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Abstract 

Human infertility is now a major clinical problem affecting approximately one in six couples; 

with a male factor contributing to nearly 50% of these cases. Clinical analysis has shown that 

a majority of male infertile patients are still able to produce enough spermatozoa to achieve 

fertilization. However, for reasons that remain poorly defined, the functionality of these cells 

has become compromised. Improved understanding of how sperm acquire functional maturity 

would not only beneficial in terms of uncovering the causative basis of male gamete 

dysfunction, but also for the provision of urgently needed biomarkers of sperm quality to 

reliably predict the outcome of assisted reproductive technology treatments. In this context, it 

is generally accepted that spermatozoa released from the testes require additional phases of 

post-testicular development that occur during their transit through the epididymis and female 

reproductive tract before acquiring functional competence. Both biophysical and biochemical 

changes occur along this journey, eventually culminating in the ability of sperm to undergo 

an acrosome reaction and recognize the oocyte. Notably, due to spermatozoa being both 

transcriptionally and translationally silent, the acquisition of functional maturity is reliant on 

communication between the spermatozoa and the extrinsic factors that they encounter within 

the male and female reproductive tracts.  

Our recent work has shown that the dynamin family of enzymes may regulate several 

key steps in these communication pathways. The dynamin family comprises a group of large 

GTPases responsible for the regulation of membrane trafficking events such as endocytosis, 

exocytosis and intracellular trafficking. Such diverse functionality relies on the ability of 

dynamin to polymerize into a helix structure around the template lipid membrane, whereupon 

GTP hydrolysis drives the lengthwise constriction of the helix structure and leads to scission 

of the connection between the two membrane templates. Dynamin has three canonical 

isoforms, namely dynamin 1, dynamin 2 and dynamin 3. Although sharing over 80% 

sequence homology, recent studies have shown that each isoform may play distinct roles in 

regulating membrane trafficking events, depending on their localization and ability to interact 

with other protein targets. This is especially the case in male reproduction with our 

previously published studies having shown that dynamin 1 and 2 putatively regulate 

acrosomal exocytosis whilst dynamin 2 plays an essential role in regulating spermatogenesis 

in the mouse model.  

Herein, we have provided further evidence that dynamin is involved in sperm 

maturation through the regulation of epididymal epithelium secretion. Our detailed 



characterization of the three canonical dynamin isoforms have revealed that each are highly 

expressed during the early development phases of epididymal differentiation. Interestingly 

however, the widespread localization of these isoforms in the juvenile epididymis is replaced 

by segment and cell specific patterns coinciding with the arrival of testicular sperm into the 

tract. Notably, the expression of dynamin 2 in the Golgi apparatus of caput epithelial cells 

ideally positions the enzyme to regulate the classical merocrine pathway of protein secretion. 

This hypothesis was tested through the use of an in vitro caput epithelial cell line; i.e. 

mECap18 cells. Accordingly, pharmacological inhibition of dynamin selectively inhibited the 

secretion of a subset of proteins, such as CCT3 and CCT8, from the mECap18 cells.  

Having demonstrated that dynamin influences the secretion of epididymal proteins, 

we elected to explore if members of this family also participate in downstream 

communication between epididymal soma and sperm via the control of extracellular vesicle 

uptake. For this purpose, we elected to focus on epididymosomes, small membrane 

encapsulated vesicles that have been implicated in establishing the sperm proteomic and 

epigenetic landscape. Through the establishment of an in vitro co-culture model, we have 

documented the kinetics of epididymosome-mediated transfer of proteins to spermatozoa and 

identified the post-acrosomal sheath as the domain responsible for initial epididymosome – 

sperm adhesion. Such adhesion appears to be followed by the uptake of epididymosome 

cargo into the cell, a process that is reliant on both dynamin 1 and lipid rafts.   

In continuing our investigation of dynamin, we also elected to study the role of this 

family of mechanoenzymes in regulating the acrosome reaction in human spermatozoa. 

Based on previous data generated in a mouse model, we hypothesized that dynamin 1 and 2 

play a conserved role in facilitating acrosomal exocytosis in human spermatozoa, and that 

this activity is linked to the phosphorylation status of the dynamin proteins. Consistent with 

this hypothesis, dynamin 1 and 2 were localized to the acrosomal domain of human 

spermatozoa and their pharmacological inhibition significantly compromised the ability of 

human spermatozoa to complete an acrosome reaction. This activity appears to be tied to the 

phosphorylation of dynamin, with our data identifying CDK1 as an important targeting 

kinase for dynamin 2. Accordingly, we recorded a significant loss of dynamin 2 expression in 

the acrosomal domain of poor quality human spermatozoa; a loss that was accompanied by a 

significant reduction in the ability of these cells to complete an acrosome reaction. 

Collectively these data support a conserved role for dynamin in regulating the acrosome 

reaction in both mouse and human spermatozoa.  



In summary, the data summarized in this thesis implicates dynamin as a key 

regulatory enzyme in both epididymal sperm maturation and downstream acrosomal 

exocytosis. In contrast to the overlapping role of the dynamin family members in somatic 

cells, our findings raise the prospect that different dynamin members fulfill distinct functions 

in the male reproductive system. Such distinctions raise the intriguing possibility of being 

able to target specific dynamin members for the purpose of male fertility regulation. 

Moreover, the functional conservation we observed between human and mouse models 

supports the utility of conditional knockout mouse models as an important tool with which to 

further dissect the role of dynamin in human male (in)fertility.  
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Chapter 1: Overview 

The aim of the following manuscript was to review our current understanding of the 

molecular mechanisms that exert influence over the unique intraluminal environment of the 

male reproductive tract (the epididymis), with a particular focus on vesicle-dependent 

mechanisms that facilitate intracellular communication between the epididymal soma and 

maturing sperm cell population. 

The mammalian epididymis is an exceptionally long, convoluted ductal system that 

provides an optimal environment to promote the functional transformation of spermatozoa 

and their subsequent storage in a viable state in readiness for ejaculation. What makes this 

process remarkable is that, as testicular spermatozoa are transcriptionally and translationally 

silent, it is entirely driven by the luminal microenvironment created by the combined 

secretory and absorptive activities of the epididymal epithelial cells. Here we summarize the 

regionalized characteristics of the epididymis, the luminal components, how secretory and 

absorptive pathways contribute to and maintain the complex luminal microenvironment and 

how specific gene knockout or depletion affects the luminal microenvironment. Furthermore, 

we place particular emphasis on recent work focusing on the evaluation of vesicle-dependent 

mechanisms (especially epididymosomes) that facilitate intercellular communication between 

the epididymal soma and maturing sperm cell population. This body of research has aroused 

broad interest as vesicle-dependent mechanisms not only afford a mechanism for the bulk 

delivery of macromolecular cargo to spermatozoa, but the membrane-bound structures also 

provide protection to such cargo against the deleterious outside environment. Moreover, this 

pathway has recently been implicated in the relay of epigenetic information (e.g. small non-

protein coding RNA) to spermatozoa with the potential to influence early embryo 

development. Finally, we give consideration to our own novel findings regarding the role of 

the dynamin family of mechanoenzymes in the regulation of the epididymal luminal 

environment and in mediation of epididymosome-sperm interactions.  
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The testicular spermatozoa of all mammalian species are considered functionally imma-
ture owing to their inability to swim in a progressive manner and engage in productive 
interactions with the cumulus–oocyte complex. The ability to express these key func-
tional attributes develops progressively during the cells’ descent through the epididymis, 
a highly specialized ductal system that forms an integral part of the male reproductive 
tract. The functional maturation of the spermatozoon is achieved via continuous inter-
actions with the epididymal luminal microenvironment and remarkably, occurs in the 
complete absence of de novo gene transcription or protein translation. Compositional 
analysis of the luminal fluids collected from the epididymis of a variety of species has 
revealed the complexity of this milieu, with a diversity of inorganic ions, proteins, and 
small non-coding RNA transcripts having been identified to date. Notably, both the 
quantitative and qualitative profile of each of these different luminal elements display 
substantial segment-to-segment variation, which in turn contribute to the regionalized 
functionality of this long tubule. Thus, spermatozoa acquire functional maturity in the 
proximal segments before being stored in a quiescent state in the distal segment in 
preparation for ejaculation. Such marked division of labor is achieved via the combined 
secretory and absorptive activity of the epithelial cells lining each segment. Here, we 
review our current understanding of the molecular mechanisms that exert influence 
over the unique intraluminal environment of the epididymis, with a particular focus on 
vesicle-dependent mechanisms that facilitate intercellular communication between the 
epididymal soma and maturing sperm cell population.

Keywords: epididymis, sperm maturation, intracellular communication, protein trafficking, apocrine secretion, 
merocrine secretion, epididymosome, dynamin

iNTRODUCTiON

The mammalian epididymis is an exceptionally long, convoluted ductal system that serves to 
connect the ductuli efferentes, which drain the testes, to the ductus deferens. Anatomically, this 
highly specialized organ is generally divided into four broad segments: the initial segment, caput, 
corpus, and cauda epididymides (Figures  1A,B) (1); although this demarcation is not strictly 
adhered to in all mammalian species (2). Irrespective, the epididymis is responsible for the 
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FigURe 1 | Regionalized structure and schematic distribution of the major cell types in the mouse epididymis. (A,B) The mouse epididymis is generally broadly 
divided into four unique anatomical segments: the initial segment, the caput, corpus, and cauda epididymis. The initial segment is a loosely coiled tubule with a wide 
diameter and a low concentration of spermatozoa. Epithelial cells in this segment are elongated and possess high stereocilia. The caput segment is characterized by 
a narrow luminal diameter, while both the luminal diameter and the sperm concentration increase distally within the corpus and cauda epididymis. Differing cell types 
within these segments are responsible for the creation of a specialized luminal microenvironment that promotes the sequential maturation of spermatozoa (caput 
and corpus epididymis) and their subsequent storage (cauda epididymis). (C) Principal cells dominate the soma along the entire length of epididymis and are 
particularly active in terms of protein biosynthesis and secretion in the proximal epididymal segments. In this context, an apocrine pathway of secretion, featuring the 
formation and eventual shedding of large bleb-like structures from the apical margin (i.e., apical blebs) of principal cells, appears to be a dominant secretory 
mechanism operating in all epididymal segments. Upon degradation within the epididymal lumen, apical blebs release a heterogeneous population of membranous 
extracellular vesicles, termed epididymosomes, which have been implicated in intracellular communication with spermatozoa and downstream epithelial cells. Aside 
from principal cells, clear cells are distributed sporadically throughout the epithelium of the caput, corpus, and cauda segments in most studied species and are 
primarily responsible for selective absorption of luminal components and conversely, the regulation the luminal pH. A suite of additional cell types have been 
described in the epididymis, including basal cells, apical cells, halo cells, narrow cells (only found in initial segment and intermediate zone), and immunological cells.
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provision of an optimal environment to promote the functional 
transformation of spermatozoa and their subsequent storage in 
viable state in readiness for ejaculation. Functional profiling 
studies indicate that the epididymis displays highly regionalized 
characteristics. Thus, the initial segment and upstream ductuli 
efferentes are responsible for the absorption of the majority 
of testicular fluid entering the duct leading to a pronounced 
concentration of the luminal spermatozoa (3). Thereafter, the 
caput epididymis is most active in terms of protein synthesis 
and secretion, and a small portion of the sperm passing through 
this region begin to exhibit the ability to swim in a progressive 
manner and to recognize an oocyte (4–6). These functional 
characteristics continue to develop in the corpus epididymis 
before reaching an optimal level in the distal caudal segment. 
This latter region is characterized by a relatively large lumen 
and its surrounding epithelial cells exhibit strong absorptive 
activity (7, 8). Such attributes align with the dominant function 

of the cauda epididymis in terms of the formation of a sperm 
storage reservoir.

It is well established that the combined secretory and absorp-
tive activities of the epididymal epithelial cells are responsible for 
the creation of the highly specialized luminal microenvironment 
that promotes the gradient of increasing fertility in the sperm 
population held therein (9). Systematic analysis of the composi-
tion of these luminal fluids has revealed a complex macromo-
lecular landscape encompassing a myriad of soluble factors in 
addition to non-pathological amyloid matrices and exosome-like 
vesicles termed epididymosomes. The latter of these have come 
under increasing scrutiny owing to their potential to facilitate 
the efficient transfer of a variety of protein and small non-coding 
RNA cargo to the maturing sperm cells. Furthermore, there is 
emerging evidence that the epididymosome payload may be 
dynamically altered in response to paternal exposure to environ-
ment stressors. The implications of such changes in terms of 
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TABLe 1 | Gene knockout or deletion strategies that impact the intraluminal environment of the mouse epididymis.

gene knockout Fertility phenotype Changes to epididymal environment References (PMiD)

Sed1 Infertile Hypo-osmotic and alkaline epididymal fluid, disrupted fluid  
reabsorption, increased intracellular vesicles

20122713

Esr1 Infertile Hypo-osmotic fluid 20130266
C-ros Infertile Defective initial segment development, increased luminal pH 10645273, 15095336
Dicer1 Subfertile Imbalanced lipid homeostasis in proximal segments. Dedifferentiation  

of the epithelium and imbalance in sex steroid signaling
25366345, 22701646

Rlx Subfertile Delayed maturation and growth associated with increased collagen deposition 15956703
He6 Infertile Reduced in size and dysregulation of fluid reabsorption 15367682
Lur (testosterone 
treatment)

Subfertile Inflammation in epididymis 15514086

Erα Infertile Disruption in Na+ reabsorption and passive water transport,  
abnormal epithelial ultrastructure

11698654

Nhe3 Infertile Disruption in Na+ reabsorption and passive water transport 11698654
Lxr Infertile Abnormal accumulation neutral lipids 15525595
Apoer2 Infertile Dysfunction of clusterin and PHGPx protein impacting sperm maturation 12695510
Fsh-r Subfertile Smaller epithelial surface area in caput and corpus segments 15973687
Gpx5 Higher incidence of 

miscarriages and 
developmental defects

Excess of reactive oxygen species in the cauda segment leading  
to oxidative damage of spermatozoa

19546506

Hoxa10
Hoxa11

Subfertile
Infertile

Epididymis characterized by homeotic transformation
Epididymis characterized by homeotic transformation

8787743
7789268

Hexa Infertile (age dependent) Inability to degrade endocytosed substrates 12617783
Tmf Infertile Epithelial apoptosis and sperm stasis in the cauda segment 23000399
Trpv6 Subfertile Defects in epididymal Ca2+ absorption 22427671
Slc9a3 Infertile Abnormally abundant secretions and calcification in the lumen 28384194
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establishing the sperm epigenetic and proteomic signatures, and 
their potential to influence the downstream health and develop-
mental trajectory of offspring, are only just beginning to be realized. 
It is therefore timely to review the changes associated with sperm 
maturation in the epididymal tract and the molecular mecha-
nisms by which such changes are brought about. Here, we focus 
on the regulation of the epididymal luminal microenvironment 
and place particular emphasis on vesicle-dependent mechanisms 
that facilitate intercellular communication between the lining 
epididymal soma and the maturing sperm cell population.

