation but not to control active 

transcription in sperm cells [3, 24–26].  When performing the analysis using data from 

individual males and their respective offspring embryos, we were able to observe the 

same trend. This shows that this sperm DNAm controlled embryo transcription is not 

an effect of cumulated data but is true within all observed individual males. Since our 

analysis was based on a small sample size (nsperm = 10, nembryo = 28), these findings 

should be validated in other experiments and functional experiments are needed to 

fully understand the impact of the sperm epigenome on the embryo.  
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The presented analysis strongly focused on the molecular biology of sperm and 

embryos; however, we envision Omnisperm as a tool for other research fields as well. 

Omnisperm is also not limited to AI to generate offspring, but other methods, like in-

vitro fertilization-based approaches, can be used in the workflow as well. As such, 

Omnisperm can be used study sperm cells, the generated offspring and 

epididymosomes, all derived from a single male mouse to improve our understanding 

in male reproductive biology and its impact on the offspring. 
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Figure 1. Omnisperm for an increased yield of sperm cells to use for multi-
layered sperm and offspring analyses.  
A Cauda epididymis and vas deferens are freed and dissected from surrounding tissues 
(black arrow), luminal fluid from vas deferens is extruded (white arrow) and cauda 
epididymis is sliced.  
B Sliced Cauda epididymis is placed on cell strainer and washed with M2 medium, followed 
by centrifugation for the separation of the sperm pellet from the epididymosome containing 
supernatant.  
C Transmission electron micrographs showing intact epididymosomes (*) and microvesicles 
(+).  
D Electron micrograph of collected sperm.  
E Comparison of the number of collected sperm cells using Omnisperm to the classical 
collection methods swim-up and repeated swim-up.  
F Schematic overview of procedures performed with collected sperm from 10 individual 
males. 
G DNA yield from 50 µL sperm lysate per male and the respective DNA integrity as a 
measure for DNA quality. F RNA yield from 100 uL sperm lysate per male and the indication 
how much is needed to generate high-quality total RNA sequencing libraries. 
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Figure 2. Collection of mature sperm allows to analyse associations of sperm 
DNAm with transcript expression in sperm and embryo.  
A Heatmap of marker genes for mature sperm (Prm2 and Tnp1), immature sperm (Piwil1 
and Sycp3), somatic cells (Hist2h2aa1) and liver (Cyp1a2) to compare collected sperm (n = 
10) with whole testis (n = 21) and liver (n = 21) tissues. Gene expression in log(TPM).  
B Violin plots of single CpG sperm DNAm at germline specific imprinted loci.  
C Median sperm transcript expression (y-axis) plotted against mean sperm DNAm (x-axis) 
using the whole dataset (n = 10).  
D Median embryo transcript expression in log10(TPM) (y-axis) plotted against mean sperm 
DNAm in log10(TPM) (x-axis) using the whole dataset (n(sperm) = 10, n(embryo) = 28).  
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Supplementary Figure 1. 
A Full schematic overview of the Omnisperm protocol to collect sperm for AI and molecular 
analyses and EVs.  
B Nanoparticle tracking results shown as concentration of detected particles according to 
their size in nm. The size of isolated extracellular vesicles ranges from 50 nm to 600 nm, 
with a majority of particles with a size around 150 nm (n = 5 individual males). Gray area 
indicates ± 1 SEM.  
C Western blot of enriched epididymosomes across fractions (1-12) collected after gradient 
ultracentrifugation (5-40 % OptiPrep gradient) stained for the epididymosome surface marker 
Cd9. 
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Supplementary Figure 2. 
Electropherograms of RNA from sperm RNA and whole testis RNA, in fluorescence units 
(FU) for given nucleotide length (nt). 
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Supplementary Figure 3. 
A-B Representative pictures of 4-cell and 8-cell embryos collected from AI fertilized females. 
C-D Representative electropherograms of single embryo RNA sequencing cDNA libraries 
generated from 4- or 8-cell embryos.  
E Heatmap of sex specific genes expressed in single embryos to determine sex. Gene 
expression in log(CPM). 
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Supplementary Figure 4. 
A Brightfield (Channel 1) and overlaid fluorescence images (Channel 7 and 11) of sperm 
stained with Hoechst 33342 (blue) and MitoTracker Deep Red (red) acquired by imaging flow 
cytometry.  
B Imaging events were quantified based on the detected aspect ratio (with the value 1 
equaling a completely round object) and their size in µm2.  
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Supplementary Figure 5. Association of sperm DNAm and transcript expression 
in sperm and embryo in sperm of individual male and their respective embryos.  
A Sperm transcript expression (y-axis) plotted against sperm DNAm (x-axis) of four 
representative males. Transcript expression in log10(TPM).  
B Median transcript expression of the embryos derived from one father (y-axis, 1 – 9 embryos 
per father) plotted against mean sperm DNAm of the father (x-axis). Transcript expression in 
log10(TPM). 
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on a 12h reversed light/dark cycle (light on at 20:00, off at 8:00) with food (M/R Haltung 