THe LUMiNAL MiCROeNviRONMeNT  
OF THe ePiDiDYMiS

The process of post-testicular sperm maturation is reliant on 
the highly specialized intraluminal microenvironment of the 
epididymis, arguable one of the most complex milieus produced 
by any endocrine gland. Accordingly, the selective ablation of 
genes that lead to dysregulation of the epididymal microenviron-
ment commonly results in male infertility/subfertility phenotypes 
(Table 1). The origin of these fluids rests with the pseudostratified 
epithelium lining the duct. This epithelium comprises a number 
of different cell types (Figure  1C) including, populations of 
principal, clear, narrow, apical, basal, halo, and immunological 
(macrophage and dendritic) cells; the abundance of which var-
ies considerably between different epididymal segments (10). 
Detailed functional studies have confirmed spatial differences in 
the profile of each cell type and revealed that, under the precise 
control afforded by androgens and various other factors of 
testicular origin, they each make unique contributions to sperm 
maturation, protection, and storage (10).

epididymal epithelium
Principal cells represent the major cell type throughout the 
entire epididymis, constituting as much as 80% of the peritubu-
lar interstitium (11). These cells are characterized by abundant 
secretory apparatus [endoplasmic reticulum (ER), Golgi and 
secretory granules] reflecting their high exocytotic activity, 
especially in the proximal portions of the epididymis (caput and 
corpus) (8, 12, 13). In more distal segments (cauda), the prin-
cipal cells take on a predominantly endocytotic role in which 
they are actively responsible for the reabsorption of various 
components from the epididymal fluid, a function that is also 
shared with that of the clear cell population (12). Clear cells are 
the second most abundant cell type, being widely distributed 
in the caput and corpus segments but displaying most enrich-
ment in the cauda. The apical domain of clear cells is replete 
with endocytotic apparatus and accordingly, these cells have a 
tremendous capacity for endocytosis (7, 12). This is particularly 
true of the clear cells that populate the distal epididymal seg-
ments, which have been implicated in the uptake and disposal 
of the cytoplasmic droplets that are shed from the maturing 
sperm cell population (7), as well as the recycling of various 
other luminal components. Also within their apical domain, 
clear cells possess key elements of the machinery [vacuolated 
(V)-ATPase, carbonic anhydrase II, and soluble adenylate 
cyclase] necessary for acidification of the luminal environ-
ment, thus highlighting their role in regulation of the pH of 
the epididymal environment (8, 14). Narrow and apical cells 
are mainly found within the initial segment (15, 16). However, 
their function is yet to be fully resolved (8). Basal cells display 
a hemispherical morphology and form intimate contact with 
the basement membrane and principal cells on both sides (8). 
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Ligation experiments in the rat have shown that basal cells pos-
sess the ability to change shape in order to adjust the luminal 
volume and pressure; features that are suggestive of a protective 
role in preserving the structural integrity of the lumen (17).

The remaining cell types comprising the epididymal epithe-
lium are predominantly related to immune functions (8), an 
important consideration given the highly antigenic nature of 
the male germ cell. Indeed, the epididymal luminal environ-
ment and thus maturing spermatozoa are shielded from immune 
surveillance behind a blood–epididymal barrier. This barrier 
consists of a network of tight junctions that form between 
adjacent epithelial cells. The ductal system so created is further 
characterized by connective septa to form a number of distinct 
segments and thus facilitate the formation of successive, region-
ally distinct luminal microenvironments (18–20). Since a major-
ity of testicular fluid is reabsorbed before reaching the proximal 
segments of the epididymis, most of the luminal components, 
other than the sperm cells themselves, originate from the secre-
tory activity of the pseudostratified epithelial cells comprising 
the duct. Detailed compositional analysis of the epididymal fluid 
has revealed it contains a complex array of proteins, ions, and 
small non-coding RNA species (21, 22). While these molecules 
are present in all the epididymal segments, they nonetheless 
display an extraordinary level of regionalization, which reflect 
differential secretory and absorptive activity of the epithelial 
cells.

Luminal Components
As previously mentioned, the proteome of maturing sperma-
tozoa is substantially modified via the uptake, repositioning, 
and posttranslational modification of a significant portion of 
proteins. Such changes are mediated by direct exposure to the 
proteins secreted into the epididymal luminal environment, with 
a majority of these originating in the proximal segments of the 
caput and corpus epididymis (23). By contrast, proteins involved 
in the preservation of sperm viability, such as antioxidant enzyme 
defenses, and those responsible for suppression of humoral 
immune responses, tend to be enriched in the cauda epididymal 
secretome (23). Furthermore, detailed transcriptomic analysis 
in the mouse epididymis has identified a prominent theme of 
segment-dependent regulation, with the expression of 12.8% of 
the total 17,000 epididymal genes being characterized by changes 
of at least fourfold between any two segments (21). This ratio 
increases to 35.8% if the criterion is relaxed to include transcripts 
that vary by at least twofold. Consistent with these data, it has also 
been shown that protein and gene expression patterns display 
very discrete profiles that closely align with the borders of septa 
demarcating anatomically different segments of the epididymis 
(24–26). How this precise regulation is imposed is still unclear, 
but it is perhaps notable that grossly similar profiles of epididymal 
protein expression have been documented along the epididymal 
tract of many mammalian species, including large domestic spe-
cies (27) and humans (28). One possible explanation rests with 
evidence for the expression of a myriad of small non-protein 
coding RNA transcripts in the epithelial cells (22, 29–33).

In this context, the focus for most investigations has been 
the microRNA (miRNA) class of RNA molecules (~21–25 

nucleotides) that hold a key regulatory role in the repression 
of mRNA translation. Indeed, the use of microarray and next 
generation sequencing methodologies has led to the identifica-
tion of a total of 545 and 370 miRNAs in the human and mouse 
epididymis, respectively (22, 29). A large portion of these miR-
NAs are conserved among different epididymal segments (75% in 
the mouse epididymis) and even between different species (31% 
between mouse and human), suggesting housekeeping roles in 
the regulation of epididymal homeostasis (22). In contrast, 
other miRNAs are characterized by pronounced segmental 
patterns of expression (15% in mouse epididymis). For exam-
ple, miR-204-5p and miR-196b-5p are down and upregulated 
significantly, with approximately 39- and 45-fold differences 
in expression having been recorded between caput and caudal 
segments of the mouse epididymis (22). The biological implica-
tions of such differences are highlighted by the potential for 
each miRNA species to exert regulatory control over multiple 
targets. By way of illustration, target prediction algorithms indi-
cate that an estimated 530 and 160 genes are putatively able to 
be targeted by miR-204-5p and miR-196b-5p, respectively (34). 
Thus, the differing miRNA expression profiles documented in 
each epididymal segment impose a daunting level of complex-
ity to the regulation of unique segmental environments in the 
epididymis. The precise mechanisms responsible for differential 
miRNA expression profiles remains poorly understood but are 
undoubtedly influenced by androgens and other lumicrine fac-
tors of testicular origin (35). Alternatively, it has been proposed 
that epididymosomes may serve as vectors to selectively traffic 
miRNA cargo between their sites of production in the proximal 
epididymal segments to recipient epithelial cells lining down-
stream segments (36).

In any case, it is therefore perhaps not surprising that intralu-
minal proteome of the epididymis ranks among the most com-
plex produced by any endocrine gland. In addition to a diversity 
of soluble proteins, electron-dense proteinaceous complexes 
have also been described in the epididymal lumen of rodents, 
rams and, recently humans (37–40). These are apparently non-
pathological structures, with a diameter ranging from 500 nm to 
1.2 µm, which lack any obvious organelles, and similarly, are not 
delineated by a lipid bilayer (39). Despite these features, the for-
mation/maintenance of these extracellular matrices appears to 
be a selective rather than stochastic process as evidenced by the 
conservation of their protein profile across several taxa. In this 
regard, the highly amyloidogenic cystatin-related epididymal 
spermatogenic (CRES) family appear to be critical constituents 
of these entities (41). Thus, a potential mechanism for formation 
is through self-assembly brought about by interaction of CRES 
subgroup members, small hydrophobic proteins and/or prion 
proteins (37, 41). Accordingly, pioneering work by the Cornwall 
laboratory has established that these extracellular matrices do 
possess amyloid structural properties, which change along the 
length of the epididymal tubule. Indeed, immature amyloid 
forms prevail in the proximal epididymis before taking on thin-
ner “film-like” characteristics in the distal epididymis (41, 42).  
Notably, these changes in amyloid matrix structure parallel 
changes in epididymal function with proximal segments respon-
sible for promoting sperm maturation and distal segments serving 
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primarily as a storage site for mature spermatozoa (please see 
Introduction). On the basis of these data, it has been suggested 
that epididymal amyloids are formed for functional purposes in 
sperm maturation and/or protection by coordinating interac-
tions between the luminal fluid and spermatozoa. Interestingly, 
a similar role has also been proposed for “dense bodies” that 
have been documented in the lumen of the rodent epididymis 
(39, 43, 44), although at present it remains to be established 
whether these amorphous entities do equate to amyloid matrices. 
Irrespective, dense bodies are replete with proteins such as those 
of the molecular chaperone family (HSPD1 and HSP90B1) (39), 
bactericidal/permeability-increasing protein (43), and glycogen 
synthase kinase 3. While the precise function of the chaperone 
cargo remains obscure, it has been suggested that, similar to 
CRES, these proteins may assist in the aggregation of luminal 
proteins into large discrete entities, and thus increase the effi-
ciency with which they are able to be delivered to the sperma-
tozoa. In keeping with this notion, ultrastructural analyses have 
provided evidence that dense bodies form intimate contact with 
epididymal spermatozoa, and thereafter mediate the transfer of 
associated cargo (44). Further dissection of the structural and 
functional properties of these extracellular matrices promises 
to shed new light on the mechanisms by which the epididymal 
soma communicates with sperm to coordinate their maturation 
and storage.

In addition to amyloids/dense bodies, the epididymal lumen 
also features an impressive population of extracellular vesicles. 
Indeed, as early as 1985, Yanagimachi identified a population of 
small membranous vesicles residing near the surface of epididy-
mal spermatozoa in the Chinese hamster, and subsequently 
predicted their potential role in cholesterol transfer to the 
maturing spermatozoa (45). The existence of these vesicles, now 
commonly referred to as “epididymosomes,” has subsequently 
been confirmed in the epididymal fluid of a variety of other 
mammalian species such as mice (46), rats (47), bull (48, 49), and 
human (50). With defining characteristics of a relatively small 
size (varying from 50–500 nm), a heterogeneous cargo of macro-
molecules, and a membrane that is highly enriched in cholesterol 
(51), epididymosomes have since been implicated in promoting 
various aspects of sperm maturation. Such influence is mediated 
through either direct interaction with the sperm themselves or 
via indirect mechanisms involving delivery of regulatory cargo 
(e.g., miRNAs; see below) to epithelial cells downstream of their 
site of genesis.

Proteomic analysis of bull and human epididymosomes 
has revealed they contain a complex cargo of several hundred 
proteins encompassing key classes of enzymes, chaperones, 
structural proteins, and many more with hitherto unknown 
function (52, 53). Some of these proteins have been shown to be 
directly transferred to specific sperm domains during their transit 
through the epididymis and are, in turn, essential for promoting 
the functional maturity of these cells. Notable examples include 
macrophage migration inhibitory factor (MIF), a cytokine with 
a broad distribution and diverse functions in multiple tissues. 
During epididymal transit in the rat and bovine, MIF is trans-
ferred from epididymosomes to the fibrous sheath of the sperm 
flagellum and subsequently influences the motility characteristics 

of these cells (54, 55). Alternatively, P26h/P34H family members 
(P26h in hamster, P25b in bovine, and P34H in humans) are a 
group of glycosyl-phosphatidylinositol (GPI)-linked proteins 
that are initially found within epididymosomes before becom-
ing firmly anchored to the surface of the sperm acrosomal 
domain. Functional studies have revealed that these proteins are 
indispensable for zona pellucida binding, which is a prerequisite 
for successful fertilization (56–58). Other transferred proteins 
include membrane-associated, transmembrane, and GPI-linked 
candidates, and it is likely that the epididymosomes afford an 
important mechanism for the bulk delivery of this cargo, pos-
sibly in the form of already assembled protein complexes to the 
sperm cell. Direct evidence for this form of transport has been 
provided through in  vitro co-incubation studies between sper-
matozoa and epididymosomes focusing on protein complexes 
such as the MCA4a–PMCA4b–CASK complex, which has been 
directly co-immunoprecipitated from epididymosomes (59). This 
protein complex has been shown to be transferred to the acro-
somal region and mid-piece of the flagellum (which are two key 
functional domains in the male gamete) under optimized in vitro 
incubation conditions featuring the physiologically relevant pH 
of 6.5 and a high concentration of zinc (60, 61).