Extrudat, Provimi Kliba SA, Switzerland) and water ad libitum. Cages were changed 

once per week. Half of the male animals used for sperm collection underwent a 

paradigm to model postnatal trauma, as described here [27]. The conducted analyses 

were not affected by animals undergoing postnatal trauma.  

 

Sperm and tissue collection  
The intraperitoneal cavity of adult males was cut open with scissors from the sternum 

to the penis. Cauda epididymis and vas deferens were freed from adipose and 

connective tissue. The epididymal luminal fluid was extruded from vas deferens with 

a pair of fine forceps and deposited on cauda epididymis. The empty vas deferens 

was then cut off and removed. The cauda epididymis was sliced with 20 cuts and 

placed in 1 ml of M2 medium (Sigma, M7167) in a 2 ml Eppendorf tube and placed at 

37 °C for 15 minutes. The tube was gently flicked to detach the tissue from the tube 

wall and the whole content immediately poured on a 70 µm cell strainer (Falcon, 

352350) on top of a 50 ml Falcon tube to allow filtrate collection. The tissue on the 

nylon mesh was gently rinsed with warm M2 medium using a 1000 µl pipette for a total 

of 14 ml M2 medium. The filtrate was transferred to a 15 ml conical Falcon tube and 

the remaining cauda epididymis was snap-frozen for further analysis. The filtrate was 

centrifuged in a pre-warmed centrifuge at 600 rcf for 5min. The supernatant was 

transferred to a fresh 15 ml Falcon tube for extracellular vesicles extraction. The sperm 

pellet was left in 400 µl M2 (a smaller volume can be chosen to increase sperm 

concentration) and gently resuspended with a wide-bore pipette tip to minimize 

shearing and sperm cells damage. An aliquot should be used at this stage to determine 

sperm concentration and visually confirm that spermatozoa are still motile and not 

damaged before artificial insemination. The spermatozoa were kept at 35-37 °C 

throughout the procedure and processed within one hour for artificial insemination. 

For the collection of liver and testis samples, the intraperitoneal cavity of adult males 

was cut open with scissors from the sternum to the penis. Testis and a lobe of the liver 

were freed from adipose and connective tissue and snap frozen until further 

processing. 

 

Epididymosomes collection 
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To remove cellular debris, the supernatant from sperm collection was subjected to a 

series of centrifugations of 2’000 rcf for 10 min and 10’000 rcf for 30 min. Supernatants 

were ultracentrifuged at 120’000 rcf at 4 °C for 2 h (TH 64.1 rotor, Thermo Fisher 

Scientific). The pellets were washed in PBS at 4 °C and again ultracentrifuged. The 

pellets were resuspended in 60 µl of PBS. For particle quantification, 10 µl was diluted 

to a 1:1000 concentration in filtered (0.22 µm) PBS. The number and size distribution 

of epididymosomes was measured on Nanosight NS300 (Malvern, UK) at 20 °C. 

 

Artificial insemination 

Artificial insemination was performed as previously [28] with slight modifications. To 

ensure that females ovulate, vaginal smears from acyclic virgin females were collected 

and oestrus stage assessed shortly before insemination. A 100 µl pipette was used to 

gently flush the opening of the vaginal canal with sterile PBS and collect the liquid on 

a glass slide. Only females with vaginal cytology characterized by cornified epithelial 

cells typical of oestrus were used for insemination. 30 µl of the sperm suspension was 

loaded into a 200 µl pipette tip (Biorad, 223-9915). Two in-house manufactured Teflon 

tubes of different size (small speculum: 13 mm; large speculum: 10 mm) were used 

as speculums to guide the pipette tip through the vagina and localize the cervix. Each 

female mouse was placed on an angled wire cage top and gently pulled up by the tail 

to expose the vaginal opening. The smaller speculum (inner diameter, 3.28–3.58 mm, 

wall 0.38 mm) was first inserted into the vagina until the cervix was reached (slight 

resistance is felt). The small speculum was then removed and the large speculum 

(inner diameter, 2.06–2.31 mm, wall 0.38 mm) inserted. The cervical opening was 

localized by gentle probing with the tip of the pipette, and once in place, the tip was 

inserted into the cervix for a total of 2 cm and the sperm suspension slowly injected. 

After removing the large speculum, a small cotton tampon moistened in 0.9 % saline 

solution was inserted into the vaginal opening to mimic the mating plug and replace 

the need of mating to a vasectomized male. All inseminations were performed under 

red light during the active phase of the mice. 3 female mice were inseminated with the 

sperm of one male. 

 

Embryo collection 

Four to eight-cell embryos were collected from the oviducts of inseminated females, 

42 hours following mating. In brief, female mice were euthanized with 5 % isoflurane 
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and the oviducts were dissected out and placed in 24-well plates in M2 media at 37 

°C. The oviducts were flushed with M2 media by inserting a slightly bent hypodermic 

30 G needle through the infundibulum. The procedures were carried out using a 

stereomicroscope equipped with reflected white light for better visualization of the 

infundibulum opening. Individual embryos were assessed by light microscopy for cell 

stage and morphological integrity. Intact four to eight cell embryos were freed from 

any attached cells, transferred in 4 µl of Buffer RLT+ and frozen. 

 

Sperm DNA / RNA extraction 

Sperm was lysed in 200 µl lysis buffer (190 µl Buffer RLT+ (Qiagen, 1053393) and 10 

µl 0.5 M TCEP (Sigma, 646547))[29]. The lysate was homogenized for 2 min at 20 Hz 

using a 0.5 mm stainless steel bead and a TissueLyser II (Qiagen, 85300) then 

incubated for 5 min at room temperature. Complete lysis of sperm heads was 

confirmed by microscopy. 

For DNA extraction, 50 µl of sperm lysate was used with the DNeasy Blood & Tissue 

Kit (Qiagen, 69506) according to the manufacturer instructions. DNA concentration 

was determined using a NanoDrop 2000 (Thermofisher). DNA integrity was analysed 

on a 2200 TapeStation (Agilent) with the Genomic DNA ScreenTape analysis 

according to manufacturer instructions. 

For RNA extraction, 100 µL of sperm lysate were mixed with 1 mL TRIzol Reagent 

(Life Technologies, 15596026). 200 µL chloroform was added, and samples were 

shaken and incubated at RT for 10 min. After centrifugation at 12000 rcf for 15 min, 

the aqueous phase was transferred to a fresh tube. 500 µL chloroform was added, 

and samples were shaken and incubated at RT for 3 min. After centrifugation at 12000 

rcf for 15 min, the aqueous phase was transferred to a fresh tube and 10 µL glycogen 

was added. 500 µL isopropanol was added, tubes were inverted four times and 

incubated at RT for 10 min and centrifuged at 12000 rcf for 10 min. Supernatant was 

decanted and samples were washed twice with 75 % ethanol, resuspended in 30 µL 

nuclease free water and incubated at 55 °C for 15 min. RNA concentration and 

integrity were analysed on a 2100 Bioanalyzer (Agilent) with the RNA 6000 Pico Kit 

(Agilent) according to manufacturer instructions. 