In this sense, the ionic composition of epididymal fluids 
is markedly different from that documented in other bodily 
fluids (62). Thus, the epididymal fluid contains a lower overall 
concentration of Na+, Cl−, Ca2+ (except for human), and HCO3

− 
ions than those that have been reported in blood plasma (62–65). 
These particular ionic concentrations are, in turn, tightly associ-
ated with the regulation of luminal acidification that helps keep 
spermatozoa in a dormant state (66, 67). Within the epididymal 
lumen, events such as sexual arousal stimulate principal cells 
to secrete HCO3

− and Cl−. This change is sensed by purinergic 
receptors in adjacent clear cells where it leads to activation of 
bicarbonate-sensitive adenylyl cyclase and the downstream re-
localization of proton pumping ATPases to the apical region of 
these cells. These pumps subsequently secrete H+ (66) leading to 
further acidification of the epididymal luminal environment. This 
cell–cell cross talk is mediated by several membrane receptors 
including cystic fibrosis conductance transmembrane regulator 
positioned in the principal cells and cognate sodium bicarbonate 
cotransporters (NBC) in the clear cells. Intracellular Ca2+ is also 
required for ATPase sequestration within the apical domain 
of clear cells owing to its ability to dynamically modulate the 
actin cytoskeleton (68). Ca2+ also plays a more direct role in the 
regulation of sperm functionality by virtue of its ability to enter 
the cell through cation channels (CATSPER) that are located in 
the principal piece of the sperm flagellum. Accordingly, blocking 
Ca2+ influx via CatSper knockout strategies leads to impaired 
sperm motility (69).

Finally, in addition to the more well-studied proteomic and 
ionic components of the epididymal luminal fluids, a number of 
recent studies have provided compelling evidence for the exist-
ence of myriad of small non-protein coding RNA transcripts in 
epididymal fluid (29–33). Such entities appear predominantly,  
but perhaps not exclusively, to be associated with epididymo-
somes (33, 70–72). In the mouse model, we have con-
firmed that epididymo somes encapsulate >350 different 
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miRNAs. This inventory includes many miRNAs that are found 
in epididymosomes and epididymal spermatozoa but are appar-
ently absent, or detected at significantly reduced levels, in the 
surrounding soma. Such findings are sugges tive of selective 
packaging of the epididymosomes cargo (52). In keep ing with this 
notion, substantial qualitative and quantitative changes have been 
documented in the epididymosome cargo along the length of the 
epididymis; including significant fold changes in the accumula-
tion of almost half of their encapsulated miRNAs (70). These data 
accord with similar findings in the bull (33), and take on added 
significance in view of evidence that epididymosomes can convey 
their macromolecular payload to spermatozoa and downstream 
epididymal epithelial cells (33). Epididymosomes thus represent 
key conduits for the selective modification of the sperm proteome 
and epigenome during their post-testicular maturation (71, 73). 
A challenge for future studies will be to determine the extent to 
which this novel form of intercellular communication underpins 
the perturbation of the sperm epigenome arising in response to 
paternal environmental exposures (74).

RegULATiON OF THe ePiDiDYMAL 
LUMiNAL eNviRONMeNT

Sequential modification of the epididymal luminal milieu 
demands the interchange of components between the lining 
epithelium and the lumen. As described previously, this form 
of intercellular communication is carefully orchestrated by the 
secretory and absorptive activity of the differing populations of 
epithelial cells (8). Logically, the interface for a majority of these 
interactions is the sperm plasma membrane, a structure that is 
known to undergo dramatic maturational changes mediated by 
either direct contact with the epithelial margin or by physical 
exchange of luminal components. Although such exchanges 
undoubtedly rely on membrane trafficking activity, the precise 
mechanisms and the machinery involved in these events remains 
to be fully elucidated.

epithelial Secretion: Merocrine versus 
Apocrine Secretory Pathways
Merocrine secretion is a classical pathway operative in glandular 
tissue whereby the endosomal network generates, packages, 
and finally exports cargo via exocytosis (Figure 2). The diverse 
proteins secreted in this fashion share the general properties 
of being soluble and containing a signal peptide sequence that 
directs them toward the ER in preparation for trafficking to 
the membrane (75). In the mammalian epididymis, merocrine 
secretion is believed to be one of the major pathways through 
which principal cells are able to regulate the composition of the 
intraluminal milieu. Accordingly, morphological characteriza-
tion of this cell population has revealed they possess extremely 
long microvilli accompanied by numerous vesicles extending 
from the Golgi apparatus to the adluminal cell border; this is par-
ticularly true of the proximal caput segment, which is most active 
in terms of protein secretion into the lumen (76). Among the 
epididymal proteins secreted via the merocrine pathway, many 
have been implicated in forming loose electrostatic associations 

with the periphery of the sperm surface (77). This appears to be 
true of proteins such as those implicated in holding sperm in a 
decapacitated state, i.e., the so-called decapacitation factors (77).

The precise mechanisms controlling merocrine secretion are 
still relatively poorly understood. Some studies have impli cated 
regulatory elements of classical membrane trafficking machin-
ery, such as the Rab superfamily of monomeric GTPases (78). 
Although various Rab proteins are highly, and differentially, 
expressed in the epididymal epithelium, their ability to exert 
similar regulation to that described in other somatic systems 
remains to be verified. Alternatively, recent work in our own 
laboratory has focused on the characterization of the temporal 
and spatial expression of the dynamin family of mechanoen-
zymes in the mouse epididymis (79). This family of proteins 
is of potential interest owing to their ability to couple both 
exo- and endocytotic processes. Indeed, while dynamin has 
been best studied in the context of clathrin-coated endocytosis 
from the plasma membrane, it is also implicated in formation 
and budding of transport vesicles from the Golgi network  
(80, 81), vesicle trafficking (82), orchestrating exocytotic 
events (83, 84), and in the regulation of microtubular and actin 
cytoskeletal dynamics (84, 85). Moreover, dynamin also has the 
potential to fine-tune exocytotic events by virtue of its ability to 
control the rate of fusion pore expansion, and thus the amount 
of cargo released from an exocytotic vesicle. In our analysis 
we found that, the dynamin 2 isoform is positioned within the 
vicinity of the Golgi apparatus of principal cells of the caput 
epididymis. Further, pharmacological inhibition of dynamin 
2 selectively compromised the profile of proteins secreted 
from an immortalized caput epididymal cell line (79). On the 
basis of these data, we infer that dynamin 2 may contribute 
to the regulation of merocrine secretion by the mouse caput 
epithelium.

In addition to participating in merocrine secretion, there is 
also compelling evidence that the epididymal epithelium is heav-
ily reliant on apocrine secretory pathways. Notably, apocrine 
secretion appears to underpin the transportation and release 
of epididymosomes into the epididymal lumen (Figure  2). 
This pathway, in turn, provides a mechanism for the release 
of proteins lacking an ER signal peptide and/or containing a 
glycosyl-phosphatidylinositol (GPI) anchor (86, 87); neither of 
which could be delivered to the epididymal luminal environ-
ment via the merocrine secretory pathway. As documented 
above, the epididymosomes released via apocrine secretion also 
contain a comprehensive profile of miRNAs and other sncRNAs, 
that themselves display marked segment specific differences 
(70). During intracellular transfer, the small epididymo some 
vesi cles are first sequestered into large bleb-like structures 
that protrude from the apical margin of principal cells. The 
apical blebs eventually detach and disintegrate to release their 
encapsulated cargo within the lumen (11, 88). At present, the 
precise mechanisms by which the blebs are formed and detached 
remain to be determined. However, performed under condi-
tions of stringent fixation, ultrastructural electron microscopy 
has revealed that the attachment of the apical blebs progressively 
narrows to form a stalk-like process that eventually undergoes 
scission to release the bleb into the lumen (88). This process 
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appears to involve reorganization of cytoskeletal proteins such 
as myosin and β-actin (46, 89). In any case, the release of the 
epididymosomes into the luminal environment ideally posi-
tions this heterogeneous vesicle population to interact with the 
maturing spermatozoa.

epithelial Absorptive Pathways
The epithelial cells lining the initial segment of the mature mam-
malian epididymis have been shown to be very active in the uptake 
and recycling of the testicular contributions that enter the tract 
(3). One putative pathway for this absorption has been alluded 
to on the basis of apolipoprotein (apo) E receptor-2 (APOER2) 
expression in the principal cells of the initial segment. In this 
position, the APOER2 receptor is responsible for the clearance 
of clusterin, a glycoprotein implicated in lipid transport from 
spermatozoa to the principal cells. Accordingly, the inhibition of 

APOER2 leads to the accumulation of clusterin in the epididy-
mal fluid (90). Additional luminal components such as andro-
gen binding protein, transferrin, and alpha2-macroglobulin also 
appear to be recycled following selective adhesion to receptors 
located in the adluminal domain of principal cells; a portion of 
which are located in the initial segment, while others present 
with more diffuse localization throughout the downstream 
segments of the epididymis. While a portion of these proteins 
appear destined for disposal (91–93), others such as androgen 
binding protein have proven to be indispensable for the normal 
functioning of the epididymal principal cells (91). The balance 
of evidence indicates that, in contrast to the initial segment, 
the bulk of the absorptive and recycling activity of the distal 
epididymal regions (and in particular the cauda epididymis) 
resides in clear cells. This is certainly the case for immobilin, 
a large glycoprotein that is responsible for the creating of the 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


8

Zhou et al. Epididymis and Sperm Maturation

Frontiers in Endocrinology | www.frontiersin.org February 2018 | Volume 9 | Article 59

viscoelastic luminal environment that serves to mechanically 
immobilize spermatozoa (94, 95). Immobilin is predominantly 
secreted into the proximal caput epididymis prior to the acquisi-
tion of the potential for sperm motility. Thereafter, immobilin 
forms an intimate association with the maturing sperm cells and 
physically restricts the propagation of a flagellar beat. In con-
trast, the principal cells of more distal segments secrete minimal 
immobilin, while the corresponding population of clear cells 
begins the task of absorbing excess immobilin (95). Differing 
patterns of absorption have been documented for alternative 
proteins such as that designa ted as epididymis-specific Inactive 
ribonuclease-like protein 10 (Protein Train A) (96); a protein 
that is secreted into the anterior segment of the bull epididymis 
via a classical merocrine pathway. Thereafter, Train A experi-
ences a rapid reabsorption, such that this protein is unable to be 
detected in the epididymal lumen immediately adjacent to its 
site of secretion (96).

Receptor-mediated absorption is also involved in the 
recycling of the epididymal luminal contents (Figure  2). In 
this context, clusterin again serves as an interesting example. 
Indeed, in addition to the clusterin isoform that originates in 
the testes (and is subsequently absorbed by principal cells of the  
initial segment), an alternative isoform is abundantly secreted 
into the lumen of the proximal epididymis, whereupon it has 
been implicated in sperm maturation. Both in vivo and in vitro 
studies have revealed that epididymal sourced clusterin is 
recycled by downstream principal cells via interaction with 
low density lipoprotein receptor (LRP-2) (97). Accordingly, 
clusterin and LRP-2 are both found in association with the apical 
surface, coated pits, endocytic vesicles, and early endosomes of 
principal cells. Subsequently, only clusterin is detected in late 
endosomes and lysosomes, suggesting that LRP-2 is recycled 
back to the apical surface while clusterin is delivered to the 
lysosomes for degradation (97). This process can be prevented 
by presenting the cells with an excess of protein substrates 
that competitively bind to LRP-2. Such receptor-dependent 
recycling of luminal components is a commonly encountered 
phenomenon within the epididymis, with additional examples 
including transferrin and α2-macroglobulin (93). Epididymal 
epithelial cells also possess the ability to monitor the luminal 
environment and adjust their absorptive ability accordingly.  
In this context, the estrogen receptor α (ERα) has been identified 
as key sensor involved in the regulation of fluid reabsorption 
in the efferent ducts and initial segment of the epididymis. 
This system is apparently fine-tuned by a ubiquitin-dependent 
proteasome pathway that affords precise control over ERα 
turnover and degradation (98). Another interesting example of 
this phenomenon has been afforded by the analysis of an MFGE8 
(formerly known as SED1) knockout mouse model (Table  1). 
The epididymal epithelial cells of these mice are characterized 
by increased accumulation of intracellular vesicles and an api-
cal distribution of VATPase. Such changes are, in turn, reflected 
in epididymal luminal environment, which displays abnormal 
osmolarity (i.e., hypo-osmotic) and alkalinity; suggestive of the 
existence of a positive feedback loop responsible for regulating 
the behavior of the epithelial cells in response to changes in the 
luminal environment (99).

Membrane Trafficking Machinery involved 
in the Regulation of the epididymal 
environment
Despite recognition of the importance of bidirectional epithelial 
transport in regulating the epididymal luminal environment, 
little is currently known about the molecular machinery that 
controls these complementary pathways. Key elements are likely 
to include Soluble NSF Attachment Protein Receptor (SNARE) 
proteins, which have well-described roles in the regulation of 
membrane fusion activity in alternative tissue models. This 
activity requires the complementary action of different SNARE 
proteins contributed by vesicles (v-SNARE proteins) and target 
(t-SNARE proteins) membranes. Initiated by nucleation of the 
SNARE complex in response to calcium fluxes, the two opposing 
membranes are brought into close apposition and are thereafter 
able to engage in membrane fusion (100). The first evidence 
implicating SNARE proteins in the regulation of membrane 
fusion events in the epididymis arose from studies of the clear 
cell population (101). Functional analysis of these cells revealed 
that cellubrevin, a v-SNARE, is essential for acidification of the 
luminal environment. Accordingly, tetanus toxin-mediated cleav-
age of cellubrevin is able to inhibit proton secretion into the lumen 
(101). In addition to the lining epithelial cells, it is known that 
spermatozoa also harbor several t-SNARE and their cognate 
v-SNARE counterparts, which are localized to the plasma mem-
brane and underlying outer acrosomal membranes, respectively. 
Such a location accords with the proposed role of SNARE pro-
teins in regulating the membrane fusion events that underpin 
sperm acrosomal exocytosis (102–104). Notably however, this 
also ideally positions SNAREs to participate in the tethering of 
epididymosomes to the sperm surface and thereby facilitate the 
transfer of their cargo to the maturing cells. In agreement with 
this model, the requisite SNARE proteins necessary for con-
structing a functional membrane fusion complex have also been 
documented in epididymosomes (53, 101, 102). Nevertheless, 
there is currently limited experimental evidence to support the 
role of SNARE complexes in the regulation of sperm maturation.

Aside from SNARE proteins, recent proteomic analyses of 
luminal fluids obtained from the bovine epididymis have revealed 
the presence of at least 13 proteins implicated in clathrin-mediated 
endocytosis. Since this form of endocytosis is unlikely to occur in 
spermatozoa, these proteins may instead contribute the recycling 
of epididymal components via uptake into the surrounding epi-
thelial cells (105). In this context, alternative regulators of mem-
brane trafficking belonging to the Rab superfamily of GTPases 
have also been documented within epididymal luminal fluid, and 
more specifically, as part of the proteome of both human and bull 
epididymosomes (53, 106). Such findings are of interest as the 
Rab superfamily, which consists of some 30 members, have been 
implicated in regulating various membrane trafficking events 
including vesicle formation, sorting, release, and cargo transfer 
to recipient cells (100, 107). It is therefore tempting to speculate 
that Rab proteins may participate in epididymosome–sperm 
interaction/cargo transfer.

An additional family of membrane-trafficking proteins 
that warrant further investigation in the context of regulating 
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epididymal function is that of the dynamin family of large GTPases. 
Indeed, our recent studies have shown that canonical dynamin 
isoforms display both cell, and segment-specific, differences in 
their profile of expression in the mouse epididymis. Specifically, 
dynamin 1 and 3 are mainly expressed in the corpus and cauda 
segments where they localize within the clear cell and principal 
cell populations, respectively. Of note, the differential localiza-
tion of these dynamin isoforms contrasts the overlapping and 
redundant roles they display in neuronal tissues (108), suggesting 
that they may fulfill discrete functions in the epididymal tubule. 
Moreover, dynamin 1 was shown to be delivered to human 
spermatozoa during epididymal transit, in a mechanism that 
may involve epididymosomes (109). This compares favorably 
with the mouse in which caput and cauda spermatozoa display 
different patterns of dynamin 1 labeling (79). At present however, 
it remains to be determined whether dynamin 1 forms part of the 
cargo transferred between epididymosomes and maturing sper-
matozoa, or alternatively if it is instead involved in the regulation 
of epididymosome docking/fusion with spermatozoa. In contrast 
to dynamin isoforms 1 and 3, dynamin 2 localizes strongly to 
the Golgi apparatus in principal cells of the proximal epididymal 
segments, consistent with a role in mediating post-Golgi vesicle 
trafficking in the most active secretory cells of the tract. In more 
distal segments, dynamin 2 is detected in the microvilli and apical 
blebs lining the luminal border, suggesting it may be participate 
in the regulation of apocrine secretion (79).

epididymosome-Mediated Sperm-Soma 
intracellular Communication
Among the varied molecular mechanisms that exert influence 
over the unique intraluminal environment of the epididymis, 
vesicle-dependent pathways of intercellular communication 
have emerged as being of fundamental importance. An obvious 
advantage afforded by the production of epididymosomes is the 
prospect of delivering macromolecular cargo to spermatozoa  
en masse. Additionally, the encapsulation of such cargo within a 
relatively stable membrane-bound structure could afford stability 
and protection against the potentially deleterious extracellular 
environment of the epididymal lumen. It is therefore perhaps not 
surprising that, in addition to their protein cargo, epididymosomes 
also comprise a heterogeneous population of small non-coding 
RNAs (sncRNA) including miRNA and tRNA fragments (70, 72).  
Like that of their protein cargo, these sncRNAs are available 
for direct transfer to the maturing spermatozoa. Accordingly, 
emerging work has shown that exposure of male mice to dietary 
perturbations (e.g., low protein diets) can markedly influence the 
sncRNA profiles of detected in the epididymis of these animals. 
Moreover, these changes are subsequently manifest in altered 
sperm sncRNA profiles, with epididymosomes having been 
implicated as the vector for delivery of this cargo to the maturing 
epididymal spermatozoa. Of some concern is the recognition 
that spermatozoa are subsequently able to relay these sncRNA to 
the oocyte during fertilization, whereupon they exert epigenetic 
control over early embryo development through targeting of a 
specific subset of genes (72). Such findings encourage a deeper 

understanding of the mechanisms underpinning the selective 
packaging of epididymosome cargo, the way in which this cargo 
is delivered to recipient cells (i.e., maturing spermatozoa and/
or downstream epithelial cells) and the degree to which these 
vectors regulate the acquisition of functional competence in 
maturing spermatozoa.

This field of research is somewhat confounded by the fact that 
epididymosomes represent a heterogeneous population of vesicles. 
In this context, it has been shown that bovine epididymosomes 
collected from different epididymal segments are capable of 
transferring differing protein repertories to spermatozoa. Further, 
an excess of one population of epididymosomes (collected from 
caput segment) does not overtly influence the transfer efficacy 
of the alternative population (collected from cauda segment) 
during simultaneous co-incubation with spermatozoa (49). As 
an extension of this work, it has also recently been shown that 
epididymosomes can be subdivided into two discrete subpopula-
tions owing to their size and molecular composition. The smaller 
of these populations measure ~10–100 nm in diameter and are 
distinguished based on the presence of tetraspanin-enriched 
microdomains containing both CD9 and its cooperative partner 
CD26. These epididymosomes also contain a relatively high 
concentration of proteins such as MIF and P25b, and display a 
preference to interact with live spermatozoa. These collective 
properties implicate this sub-class of epididymosomes in sperm 
maturation (110). The alternative subpopulation is characterized 
by the presence of epididymal sperm binding protein 1, and also 
by their propensity to interact with dead spermatozoa (52, 111). 
The overall heterogeneity of epididymosomes and their capacity 
to selectively interact with different sub-populations of spermato-
zoa suggests these interactions may be tightly regulated.

At present, however, the molecular mechanisms underpin-
ning the biogenesis of different populations of epididymosomes, 
as well as those responsible for their interaction with sperma-
tozoa remain to be established. Recent work has suggested the 
latter process may be initiated via the docking of GPI anchor(s) 
to the outer leaflet of the sperm surface lipid bilayer (87). Such 
docking is putatively followed by membrane fusion between the 
epididymosome and sperm membrane. In this regard, the adhe-
sive/fusion properties of CD9 have identified this tetraspanin as 
a likely candidate in regulation of this fusion event (112, 113). 
Such a model is commensurate with the demonstration that 
anti-CD9 masking antibodies are able to reduce the efficacy of 
protein transfer from epididymosomes to spermatozoa (110). 
Notably, however, CD9 is unlikely to be the sole candidate since 
epididymosome–sperm interaction is characterized by a degree 
of selectivity in terms of the relayed content and their ability 
to discriminate between different populations of spermatozoa. 
As mentioned above, this is particularly the case in the bovine 
model where a subset of epididymosomes has been identified 
that do not possess CD9 and yet are still able to interact with 
spermatozoa (52). Owing to their role in receptor sequestration, 
lipid rafts have also been recently proposed as a “platform” to 
facilitate docking of the epididymosome and sperm mem-
branes. Highly enriched in cholesterol and sphingolipid (114), 
these microdomains also compartmentalize GPI-anchored 
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proteins such as P25b and SPAM1 (87) that themselves have 
been implicated in epididymosome-sperm adhesion. Thus, the 
release of P25b and SPAM1 proteins from sperm lipid rafts, via 
trypsin/pronase proteolysis, leads to a significant reduction in 
the efficacy of epididymosome cargo transfer to the sperm cells 
(115). However, it remains to be determined if the disruption 
of lipid raft integrity (e.g., through cholesterol sequestration 
using methyl-β-cyclodextrin) also compromises the docking of 
epididymosomes to the sperm surface.

Adding to this controversy is the suggestion that the interac-
tion between epididymosomes and spermatozoa may not involve 
a complete fusion of their respective membranes (116). Rather, 
epididymosome adherence may be followed by creation of a tran-
sient fusion pore and subsequent release of the epididymosome 
once delivery of their cargo is complete. Accordingly, proteomic 
analyses of epididymosomes, and spermatozoa themselves, 
have identified a myriad of complementary trafficking proteins  
(e.g., SNARE proteins, Ras-like proteins, and dynamins) (53) 
that could regulate this form of intercellular communication. 
An intriguing aspect of this “kiss and run” model is that it could 
potentially facilitate bi-directional exchange of proteins and 
other macromolecules both into, and out of, the maturing sperm 
cell. It may also account for why a portion of epididymosomes 
persist in seminal fluids rather than being completely absorbed 
by spermatozoa within the duct. To the best of our knowledge, 
however, there is presently limited functional evidence link-
ing any of the abovementioned trafficking proteins to a role 
in sperm-epididymosome interaction, and no evidence that 
epididymosomes can sequester proteins from spermatozoa. 
Irrespective, it has been shown that lipid labeled (Dilc12) 
epididymosomes originating from the median caput segment are 
able to be incorporated into distal caput epithelial cells in vitro 
(33). Such incorporation is time-dependent, with fluorescence 
imaging revealing a punctate distribution of Dilc12 within the 
epithelial cells after epididymosome interaction. This pattern of 
labeling is reminiscent of that observed after exosome interaction 

with somatic cells in other tissue models (117), thus indicating 
that sperm are not the sole recipients of epididymosome cargo.

CONCLUSiON

The epididymal milieu is undoubtedly crucial for promoting 
sperm maturation as well as supporting their storage. Indeed, 
since sperm are transcriptionally and translationally silent cells, 
their functional transformation relies entirely on the creation and 
maintenance of a highly specialized epididymal luminal milieu. 
The establishment of this unique epididymal microenvironment 
features the varied endocytotic and exocytotic contributions of 
the epithelial cells that line the duct. Unfortunately, our under-
standing of the molecular machinery the epididymal epithelial 
cells employ to facilitate these processes remains incomplete, as 
does our knowledge of how these cells are precisely regulated in 
different segments. Resolving these questions promises to inform 
our understanding of male fertility regulation with implications 
for contraceptive intervention and infertility diagnostics.
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Chapter 2: Overview 

The aim of this manuscript was to describe the techniques that were applied in this thesis to 

study the role of dynamin in regulating epididymal sperm maturation. This chapter has been 

published in the Journal of Visualized Experiments; a strategic decision to ensure 

repeatability of our experimental approaches via the generation of detailed videography to 

guide the intended reader through the main steps of each protocol. These protocols include 

the application of immunofluorescence localization techniques for the study of the spatial 

distribution of proteins in mouse epididymal tissue. The broad applicability of this protocol 

has been extended by summarizing information on antigen retrieval optimization and the 

selection of appropriate representative markers for different subtypes of epithelial cells. We 

also documented our recently optimized protocols for the isolation and characterization of 

epididymosomes; small exosome-like vesicles that constitute key elements of the epididymal 

secretory profile and appear to hold a prominent role in promoting sperm maturation. As a 

complementary approach, we also describe the immunofluorescence detection of target 

proteins in an immortalized mouse caput epididymal epithelial (mECap18) cell line and the 

use of this resource as a model with which to explore the regulation of epididymal secretory 

activity in vitro. These combined methods hold considerable potential to help resolve the 

mechanistic basis of epididymal function and have been used extensively in the following 

Chapters of this thesis.  
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Abstract

The mammalian epididymis generates one of the most complex intraluminal fluids of any endocrine gland in order to support the post-testicular
maturation and storage of spermatozoa. Such complexity arises due to the combined secretory and absorptive activity of the lining epithelial
cells. Here, we describe the techniques for the analysis of epididymal protein synthesis and secretion by focusing on the model protein family
of dynamin (DNM) mechanoenzymes; large GTPases that have the potential to regulate bi-directional membrane trafficking events. For the
study of protein expression in epididymal tissue, we describe robust methodology for immunofluorescence labeling of target proteins in paraffin-
embedded sections and the subsequent detection of the spatial distribution of these proteins via immunofluorescence microscopy. We also
describe optimized methodology for the isolation and characterization of exosome like vesicles, known as epididymosomes, which are secreted
into the epididymal lumen to participate in intercellular communication with maturing sperm cells. As a complementary approach, we also
describe the immunofluorescence detection of target proteins in an SV40-immortalized mouse caput epididymal epithelial (mECap18) cell
line. Moreover, we discuss the utility of the mECap18 cell line as a suitable in vitro model with which to explore the regulation of epididymal
secretory activity. For this purpose, we describe the culturing requirements for the maintenance of the mECap18 cell line and the use of selective
pharmacological inhibition regimens that are capable of influencing their secretory protein profile. The latter are readily assessed via harvesting
of conditioned culture medium, concentration of secreted proteins via trichloroacetic acid/acetone precipitation and their subsequent analysis via
SDS-PAGE and immunoblotting. We contend that these combined methods are suitable for the analysis of alternative epididymal protein targets
as a prelude to determining their functional role in sperm maturation and/or storage.

Video Link

The video component of this article can be found at https://www.jove.com/video/58308/

Introduction

The spermatozoa of all mammalian species acquire the potential to display forward progressive motility and to fertilize an ovum during their
prolonged descent through the epididymis, a highly specialized region of the male extra-testicular duct system, which may take 7 - 14 days to
navigate (depending on the species)1. Due to the extreme condensation of the paternal chromatin and the shedding of the majority of cytoplasm
that accompanies the cytodifferentiation of spermatozoa within the testes, their subsequent functional maturation is driven exclusively by their
interaction with the epididymal microenvironment. This milieu is, in turn, created by the secretory and absorptive activity of the lining epididymal
soma and displays an exceptional level of segment-segment variation1. Thus, the most active segments in terms of protein synthesis and
secretion are those located in the proximal portion of the epididymis (namely, the caput and corpus)2. This activity mirrors the functional profile
of spermatozoa, with the cells first beginning to display hallmarks of functional competence (i.e., progressive motility and the ability to bind to
acid-solubilized zona glycoproteins) following their passage through the caput epididymis3. These functional attributes continue to develop before
reaching optimal levels as the sperm reach the distal epididymal segment (cauda), wherein they are stored in a quiescent state in readiness for
ejaculation. The formation and maintenance of this sperm storage reservoir is also intimately tied to the lining epithelium, which in the cauda is
dominated by strong absorptive activity4,5. Although anatomical differences have been reported6,7,8, such regionalized division of labor appears
to be a characteristic of the epididymis that is shared among the majority of mammalian species studied to date, including our own9,10. Indeed,
from a clinical perspective, it is known that epididymal dysfunction makes an important contribution to the etiology of male factor infertility11, thus
highlighting the importance of understanding the regulation of this specialized tissue.