 

Sperm whole genome bisulfite sequencing 
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Libraries for whole genome bisulfite sequencing were prepared using 100 ng genomic 

DNA using Ovation UltraLow Methyl-seq DR Multiplex System (NuGen) according to 

manufacturer recommendation. In brief, DNA was fragmented into 200bp fragments 

by ultrasonication, followed by purification with Agencourt beads into 14 µl nuclease-

free water. End-repair reaction was performed in a preheated thermal cycler by 

incubating the fragmented DNA at 25 °C for 30 min followed by 10 min at 70 °C. 

Methylated adaptors were ligated by incubating in a preheated thermal cycler at 25 °C 

for 30 min followed by 10 min at 70 °C. Post-ligation purification was performed using 

the Agencourt beads as previously, then samples were eluted in 16 µl of nuclease-

free water. Another repair reaction was conducted for 10 min at 60 °C then DNA was 

subjected to bisulfite conversion by Ovation UltraLow Methyl-seq DR Multiplex 

System. Following spin-column purification of bisulfite-converted DNA, the optimal 

number of PCR amplification cycles was determined with a qPCR assay. Linear Rn 

versus cycle number was plotted and the cycle number corresponding to 1/2 of the 

maximum fluorescent intensity was calculated and used for PCR amplification. 

Libraries were purified using the Agencourt RNA Clean XP beads and eluted in 20 µl 

nuclease-free water. Libraries quality and quantity were assessed using the 

Bioanalyzer 2100 (Agilent Technologies) on DNA 1000 Chips. Profiles typically 

displayed a peak around 300 bp, corresponding to 150-200 bp inserts. Paired-end 

sequencing was performed on an Illumina HiSeq 2500 and 300 million paired-end 

reads were sequenced per sample.  

 

Sperm total RNA sequencing 

Total RNA libraries were generated starting from 1 ng of DNAse treated (AM1906, 

Invitrogen) sperm RNA using SMARTer Stranded Total RNA-seq Kit v2 – Pico Input 

Mammalian (Takara Bio) according to manufacturer instructions. In brief, RNA was 

fragmented in first strand buffer at 94 °C for 90 s. After addition of template switching 

oligo and reverse transcriptase, samples were incubated at 42 °C for 90 min. Unique 

Dual Illumina Indexes were added in 5 PCR cycles. Libraries were purified with 

AMPure XP beads (Beckman Coulter) and rRNAs depleted with ZapR v2 at 37 °C for 

60 min. Final libraries were PCR amplified in 12 cycles and purified with AMPure 

beads. Libraries were quantified with Qubit dsDNA HS kit and profiles assessed using 

Agilent High Sensitivity DNA Kit. Sequencing was performed on an Illumina HiSeq 

4000 and 20 million paired-end reads were sequenced per sample.  
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Single embryo sequencing 

Embryo RNA-seq libraries were generated using G&T-seq followed by smart-seq2 

protocols [30, 31]. In brief, individual embryos were lysed in Buffer RLT+ and gDNA 

separated from polyA-RNA using magnetic beads (Invitrogen) labelled with dT30VN 

(MicroSynth). After washing, cDNA was reverse transcribed by Superscript II (Life 

Technologies) and template switching oligo (IDT) at 42 °C for 90 min and 10 cycles 

(50 °C for 2min, 42 °C for 2min). cDNA was PCR amplified (20 cycles) using KAPA 

HiFi HS (Roche) and purified using Ampure XP beads. cDNA library profiles were 

assessed using Agilent High Sensitivity DNA Kit. Sequencing was performed on the 

Illumina HiSeq 4000 and 20 million paired-end reads were sequenced per sample. 

 

Whole testis and liver RNA sequencing 

Liver and testis tissue pieces were homogenized in 1 ml Trizol by steal beads using a 

TissueLyser. RNA was extracted as described above for sperm.  