It is therefore regrettable that our understanding of epididymal physiology, and the mechanisms that regulate the sequential phases of sperm
maturation and storage within this tissue, remain to be fully resolved. Among the contributing factors, limiting advances in epididymal research
are the overall complexity of this tissue and knowledge of the mechanisms that exert regulatory control over its luminal microenvironment.
Anatomically, we know that beyond the distinction of caput, corpus and cauda segments, the epididymis can be further subdivided into several
zones (Figure 1A), each separated by septa12 and characterized by discrete profiles of gene/protein expression13,14,15,16,17,18. Indeed, on the
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basis of detailed transcriptional profiling of segmental gene expression in the epididymis, as many as 6 and 9 distinct epididymal zones have
been reported in the mouse and rat models, respectively19,20. Such complexity presumably reflects the composition of the epididymal soma, a
pseudostratified epithelium comprising numerous different cell types; each differing with respect to their abundance, distribution and secretory/
absorptive activities along the length of the tract. Thus, principal cells are by far the most abundant epididymal cell type constituting upwards of
80% of all epithelial cells. Accordingly, principal cells are responsible for the bulk of epididymal protein biosynthesis and secretion5. In contrast,
the clear cell population, which rank as the second most abundant cell type within the epididymal soma, are primarily involved in selective
absorption of luminal components and the acidification of this microenvironment5. Adding another tier of complexity, androgens and other
lumicrine factors of testicular origin exert differential control over each of these epididymal cell types depending on their positioning along the
tract.

Despite the limitations imposed by such complexity, significant inroads continue to be made into resolving the mechanistic basis of epididymal
function. A key to these studies has been the application of advanced mass spectrometry strategies to establish broad scale inventories of the
epididymal proteome, in tandem with detailed analyses of individual proteins selected from among these initial surveys. An illustration of this
approach is our recent characterization of the DNM family of mechanoenzymes in the mouse model21. Our initial interest in DNM was fueled by
its dual action in the coupling of exo- and endocytotic processes. Building on these observations, we were able to demonstrate that the three
canonical isoforms of DNM (DNM1 - DNM3) are highly expressed in the mouse epididymis and appropriately positioned to fulfill regulatory roles
in protein secretion and absorption21. Moreover, we were able to clearly differentiate each DNM isoform on the basis of their cellular and sub-
cellular localization, thus suggesting that they possess complementary, as opposed to redundant, activity within the epididymal epithelium21.

Here, we describe the experimental methodology employed for the study of DNM expression in the mouse epididymis with the hope that
this information will find wider application in the characterization of alternative epididymal proteins and thus contribute to our understanding
of the function of this important element of the male reproductive tract. Specifically, we describe the development of robust methodology
for immunofluorescence labeling of target proteins in paraffin-embedded epididymal sections and the subsequent detection of the spatial
distribution of these proteins via immunofluorescence microscopy. We further document our recently optimized protocols22 for the isolation and
characterization of epididymosomes; small exosome-like vesicles that constitute key elements of the epididymal secretory profile and appear to
hold a prominent role in promoting sperm maturation23. As a complementary approach, we also describe the immunofluorescence detection of
target proteins in an immortalized mouse caput epididymal epithelial (mECap18) cell line and the use of this resource as a model with which to
explore the regulation of epididymal secretory activity in vitro.

Protocol

All experimental procedures involving animal tissue collection were approved by the University of Newcastle's Animal Care and Ethics
Committee.

1. Immunofluorescence Staining of the Paraffin-embedded Epididymal Sections (Figures 1
and 2)

1. Immediately after the euthanasia of adult mice via CO2 inhalation (Swiss mice, over 8 weeks old), carefully dissect the epididymis (using
surgical scissors and tweezers) free of overlying connective tissue and fat and immerse in Bouin’s fixative solution (> ten times volume/tissue
weight) for overnight fixation.

2. Wash the tissue with 70% ethanol with 2× changes daily for 2 days and then dehydrate through graded ethanol (70%, 95% and 100%) in
preparation for infiltration and embedding into a paraffin block.

3. Section the paraffin blocks at a thickness of 4-6 µm and mount on the slides in preparation for immunofluorescence staining.
4. In a fume hood, dewax the epididymal paraffin sections by adding a sufficient amount of xylene to the slide jar to completely immerse the

tissue section (3× 5 min each time).
5. Rehydrate the tissue sections by the immersion in graded ethanol solutions diluted in purified H2O (100% ethanol 5 min, 100% ethanol 5 min,

90% ethanol 1 min, 80% ethanol 1 min, 70% ethanol 1 min, and 50% ethanol 1 min).
6. Wash the sections in a slide jar once for 5 min with sufficient phosphate buffered saline (PBS) to completely immerse the entire tissue section

(follow these directions for all subsequent washes).
7. Decant appropriate antigen retrieval solution (i.e., 10 mmol/L sodium citrate, 50 mmol/L Tris pH 10.5 or alternative antigen retrieval

solution(s), depending on the antigen to be detected) into a slide rack and microwave until boiling. Immerse the slides into this solution and
subject the tissue sections to heat-induced antigen retrieval conditions optimized for individual antibodies (see Table 1).
 

Caution: Ensure that the slides are fully immersed in antigen retrieval solution during the antigen retrieval process.
8. Remove the slide container from the microwave and cool to room temperature.
9. Rinse the slides with PBS and use a liquid-repellent slide marker pen to trace around the tissue section.
10. Place the slides in a humidified container (created by a moistened tissue at the base of the container), and apply blocking solution (3% BSA/

PBS, previously filtered through a 0.45 µm filter) for 1 h at 37 °C.
11. Rinse the slides once with PBS.
12. Incubate the sections with appropriate primary antibody diluted to an experimentally optimized concentration in filtered 1% BSA/PBS at 4 °C

overnight (1:60 for anti-DNM1, DNM2 and DNM3 antibodies; 1:100 for anti-ATP6V1B1 antibody, see Table of Materials for antibody details).
 

Note: To distinguish specific from non-specific antibody binding, it is necessary to include stringent negative (i.e., secondary antibody only,
primary antibody preabsorbed against immunizing peptide) and positive controls24.

13. Rewarm the slides by placing at room temperature for 30 min.
14. Wash the slides 3× with PBS on a shaking platform (60 rpm) for 10 min each.
15. Incubate the sections with appropriate secondary antibody diluted in 1% BSA/PBS (filtered through a 0.45 µm filter) at 37 °C for 1 h (1:400

dilution for all secondary antibodies, see Table of Materials for antibody details).
 

CAUTION: Keep the slide container in the dark from this step onwards. For dual labeling, choose a compatible combination of secondary
antibodies (i.e., secondary antibodies must have been raised in different species).
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16. Wash the slides 3× with PBS on a shaking platform (60 rpm) for 10 min each.
17. Counterstain the sections with propidium iodide (PI, 7.48 μmol/L) or 4΄,6-diamidino-2-phenylindole (DAPI, 4.37 μmol/L) for 2 min at room

temperature to label the cell nucleus.
18. Wash the slides twice with PBS on a shaking platform (60 rpm) for 5 min each.
19. Mount the sections with 10% Mowiol 4-88 prepared in a solution of 30% glycerol in 0.2 mol/L Tris (pH 8.5) and 2.5% 1, 4-diazabicyclo-(2.2.2)-

octane.
20. Seal the coverslip with nail varnish and store the slides at 4 °C for future observation.

 

CAUTION: It is recommended to perform the imaging of the slides as soon as practical after the preparation to avoid excessive loss of
fluorescence.

2  Isolation of Epididymosomes from the Mouse Caput Epididymis (Figure 3)

1. Immediately after the euthanasia of adult mice via CO2 inhalation (Swiss mice over 8 weeks old), perfuse their vasculature with PBS (pre-
warmed to 37 °C) to minimize the blood contamination of epididymal tissue.
 

CAUTION: Blood plasma contains diverse populations of exosomes, which are of similar size to epididymosomes25. The efficacy of blood
clearance from epididymal tissue can be accessed via the inspection of the initial segment, a highly vascularized epididymal segment located
proximal to the caput segment (i.e., zone 1 in Figure 1A)

2. Carefully dissect the epididymis free of overlying fat and connective tissue, and rinse with modified Biggers, Whitten, and Whittingham
medium (BWW; pH 7.4, osmolality of 300 mmol/kg water26,27) to reduce any potential for surface blood contamination.

3. Blot the epididymal tissue to remove excess media, dissect the caput epididymis (i.e., zones 2-5 in Figure 1A) and transfer to a fresh Petri
dish (35 × 10 mm) containing BWW medium. Ensure that the amount of medium is sufficient for the final recovery.
 

Note: For 6 caput epididymides, it is recommended to use 1.1 mL of the medium to allow for a recovery of ~900 µL, which is then evenly split
and applied atop of 2 pre-prepared gradients (see step 2.9).

4. Make a number of small incisions into the caput tissue with a razor blade. Do not mince the tissue and thus avoid contaminating the sample
with excessive cytosolic contents. Incubate the plate containing the tissue with mild agitation at 37 °C for 30 min to release the luminal
contents.

5. Filter the resultant suspension through 70 µm membranes to remove the cellular debris.
6. Collect the filtrate and subject this to successive centrifugation steps at 4 °C with increasing velocity in order to eliminate cellular debris (i.e.,

500 × g, 2,000 × g, 4,000 × g, 8,000 × g, 5 min each; 17,000 × g for 20 min, and finally 17,000 × g for an additional 10 min or until no pellet is
formed after centrifugation).
 

CAUTION: It is important to assess the color of the pellet after the initial 500 × g centrifugation step to ensure minimal blood contamination is
present. Discard any samples in which this pellet displays pink coloration.

7. Prepare discontinuous iodixanol gradients (comprising 40%, 20%, 10%, 5% layers) by diluting a density gradient medium (comprising 60%
(w/v) aqueous iodixanol) with a solution of 0.25 mol/L sucrose and 10 mmol/L Tris (pH 7.5).

8. Prepare the gradient in an ultracentrifuge tube (11 × 35 mm), with each fraction of 450 µL (Figure 3). Visually inspect the gradient after the
application of each fraction to ensure that the interfaces are successfully formed between each layer prior to loading the epididymal fluid
sample. Prepare each gradient fresh on the day of use, however, the epididymal luminal fluid sample can be preserved at 4 °C for up to 2 h
prior to loading.

9. Carefully add 450 µL of epididymal luminal fluid suspension (corresponding to the material collected from the caput of 3 epididymides) atop of
a single gradient.

10. Ultracentrifuge the gradients at 160,000 × g at 4 °C for 18 h.
 

CAUTION: Since this centrifugation is conducted at very high speed, all ultracentrifuge tubes must be paired and balanced precisely. Check
the tubes to ensure that they are free of any visible damage that could compromise their integrity.

11. Gently remove 12 equal fractions (each consisting of 185 µL) starting from the uppermost layer and progressing toward the bottom of the
gradient. Pool the equivalent fractions recovered from each gradient if applicable (up to two gradients).
 

Note: Mouse epididymosomes are most highly enriched in fractions 9 - 1122, see Figure 4 and Discussion.
12. After the recovery and pooling of fractions 9 – 11, dilute into 2 mL of PBS, and ultracentrifuge the samples at 100,000 × g at 4 °C for 3 h (13 ×

56 mm tube) to pellet the epididymosomes.
 

CAUTION: Since the epididymosome pellet can be difficult to see, ensure that the orientation of the tubes is noted as they are placed into the
rotor and mark the tube to indicate the expectant position of the epididymosome pellet. Ensure that each tube contains a sufficient volume
(i.e., exceeding 50% of its total capacity) to preclude the risk of tube collapse.

13. Carefully aspirate and discard the supernatant without disturbing the epididymosome pellet.
14. Assess the epididymosome purity (Figure 4).
15. Resuspend the epididymosome pellet into desired medium according to the downstream application(s). For instance, BWW medium is

generally used for the experiments involving co-incubation with spermatozoa or alternatively an appropriate lysis buffer in preparation for the
resolution of the epididymal proteome via SDS-PAGE.

3. Immunofluorescence Staining of mECap18 Cells

1. Preparation of sterile coverslips (to be conducted in a cell culture hood)
1. Soak the coverslips (12 × 12 mm) in 70% ethanol for 10 min and disinfect by drying under high temperature above an ethanol lamp.
2. Cool the coverslip for 10 s before transferring to a 12 well plate.
3. Apply sterile poly-L-lysine solution to cover the coverslip and settle for 10 min at room temperature.
4. Discard the poly-L-lysine solution and rinse the coverslip with sterile H2O or appropriate medium.

2. Preparation mECap18 cells
1. Passage the aliquots of 2 × 105 mECap18 cells in each well of the 12 well plate containing the coverslips.
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2. Culture the cells with mECap18 cell medium (DMEM supplemented with 1% L-glutamine, 1% sodium pyruvate, 1% penicillin/
streptomycin, and 50 μmol/L 5α-androstan-17β-ol-3-oneC-IIIN) containing 10% fetal calf serum (FBS) in a 37 °C incubator under an
atmosphere 5% CO2 overnight.

3. Once the cells adhere to the coverslip, discard the medium and rinse the cells twice with PBS.
4. Add a sufficient amount of 4% paraformaldehyde (PFA) diluted in PBS to immerse the entire coverslip and fix the cells at room

temperature for 15 min.
5. Discard the PFA solution and rinse the coverslips twice in PBS.

3. Immunofluorescence staining
1. Permeabilize mECap18 cells by immersion in 0.1% Triton X-100 in PBS for 10 min.
2. Rinse the coverslips with PBS.
3. Block mECap18 cells with 3% BSA and proceed with immunolabeling of cells utilizing equivalent protocols to those described for

epididymal tissue sections.

4. Isolation of Proteins from Conditioned Cell Culture Medium

1. Collection of conditioned cell culture medium
1. Passage aliquots of 4 × 105 mECap18 cells in each well of 6 well plate with mECap18 cell medium supplemented with 10% FBS for

24 h.
2. Wash mECap18 cells three times with mECap18 cell medium (prepared without FBS) to remove residual FBS and any associated

protein contaminants.
3. Add 1.5 mL of mECap18 cell medium (prepared without FBS) to each well and incubate with mECap18 cells for 12 h in a 37°C

incubator under 5% CO2.
 

Note: mECap18 cells at this step can be assessed for different target antigens according to experimental design.
4. After 12 h incubation, collect the cell medium and centrifuge at 2,000 × g for 10 min to remove all cellular debris.

 

Note: The duration of incubation is able to be altered in accordance with experimental design/endpoint assessment and in
consideration of the cell’s tolerance to applied treatment(s). It is recommended to tailor the timing of incubation based on specific
experimental regimens to ensure that optimal results are achieved.

5. Assess mECap18 cell viability via the application of a standard trypan blue exclusion assay28. Discard all material in which cell viability
has declined below 90% to eliminate bias introduced by proteins released from dead or moribund cells.

6. Isolate proteins from cell medium as follows or preserve medium at -80 °C.

2. Protein isolation (to be conducted in a fume hood)
1. Add 20% volume of chilled 100% trichloroacetic acid to 80% volume of conditioned cell medium to precipitate the proteins released

from the cultured mECap18 cells. Incubate at 4 °C overnight with constant mixing.
2. After the incubation, pellet precipitated protein by centrifugation (17, 000 × g, 4 °C for 10 min).

 

Note: Due to the limited quantity of protein expected to be secreted into the medium, it is possible that the pellet will not be easily
visualized after centrifugation. It is therefore imperative to correctly orientate the tube prior to the centrifugation and take care not to
disturb the expectant pellet location during removal of the supernatant.

3. Discard the supernatant and wash the pellet twice with chilled acetone prior to the re-centrifugation (17, 000 × g, 4 °C for 10 min).
4. Carefully remove and discard the supernatant before air-drying any residual acetone within a fume hood.
5. Resuspend the protein pellet in an appropriate extraction buffer in preparation for endpoint analysis to detect complete secretory

protein profiles and/or individual target proteins (e.g., SDS-PAGE, immunoblotting).

Representative Results

Figure 1 and Figure 2 show representative results of immunofluorescence localization of DNM in the mouse caput epididymis. Each of the
three DNM isoforms investigated display distinct localization profiles. Thus, DNM1 is characterized by relatively modest diffuse labeling of the
epididymal cells throughout the initial segment and caput epididymis (Figure 2A). By contrast, the DNM2 isoform was first detected in the vicinity
of the opposing basal and apical border of cells in the initial segment, before being repositioned to the supranuclear domain in cells within the
adjacent downstream caput segment (i.e., zones 2 - 5) (Figure 1B, C). Notably, however, the intensity of DNM2 labeling gradually decreased
between zones 2 to 5 of the caput epididymis, a result that essentially mirrors the secretory activity of these epididymal segments21 (Figure 1B,
C). Accordingly, the supranuclear labeling of DNM2 was subsequently shown to correspond to the distribution of the Golgi apparatus within caput
principal cells21. Spermatozoa isolated from the same epididymal region showed intense acrosomal labeling for DNM2 (Figure 1D). As a caveat,
however, equivalent DNM2 labeling was not routinely detected on luminal spermatozoa within our tissue sections. This phenomenon is the one
we have encountered on several occasions when applying a range of antibodies targeting different epididymal/sperm antigens and presumably
arises due to issues associated with antigen presentation and/or masking in the paraffin-embedded tissue sections. In any case, such differences
emphasize the importance of conducting parallel immunofluorescent labeling of isolated spermatozoa alongside that of the epididymal tissue
itself. Differing from both DNM1 and DNM2, the DNM3 isoform was mainly detected in the apical domain of a small number of caput epithelial
cells (Figure 2B, green arrows), which were shown to correspond to the clear cell sub-population by co-labeling with the recognized clear cell
marker, ATP6V1B1 (Figure 2B, red arrows). In a similar manner, representative markers that have proven suitable for differentiating the different
epididymal epithelial cell types are summarized in Table 229,30,31,32,33,34.
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In addition to the description of the techniques for the subcellular localization of proteins residing within the epididymal epithelium, here, we also
report our recently optimized protocols for the study of secretory proteins encapsulated within epididymosomes, small extracellular vesicles
that represent an important component of the luminal milieu responsible for supporting sperm maturation and storage22. Combined, step 2 and
Figure 3 provide a detailed step by step account of the methodology used for the isolation of highly enriched populations of epididymosomes
from mouse caput epididymal tissue. Notably, however, these methods are readily applicable for the isolation of alternate populations of
epididymosomes originating from more distal epididymal segments. Owing to the potential for contamination of these samples, we also described
the stringent characterization protocols that we routinely employ for each epididymosome preparation. These include the assessment of the size
and heterogeneity of the epididymosome populations using both high-resolution electron microscopy and dynamic light scattering techniques. In
tandem, we also utilize immunoblotting strategies to assess the enrichment of recognized extracellular vesicle markers and the corresponding
absence of proteins that are characteristic of potential contaminants (i.e., anti-hemoglobin (HBB) as a marker of blood contamination and
anti-arachidonate 15-lipoxygenase (ALOX15) and anti-IZUMO1 antibodies as markers of cytoplasmic droplet and sperm contamination,
respectively)22. Although we have found that the contaminants are rare, if they are encountered, we immediately discard the epididymosome
preparation.

The non-overlapping localization of DNM isoforms in the caput epididymis prompted a further investigation of their potential roles in regulating
the epididymal microenvironment. For this purpose, an immortalized mECap18 cell line was utilized as an in vitro model to study epididymal
cell secretory activity. Previous characterization of this cell line has shown that it harbors a mixed cell population, which stain positive for either
principal or clear cell markers. Moreover, mECap18 cells have also proven suitable for reporting physiological profiles of epididymal gene and
protein expression under different in vitro treatment regimens35. Prior to use, DNM localization was assessed in cultured mECap18 cells by
settling these onto poly-L-lysine treated coverslips (Figure 5A) and subjecting them to immunofluorescence detection. Consistent with the
distribution patterns recorded in caput epididymal tissue sections, DNM1 was detected throughout the cytoplasm of mECap18 cells, while DNM2
was concentrated within the supranuclear domain of these cells and DNM3 was characterized by discrete foci of membrane staining within a
small sub-population number (i.e., 11%) of the mECap18 cells which were ATP6V1B1 positive (Figure 5B). These data affirm the utility of the
mECap18 cell line as a valuable resource for investigating the role of DNM in regulating epididymal cell secretory/absorptive activity.

Accordingly, step 4 describes the methodology for the analysis of mECap18 cell secretory activity; the techniques which are broadly amenable
for assessing the impact of a range of different experimental conditions. In our study, we applied selective pharmacological interventions to
suppress the activity of DNM1 and DNM2 prior to the visualization and quantification of the profile of proteins released from mECap18 cells into
conditioned medium21. An important feature of this analysis, however, was to ensure that mECap18 cells were thoroughly washed and cultured
in the absence of FBS supplementation. Whilst such a step was essential to preclude the contamination of conditioned medium with FBS derived
proteins, it nevertheless carries the attendant risk of negatively impacting mECap18 cell growth and/or viability. In controlling for this possibility,
we noted that the mECap18 cell line tolerated FBS free culture and the introduction of DNM inhibitors for the duration of our incubation window
(i.e., 12 h). Indeed, over this time course, cell viability remained above 90% in all experimental replicates. This approach could therefore serve as
a useful proof-of-concept strategy to identify the function of specific epididymal proteins before committing to investment into gene manipulation
strategies.

Heat induced epitope retrieval solution 10 mmol/L sodium citrate 50 mmol/L Tris (pH 10.5)

3 min 3 min

6 min 6 min

9 min 9 min

Time

12 min 12 min

Table 1: General conditions for the optimization of heat-induced antigen retrieval for the use with paraffin-embedded epididymal
sections. The fixation process can be problematic as different epitopes often require the use of different fixation techniques, thereby
necessitating that the methodology is optimized for each antigen.

Epithelial cell type Distribution Marker References (PMID)

Principal cell Whole epididymis AQP9 11027599, 17360690

Clear cell Caput, corpus and cauda V-ATPases, CIC-5 19448084, 12475763

Basal cell Whole epididymis CLDN1 11159859, 21441423

Narrow cell Initial segment V-ATPases, CIC-5 19448084, 12475763

Table 2: Representative markers suitable for the detection of different primary epididymal epithelial cell types.
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Figure 1: Spatial expression of DNM 2 within the proximal mouse epididymis. (A) Schematic model of epididymis depicting the partitioning
on the mouse epididymis into 10 zones physically separated septa as reported by Turner and collegues20. In this model, zone 1 corresponds to
the initial segment, zones 2-5 correspond to the caput epididymis, zones 6-7 correspond to the corpus epididymis and zones 8-10 represent the
cauda epididymis. (B-C) Immunofluorescence localization of DNM2 revealed zone-specific distribution patterns (indicated by white arrowhead
and arrow). The border between zone 1 and 2 is demarcated by a dotted line or denoted by yellow arrows. (D) DNM2 is also expressed in
the peri-acrosomal domain of spermatozoa isolated from the caput epididymis. However, no such staining was routinely detected in luminal
spermatozoa within the corresponding epididymal sections. ep, epithelial cells; l, lumen; Neg, secondary antibody only control. Experiments
were replicated on material from three animals and representative immunofluorescence images are presented. Please click here to view a larger
version of this figure.

 

Figure 2: Immunofluorescence detection of DNM 1 and DNM 3 in the mouse caput epididymis. (A) The localization of DNM136 was
examined in the mouse caput epididymis. (B) Co-localization of DNM336 and the clear cell marker, ATP6V1B137 in the mouse caput epididymis.
This analysis confirmed that both DNM3 (green arrows) and ATP6V1B1 (red arrows) reside in the clear cell sub-population but display
minimal sub-cellular overlap. ep, epithelial cells; int, interstitium; l, lumen; sp, sperm; Neg, secondary antibody only control. Cell nuclei were
counterstained with DAPI (blue). Experiments were replicated on material from three animals and representative immunofluorescence images
are presented. Please click here to view a larger version of this figure.
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Figure 3: Schematic of isolation protocols used for enrichment of mouse caput epididymosomes. After the dissection, caput epididymal
tissue is immersed into a droplet of BWW medium and incised to release the luminal contents. The luminal fluid is then filtered through a 70 µm
membrane and the resultant suspension is centrifuged at increasing velocity in order to pellet any residual cell debris. The cleared suspension is
then loaded atop of a discontinuous density gradient (iodixanol solution) and subjected to overnight ultracentrifugation. Epididymosomes partition
into fractions 9 - 11, which are pooled, washed via dilution into PBS and returned to the ultracentrifuge to pellet the epididymosomes. Please
click here to view a larger version of this figure.

 

Figure 4: Assessment of epididymosome purity. Twelve equal fractions were recovered after the ultracentrifugation of the gradient and an
aliquot of each prepared for (A) protein and RNA quantification, (B) size heterogeneity assessment by using dynamic light scattering, and (C)
immunoblot analysis of epididymosome marker distribution. Additional characterization steps included (D) dual-labeling of epididymosomes
concentrated onto aldehyde/sulphate latex beads, (E) transmission electron microscopy assessment, and (F) immunoblot assessment of
spermatozoa (Sperm) and red blood cell (RBC) contamination by using either anti-arachidonate 15-lipoxygenase (ALOX15, cytoplasmic droplet/
sperm contamination) or anti-hemoglobin (HBB, RBC contamination). Immunoblots were also probed with known epididymosome cargo (26S
proteasome non-ATPase regulatory subunit 7, PSMD7; heat shock protein 90kDa beta member 1, HSP90B1; and beta tubulin, TUBB). These
data were originally published in Scientific Reports (PMID: 27549865) and have been reproduced here with the permission of the publisher,
Springer Nature. Please click here to view a larger version of this figure.
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Figure 5: Immunofluorescence detection of DNM isoforms in mECap18 cells reveal distribution patterns that accord with those
detected in caput epididymal tissue. (A) Schematic of coverslip preparation for sterile mECap18 cell culture. (B) Representative
immunofluorescence images of DNM staining revealed cellular distribution patterns (arrows and inset (dual labeling of DNM3 and clear cell
marker ATP6V1B1)) that mirrored those detected within epididymal tissue sections. Cell nuclei were counterstained with either propidium iodide
(PI; red) or DAPI (blue). Experiments were replicated on material from three animals and representative immunofluorescence images are
presented. Please click here to view a larger version of this figure.

Discussion

These studies incorporated the use of Bouin's fixed epididymal tissue that had been subjected to paraffin embedding and standard sectioning
protocols. Bouin's fixative solution comprises a mixture of formaldehyde, picric acid and acetic acid, with each component having a specific and
complementary function. Thus, formaldehyde reacts with primary amines to form protein cross-links, picric acid slowly penetrates the tissue
forming salts and hence coagulation of basic proteins and conversely, acetic acid rapidly penetrates the tissue and causes the coagulation of
nucleic acids. These combined properties have engendered Bouin's as a fixative of choice for the preservation of morphological detail and its
use is widely reported in the epididymal literature. However, Bouin's solution is not without its limitations, which include the propensity for fixative
induced fluorescence and for formaldehyde induced cross-linking which may mask target antigens.