PolyA+ RNA libraries were prepared by Beijing Genomics Institute (BGI, Shenzhen, 

China) using their BGISEQ-500 RNA-Seq library preparation protocol. 100 bp paired-

end sequencing was performed on the BGISEQ-500 platform. 

 

Sperm DNAm data preprocessing 

Reads were trimmed with TrimGalore (-q 30, -l 30) and mapped with Bismark using 

Bowtie2 to the mm10 reference genome. CpG methylation was assessed using 

bismark_methylation_extractor and used for further analysis with custom scripts and 

R packages. 

 

Sperm RNA data preprocessing 

Reads were trimmed with TrimGalore (-q 30, -l 30) and quantified using Salmon (--

seqBias, --posBias, --gcBias, --dumpEq, --numBootstraps 30).  

 

Embryo RNA data preprocessing 

Reads were trimmed with TrimGalore (-q 30, -l 30) and quantified using Salmon (--

seqBias, --posBias, --gcBias, --dumpEq, --numBootstraps 30). 

 
Epididymosomes characterization 
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For immunoblot analysis, fractions were prepared. Iodoxanol (OptiPrep) density media 

(Sigma-Aldrich, St Louis, MO, USA) was used to prepare an OptiPrep gradient (40 %, 

20 %, 10 %, 5 %) by diluting OptiPrep with 0.25 M sucrose, 10 mM Tris. The UC pellets 

resuspended in PBS were layered onto the OptiPrep gradient and ultracentrifuged at 

100’000 rcf at 4 °C for 18 h. 12 fractions were collected from top to bottom, and each 

fraction was diluted with filtered cold PBS and subjected to 120’000 rcf 

ultracentrifugation for 2 h at 4 °C. The PBS-resuspended pellet was mixed with 10x 

RIPA (Cell Signaling Technology) and incubated for 5 min at 4 °C. Equal amount of 

protein was mixed with 4x Laemmli Sample Buffer (Bio-Rad Laboratories, USA) and 

samples were loaded on 4-20 % Tris-glycine polyacrylamide gels (Bio-Rad, CA, USA). 

Membranes were blocked in 5 % SureBlock (LubioScience GmbH, Zürich, 

Switzerland) in Tris-buffered saline with 0.05 % Tween-20 (Sigma-Aldrich, St Louis, 

MO, USA) for 2 h at room temperature and incubated with primary-antibodies 

overnight at 4 °C (anti-CD9 [1:3000; System Biosciences, Palo Alto, CA, USA], anti-

GAPDH [1:5000; Cell Signaling, Davers, MA, USA; 14C10]). Next, membranes were 

washed 3 times in TBS-T, and incubated with a corresponding HRP-conjugated 

secondary antibody (anti-rabbit [1:10000; Santa-Cruz Biotechnology, cs2357], anti-

mouse [1:10000; Upstate Biotechnology, 12-349]) for 2 h. WesternBright Sirius 

western blot detection kit (Advansta, Menlo Park, CA, USA) was used to visualize the 

signals, following analysis on ImageLab software (Bio-Rad, Hercules, CA, USA). 

 
Electron microscopy 
Extracellular vesicles were prepared by negative stain for electron microscopy. The 

negative staining of extracellular vesicles was performed with methylcellulose. Briefly, 

the carrier grid was glow-discharged in plasma for 10 min and then washed with a 100 

ul drop of PBS, followed by incubation in 1% glutaraldehyde (GA) in water for 5 min 

and washing with water 5 times for 2 min per wash. The grid was then incubated in 

1% UAc (uranyl acetate) for 5 min and kept on ice in Methylcellulose/UAc (900 ul 

Methylcellulose 2 % and 100 ul 3 % UAc) solution. After incubation with 

Methylcellulose/UAc, excess liquid was removed with a filter paper. The grid was air-

dried in a gridbox on ice for 5 min. Imaging was performed with a Transmission 

Electron Microscope. 
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