The potential for background fluorescence necessitates the use stringent negative controls, which in our studies include the omission of the
primary antibody, omission of the secondary antibody and, where the reagents are available, the use of primary antibodies preabsorbed
against the immunizing peptide from which they were generated. Details of the application of such controls are exemplified in our previous
study of dynamin DNM expression in the mouse epididymis21. Ideally, such results should also be validated through the use of tissue derived
from knockout animals, however, this material is not always readily available. In seeking to counter the secondary problem of cross-linked or
chemically modified target antigens, it is frequently necessary to perform some form of antigen retrieval in order to unmask epitopes altered
by fixation and thus restore their potential for antibody binding. The methodology used for retrieval depends on many variables, including
the target antigen, antibody, tissue type, and the method of fixation. However, the most widely adopted techniques feature the application of
either heat-mediated or proteolytic induced antigen retrieval. The former features as our favored approach owing to a higher success rate for
restoring immunoreactivity, with the details of the heat regimens and retrieval solutions we commonly utilize being documented in Table 1. We
caution however, that this is by no means an exhaustive list and ultimately the optimization of antigen retrieval for each protein target/antibody
combination requires preliminary studies using a matrix of time, temperature, and pH combinations. Additional considerations include the
potential for heat retrieval to elicit tissue damage and/or cause artefactual labeling. Thus, in addition to the application of the negative controls
documented above, we also routinely incorporate positive controls featuring antibodies, such as anti-Golgin-97, which recognize distinct cellular
organelles.

In seeking to establish whether proteins such as those belonging to the DNM family fulfill redundant, as opposed to complementary, functions
in epididymal tissue, we have found it particularly informative to perform dual labeling experiments such as those illustrated in Figure 2B.
This strategy involves sequential labeling of tissue sections with pairs of primary antibodies (raised in different species) followed appropriate
secondary antibodies conjugated to different fluorophores. However, a confounding feature that occasionally arises in seeking to perform these
dual labeling studies is the incompatibility of the antigen retrieval protocols needed for optimal labeling with each primary antibody. This limitation
was encountered in the case of co-labeling of DNM 2 and Golgin-97 in the mouse caput epididymis, leading us to use consecutive serial sections
(as opposed to the same section)21. Nevertheless, either of these approaches are extremely useful in the context of ascribing protein expression
to a particular cell type among those represented in the pseudostratified epididymal epithelium. With this goal in mind, we have included a list of
representative cell type markers and their reported distribution patterns along the length of the epididymal tubule (Table 2). When one wishes
to go beyond cell type and begin to explore the subcellular distribution of target proteins, the use of dual labeling with recognized organelle
markers, such as Golgin-97, offers distinct advantages. Alternatively, the application of high-resolution electron microscopy in tandem with
immunogold labeling remains the method of choice for detailed ultrastructural localization and validation of staining patterns achieved using
immunofluorescence21.

Among the limitations posed by the study of epididymosomes are their small size and the difficulty of obtaining sufficient quantities for detailed
end point analyses, particularly in commonly used laboratory species such as the mouse. However, by capitalizing on the pioneering studies
of Sullivan and colleagues38,39,40, we have been able to optimize robust methodology for epididymosome isolation from the mouse model (see
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step 2). We do stress, however, the need to impose stringent controls to assess and physical characteristics of the enriched epididymosome
populations41 due to the potential contamination from spermatozoa, cytoplasmic droplets and/or blood-borne exosomes (see Figure 4). For this
purpose, we routinely use a combination of: (i) high resolution electron microscopy to visualize the size and heterogeneity of the epididymosome
preparation, (ii) calculation of the mean particle size and heterogeneity (iii) concentration of the epididymosomes onto 4 µm aldehyde/sulphate
latex beads and fluorescent labeling of recognized exosome surface markers, including CD9 and FLOT1, and (iv) immunoblotting of isolated
epididymosomes with a suite of antibodies recommended for experimental validation of exosomes (e.g., anti-CD9, anti-FLOT1), as well as
negative controls corresponding to antigens that should be restricted to spermatozoa (anti-IZUMO1), sperm cytoplasmic droplets (anti-ALOX15),
or blood (anti-HBB)22. If these standards are met, then the epididymosome preparations isolated are readily amenable for use in downstream
applications including co-incubation with spermatozoa and/or cargo profiling analyses22,42, both of which are powerful approaches for enhancing
our understanding of the role of epididymosomes in regulating epididymal sperm maturation1.

In this study, we describe the application of an SV40-immortalized mouse caput epididymal epithelial (mECap18) cell line, which we have
utilized to study the involvement of DNM in the regulation of epididymal secretory activity21 as well as the impact of environmental toxicants on
epididymal physiology43. An important feature of the mECap18 cell line is that it displays phenotypic stability between passages and features
a representative population of both principal and clear cells21,35,44. Compared to primary epididymal cell cultures, the mECap18 cell line also
displays tolerance to culturing in fetal calf serum free medium, which extends the duration and nature of experimental interventions these cells
can be exposed to, whilst also being permissive of recovering a higher abundance of secreted proteins from the conditioned medium. A limitation
of the mECap18 cell line, however, is that it has been immortalized and may thus respond differently to stress and / or immune-related stimuli
compared to that of primary cell cultures or those cells present in vivo. With this limitation in mind, it is recommended to compare the results
obtained using mECap18 cells to in vivo responses whenever possible. In summary, the protocols we describe highlight the utility of this cell
line as a tool with which to begin to study the functionality of target proteins within the caput epididymis. Indeed, in combination with the use of
commercial protein inhibitors and/or genome-editing tools (such as CRISPR-Cas9), the mECap18 cell line holds considerable potential to help
resolve the mechanistic basis of epididymal function.
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Chapter 3: Overview 

The epididymis generates one of the most complex of all intraluminal fluids in order to 

support sperm maturation and storage. The creation of this specialised luminal 

microenvironment is apparently strictly regulated through the combined secretory and 

absorptive activity of the surrounding epithelium such that sperm acquire functional maturity 

in a sequential manner. While considerable effort has focused on defining the luminal 

composition, relatively less is known about the mechanistic basis by which this environment 

is tightly regulated. In recent studies, we have begun to characterize the expression of the 

dynamin family of enzymes and explore their contribution to male reproduction. This interest 

was seeded by the ability of dynamin to regulate membrane trafficking events, such as those 

that predominate in the epididymis. Thus, the aim of this study was to characterize the spatial 

and temporal expression of dynamin in the mouse epididymis. Based on the promising results 

of these studies, we elected to use an in vitro cell culture model (as discussed in Chapter 2) to 

document the impact of pharmacological dynamin inhibition on the secretion of epididymal 

proteins.  

Accordingly, we have shown that the three canonical dynamin isoforms (DNM1, 

DNM2 and DNM3) are abundantly expressed in the early developmental stages of mouse 

epididymal differentiation. However, upon sexual maturation (≥ 30d after birth) the 

conserved pattern of dynamin expression was replaced by one in which both segment- and 

cell-specific localization was recorded among different isoforms. Thus, DNM1 and DNM3 

were predominately localized to the distal segment of the epididymis (corpus and cauda), 

where they resided in clear cells and principal cells. In marked contrast, DNM2 was mainly 

found within the proximal segment of the epididymis (caput), with its localization 

overlapping with that of the Golgi apparatus of the principal cells. Such findings are of 

potential significance as the caput segment is most active in terms of protein synthesis and 

secretion. Through the use of an in vitro culture of caput epithelial cells (mECap18 cells) we 

were able to demonstrate that dynamin inhibition significantly reduced the secretion of a 

subset, but certainly not all, epididymal proteins into the culture medium.  

The results of this chapter support the segment specific and non-redundant roles of 

different dynamin isoforms in regulating the epididymal milieu. Such regulation aligns with 

the segment specific characteristics of the epididymal environment in terms of supporting 

sperm maturation and storage. Given that the spermatozoa lack the ability to participate in 



gene transcription or de novo protein translation, an important direction for future research 

will be to investigate the functional impact of dynamin inhibition on sperm maturation.    
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Abstract

The mammalian epididymis is an exceptionally long ductal system tasked with the provision of one
of the most complex intraluminal fluids found in any exocrine gland. This specialized milieu is con-
tinuously modified by the combined secretory and absorptive of the surrounding epithelium and
thus finely tuned for its essential roles in promoting sperm maturation and storage. While consid-
erable effort has been focused on defining the composition of the epididymal fluid, relatively less is
known about the intracellular trafficking machinery that regulates this luminal environment. Here,
we characterize the ontogeny of expression of a master regulator of this machinery, the dynamin
family of mechanoenzymes. Our data show that canonical dynamin isoforms were abundantly
expressed in the juvenile mouse epididymis. However, in peripubertal and adult animals dynamin
takes on a heterogeneous pattern of expression such that the different isoforms displayed both
cell- and segment-specific localization. Thus, dynamin 1 and 3 were predominately localized in the
distal epididymal segments (corpus and cauda), where they were found within clear and principal
cells, respectively. In contrast, dynamin 2 was expressed throughout the epididymis, but localized
to the Golgi apparatus of the principal cells in the proximal (caput) segment and the luminal border
of these cells in more distal segments. These dynamin isoforms are therefore ideally positioned
to play complementary, nonredundant roles in the regulation of the epididymal milieu. In support
of this hypothesis, selective inhibition of dynamin altered the profile of proteins secreted from an
immortalized caput epididymal cell line.

Summary Sentence

The dynamin family of mechanoenzymes is differentially expressed in the mouse epididymal
epithelium and selectively regulates protein secretion.

Key words: epididymis, sperm maturation, dynamin, epididymal milieu, protein trafficking, exosomes, epididymo-
somes, apocrine secretion, merocrine secretion.
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Introduction

The mammalian epididymis is of fundamental importance to repro-
duction owing to its specialized roles in promoting the functional
maturation of spermatozoa and their prolonged storage prior to
ejaculation [1]. Both functions rely on the production of a complex
intraluminal milieu [2] that is continuously modified by the com-
bined secretory and absorptive activity of the epithelium lining this
extraordinarily long tubule [3,4]. This pseudostratified epithelium
comprises multiple cell types, each of which possesses discrete roles
and unique patterns of distribution.

Principal cells dominate along the entire length of epididymis,
constituting as much as 80% of the peritubular interstitium [5]. De-
spite some segment–segment variation in the structural and func-
tional properties of these cells, a defining feature is their highly
developed secretory and endocytotic machinery [5]. Such machin-
ery encompasses key elements of the endocytic apparatus including
abundant coated pits, endosomes, and lysosomes. Similarly, these
cells are also decorated with extensive networks of rough endo-
plasmic reticulum, Golgi apparatus, small vesicular aggregates, and
blebs of cytoplasm originating from their apical cell surface [6–8].
The presence of such elaborate trafficking machinery accords with an
active role in the synthesis of proteins and their subsequent secretion
into the lumen, particularly in the proximal epididymal segments
(caput and corpus) where sperm acquire their potential for fertil-
ization [9,10]. Throughout the epididymis, these cells also display
endocytotic activity, thus facilitating the recycling of proteins and
other luminal contents and contributing to an optimal environment
for protracted periods of sperm maturation and storage [6–8]. Such
endocytotic activity is also shared with clear cells, the second most
abundant cell type in the epididymis [11,12]. Accordingly, clear cells
also feature numerous coated pits, vesicles, endosomes, multivesicu-
lar bodies, and lysosomes [7,11]. While comparatively less is known
of the function of the remaining subsets of basal, narrow, apical,
halo, and immunological (macrophage and dendritic) cell types, it is
widely recognized that the careful integration of their activities is es-
sential to maintain the fidelity of post-testicular sperm development,
protection, and storage [3,13].

It follows that an understanding of the mechanisms that underpin
the creation of the epididymal luminal milieu is of key interest for
fertility regulation both in the context of resolving the causes of male
factor infertility [14] and as a target for contraceptive intervention
[15]. Despite this, our knowledge of the precise molecular machinery
and, in particular, the vesicle trafficking and fusogenic proteins that
underpin the dynamic secretory and endocytotic activity of these
cells is incomplete. In recent studies, we have begun to characterize
novel roles for the dynamin family of large GTPases in the context
of mammalian reproduction [16,17]. Here, we have sought to ex-
tend this work by examining the spatial and temporal expression
of dynamin within the mouse epididymis. Our interest in dynamin
reflects the central role the mechanochemical enzyme holds in the
coupling of exo- and endocytotic processes [18–21]. While dynamin
has been best studied in the context of clathrin-coated endocytosis
from the plasma membrane [22], it is also implicated in formation
and budding of transport vesicles from the Golgi network [23–26],
vesicle trafficking [27], orchestrating exocytotic events [28,29], and
in the regulation of microtubular, and actin cytoskeletal dynamics
[29–33]. Such diverse functions rely on the ability of dynamin to
spontaneously polymerize into high-order oligomers in the presence
of a variety of tubular templates such as lipid membranes [34], micro-
tubules [35,36], and actin bundles [37,38]. In the case of membrane
remodeling and scission, this polymerization leads to the formation

of rings and/or helices [20]. In one of the most widely accepted mod-
els of action, guanosine triphosphate (GTP) hydrolysis drives confor-
mational change and constriction of the dynamin helix, thus leading
to membrane fission and physical separation of nascent vesicles from
the parent membrane [18]. It has also recently been shown that dy-
namin has the potential to fine-tune exocytotic events by virtue of
its ability to control the rate of fusion-pore expansion, and thus the
amount of cargo released from an exocytotic vesicle [28,39].

In mammals, dynamin is encoded by three different genes (Dnm1,
Dnm2, and Dnm3) whose products undergo alternative splicing to
generate a several variants [21,40]. These isoforms are characterized
by differential expression within distinct tissues of the body. Thus,
dynamin 1 is primarily found within neural tissue [41], dynamin 2
is ubiquitously expressed throughout the body [42], and dynamin
3 (the most structurally divergent of the canonical isoforms) resides
mainly within lung, brain, heart, and testis tissue [40]. It has also
been shown that dynamin 1 and dynamin 2 localize to developing
germ cells (spermatocytes and spermatids) as well as nurse Sertoli
cells of the murine testes [43–46], leading to speculation of a novel
role for the GTPase in the production of spermatozoa during the
process of spermatogenesis. The role of dynamin 3 within this tissue
appears to center on its participation in the formation of a tubulobul-
bar structure responsible for the release of spermatozoa from Sertoli
cells [47]. Dynamin 1 and 2, but not dynamin 3, have also been im-
plicated in the post-testicular functional maturation of spermatozoa
[16,17,48]; yet, to the best of our knowledge there are no reports
of any of these dynamin isoforms in the context of the mammalian
epididymis. This study was therefore undertaken to characterize the
epididymal expression of the canonical dynamin family and investi-
gate their contribution to the function of this important endocrine
system.

Materials and methods

Animals
All experimental procedures involving animals were conducted with
the approval of the University of Newcastle’s Animal Care and Ethics
Committee in accordance with the Society for the Study of Repro-
duction’s specific guidelines and standards. Mice were obtained from
a breeding colony held at the institute’s Central Animal House and
raised under a controlled-lighting regime (16-h light:8-h dark) at
21–22◦C and supplied with food and water ad libitum. Prior to
dissection, animals were sacrificed by CO2 inhalation.

Antibodies and reagents
Unless otherwise stated, chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and were of molecular biology or
research grade. A summary of the antibodies used in this study
as well as the final antibody concentrations employed for each
application is supplied in Supplemental Table S1. Briefly, rabbit
polyclonal antibody against dynamin 1 (ab108458) and PSMD7
(ab11436) were purchased from Abcam (Cambridge, England, UK);
rabbit polyclonal antibody against CCT3 (sc-33145), rat mono-
clonal antibody against CCT8 (sc-13891), goat polyclonal dynamin
2 (sc-6400) and its immunizing peptide (sc-6400 P), IZUMO1 (sc-
79543), and ATP6V1B1 (sc-21206) were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA); mouse monoclonal antibody against
dynamin 1 (MA5-15285), sheep polyclonal antibody against dy-
namin pSer778 (PA1-4621), and rabbit polyclonal antibody against
dynamin 2 (PA5-19800) were purchased from Thermo Fisher
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Figure 1. Detection of dynamin 1 in the mouse epididymis. (A–L) The spatial and temporal localization of dynamin 1 (arrowheads) was examined in the mouse
epididymis at key developmental stages (day 10, 30, and >8 weeks postnatum) by sequential labeling with antidynamin 1 (DNM1, green) and the propidium
iodide (PI, red) nuclear stain. Representative negative control (Neg, secondary antibody only) images are included to demonstrate the specificity of antibody
labeling (D, H, L). ep, epithelial cells; sp, sperm; int, interstitium; l, lumen. (M) The relative levels of dynamin 1 expression were quantified by immunoblotting of
tissue homogenates prepared from epididymides at equivalent developmental time points. Blots were subsequently stripped and reprobed with anti-α-tubulin
antibody to confirm equivalent protein loading and enable densitometric analysis of band intensity (n = 3; ∗p < 0.05). For the purpose of this analysis the labeling
intensity of DNM1, or phosphorylated-DNM1 (Phos-DNM1), was normalized relative to that of α-tubulin with the band intensity in caput tissue at each time point
being nominally set to a value of 1. Prior to protein extraction, tissue was cleared of contaminating epididymal fluid and spermatozoa, and the efficacy of this
treatment was assessed by labeling with anti-IZUMO1 antibodies (an intrinsic sperm protein that is not expressed in epididymal epithelium). (N) The detection of
a doublet (of ∼100 and 102 kDa) with antidynamin 1 antibodies prompted an investigation of the potential for post-translational phosphorylation of the dynamin
1 protein. For this purpose, blots were probed with antidynamin 1 pSer778 antibodies, revealing cross-reactivity with the higher molecular weight band
only. These experiments were replicated on material from three animals and representative immunofluorescence images, and immunoblots are presented.

Scientific (Waltham, MA, USA); rabbit polyclonal antibody against
dynamin 3 (14737-1-AP) and its immunizing peptide (ag6381) were
from Proteintech Group (Chicago, IL, USA). Rabbit polyclonal anti-
body against flotillin 1 (F1180), rabbit polyclonal antibody against
androgen receptor (SAB4501575), and mouse monoclonal antibody
against α tubulin (T5168) were from Sigma-Aldrich. Rabbit mon-
oclonal antibody against Golgin-97 (#13192) was from Cell Sig-
naling Technology (Arundel, QLD, Australia). Alexa Fluor 488-
conjugated goat antirabbit, Alexa Fluor 594 or 488-conjugated
donkey antigoat, and Alexa Fluor 594-conjugated goat antimouse
were from Thermo Fisher Scientific. Antirabbit IgG-HRP was sup-
plied by Millipore (Chicago, IL, USA), antisheep IgG-HRP was
supplied by Abcam, and antirabbit IgG-HRP was supplied by
Santa Cruz Biotechnology. Cell culture regents (Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), L-glutamine, penicillin/streptomycin,
sodium pyruvate, Trypsin-ethylenediaminetetraacetic acid (EDTA))
were from Thermo Fisher Scientific; fetal bovine serum (FBS) was
from Bovogen (Keilor, VIC, Australia). Nitrocellulose was supplied
by GE Healthcare (Buckinghamshire, England, UK); minicomplete
protease inhibitor cocktail tablets were obtained from Roche (Sand-
hoferstrasse, Mannheim, Germany). Bovine serum albumin (BSA)
was purchased from Research Organics (Cleveland, OH, USA).
Mowiol 4-88 was from Millipore; paraformaldehyde (PFA) was ob-
tained from ProSciTech (Thuringowa, QLD, Australia). Dynamin
inhibitors, Dynasore, and Dyngo 4a were purchased from Tocris
Bioscience (Bristol, England, UK) and Abcam, respectively.

Immunofluorescent localization
Mouse epididymides were fixed in fresh Bouin’s solution, embed-
ded in paraffin and sectioned at 5-μm thickness. Embedded tissue
was dewaxed, rehydrated, and then subjected to antigen retrieval
under optimized conditions: microwaving in 10 mM sodium cit-
rate at 1,100 W for either 6 min (antidynamin 1, ab108458) or
9 min (antidynamin 2); microwaving in 50 mM Tris (pH 10.5) for 9
min [antidynamin 1 (MA5-15285); antidynamin 3; antiATP6V1B1;
anti-Golgin-97]. After being blocked with 3% BSA/phosphate-
buffered saline (PBS) in a humid chamber (1 h at 37◦C), the slides
were then incubated with primary antibodies diluted in 1% BSA/PBS
(4◦C, overnight). After three washes in PBS, slides were incubated
with Alexa Fluor 555 and/or Alexa Fluor 488-conjugated secondary
antibodies diluted in 1% BSA/PBS (37◦C, 1 h; Supplemental Ta-
ble S1). The sections were then washed and counterstained with
nuclear dyes; propidium iodide (5 μg/ml) or 4′, 6-diamidino-2-
phenylindole (2 μg/ml). After an additional wash in PBS, slides
were mounted in 10% Mowiol 4-88 (Merck Millipore, Darmstadt,
Germany) with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5%
1, 4-diazabicyclo-(2.2.2)-octane, and labeling patterns for all tis-
sue sections recorded using fluorescence microscopy (Zeiss Axio
Imager A1, Jena, Thuringia, Germany; Figures 1–5). The wave-
lengths of the microscopic filters used for excitation and emission
were 474 and ∼527 nm (Alexa Fluor 488 and propidium iodide),
and 585 and ∼615 nm (Alexa Fluor 594). Alternatively, confo-
cal microscopy (Olympus IX81, Sydney, Australia) was used for
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Figure 2. Detection of dynamin 2 in the mouse epididymis. (A–L) Immunofluorescence localization of dynamin 2 (arrowheads) was undertaken in the mouse
epididymis (day 10, 30, and >8 weeks postnatum) by sequential labeling with antidynamin 2 (DNM2, green) and propidium iodide (PI, red). By 30 days postnatum,
dynamin 2 localization was detected in the supranuclear region of caput epithelial cells (asterisks) and around the adluminal border and extending into apical
blebs (ab) (arrows and inset in adult corpus) in the corpus and cauda epididymal segments. Representative negative control (Neg, secondary antibody only)
images are included to demonstrate the specificity of antibody labeling (D, H, L). ep, epithelial cells; sp, sperm; int, interstitium; l, lumen. (M) The relative levels
of dynamin 2 expression were quantified by immunoblotting of tissue homogenates prepared from epididymides at equivalent developmental time points.
Blots were subsequently stripped and reprobed with anti-α-tubulin antibody to confirm equivalent protein loading and enable densitometric analysis of band
intensity (n = 3). For the purpose of this analysis, the labeling intensity of DNM2 was normalized relative to that of α-tubulin with the band intensity in caput
tissue at each time point being nominally set to a value of 1. Immunoblots were also probed with anti-IZUMO1 antibodies to control for sperm contamination.
These experiments were replicated on material from three animals and representative immunofluorescence images and immunoblots are presented.

detection of fluorescent-labeling patterns observed in mEcap18 cells
(Figures 6 and 8) using excitation and emission filters of wavelength
473 and 485–545 nm (Alexa Fluor 488), and 559 and 570–670 nm
(propidium iodide).

For immunofluorescent staining of mouse caput epididymal
(mEcap18) cell cultures [49], the cells were settled onto poly-L-
lysine-coated coverslips. They were then fixed in 4% PFA for 15
min and permeabilized by incubation in 0.1% Triton X-100 for 10
min. Following washing in PBS, cells were blocked with 3% BSA in
PBS and immunolabeled as described for epididymal tissue sections.

All immunolocalization studies were replicated a minimum of
three times, with epididymal tissue sections being prepared from
more than three different male mice or mEcap18 cells being isolated
from three separate cell cultures. The negative controls used in each
of these experiments included tissues or cells that were prepared un-
der the same conditions except that the primary antibody was substi-
tuted with antibody buffer (i.e., secondary antibody only controls).
Where the immunizing peptide was available (i.e., for anti-DNM2
and anti-DNM3 antibodies), an additional control was included in
which the antidynamin antibodies were pre-absorbed with excess
immunizing peptide prior to use.

mEcap18 cell culture and dynamin inhibition assays
The SV40-immortalized mouse caput epididymal epithelial
(mECap18) cells were a generous gift from Dr Petra Sipila (Turku
University, Turku, Finland) [49]. Aliquots of 4 × 105 cells were
passaged in each well of six well plates and cultured with mEcap18
medium (DMEM supplemented with 1% L-glutamine, 1% sodium
pyruvate, 1% penicillin/streptomycin, and 50 μM 5α-androstan-
17β-ol-3-oneC-IIIN) containing 10% FBS for 24 h. Cells were
then washed three times with DMEM to remove FBS and thus
the potential of this protein to bind dynamin inhibitors [50,51].

Thereafter, equal volumes of mEcap18 medium (FBS free) con-
taining Dynasore, Dyngo 4a, Dyngo-� (an inactive isoform con-
trol for both Dynasore and Dyngo 4a), or a dimethyl sulfox-
ide (DMSO) vehicle control were added to each well for fur-
ther incubation. The working concentration of each inhibitor (10
μM for Dyngo 4a and 100 μM for Dynasore) was selected
on the basis of effective doses in previous work [52]. After 12
h of incubation, media were carefully aspirated from each of
the different treatment groups and centrifuged under 2,000 × g
for 10 min to remove all the cellular debris. Proteins released into
the media during the incubation were then concentrated via precip-
itation with one-fifth volume of chilled 100% trichloroacetic acid
(4◦C, overnight). The precipitated protein was pelleted by centrifu-
gation (17,000 × g, 4 ◦C, 10 min) and washed twice with chilled
acetone prior to being recentrifuged under identical conditions. The
resultant pellet was air-dried before being resuspended in SDS extrac-
tion buffer (0.375 M Tris pH 6.8, 2% w/v SDS, 10% w/v sucrose,
protease inhibitor cocktail). To ensure that proteins were not simply
released from dead or moribund cells, cell vitality was assessed via
a trypan blue exclusion assay prior to, during, and after incubation
with dynamin inhibitors. Importantly, none of the treatments used in
this study compromised mEcap18 cell viability, which consistently
remained >90% across the 12 h of incubation.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), silver staining, and
immunoblotting
Epididymal dissection and fluids removal were conducted as previ-
ously described [53]. Following treatment, epididymal proteins were
separately extracted from the caput, corpus, and caudal segments
via boiling in SDS extraction buffer at 100◦C for 5 min. Insolu-
ble material was pelleted by centrifugation (17,000 × g, 10 min,
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Figure 3. Dynamin 2 localizes to the Golgi apparatus of principal cells in the caput epithelium. (A–D) The spatial conservation of dynamin 2 supranuclear
localization was assessed throughout zones 1–5 (corresponding to the initial segment and caput epididymis, respectively) of the adult mouse epididymis, with
the border of different zones being demarcated by dotted lines. This analysis revealed a gradient of supranuclear staining, being initially detected in zone 2 and
most intense staining in zones 2 and 3, before gradually decreasing distally in zones 4 and 5, and being undetectable in zone 6 (corpus). (E–H) Confirmation
that this pattern of supranuclear localization corresponded to the positioning of the Golgi apparatus (arrowheads) was afforded by labeling of consecutive
epididymal sections with anti-DNM2 (E, red) and Golgin-97 (a recognized Golgi marker; F, green). This approach was favored over that of dual labeling owing
to incompatible antigen retrieval conditions necessary for optimal labeling with these antibodies. (G, H) NC: negative controls (secondary antibody only). (I, J)
These studies were complemented with the use of immunogold ultrastructural analyses to confirm the presence of DNM2 in the Golgi apparatus of the caput (I),
and in association with the microvilli (mv) and apical blebs (ab) in both the corpus and cauda epididymis (J, I) (arrowheads). (L) No such labeling was observed
in control sections probed with secondary antibody only. v, vesicle; mv, microvilli; ab, apical blebs. These experiments were replicated on material from three
animals, and representative immunofluorescence and immunogold images are presented.

4◦C), and the soluble proteins present in the supernatant were quan-
tified using a bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific). Equivalent amounts of protein were boiled in SDS-PAGE
sample buffer (2% v/v mercaptoethanol, 2% w/v SDS, and 10% w/v
sucrose in 0.375 M Tris, pH 6.8, with bromophenol blue) at 100◦C
for 5 min, prior to being resolved by SDS-PAGE and either silver
stained or transferred to nitrocellulose membranes. Before detect-
ing proteins of interest, membranes were blocked under optimized
conditions of 3% BSA in PBS with 0.5% (v/v) Tween-20 (PBST;
dynamin 1), 3% BSA in Tris-buffered saline with 0.1% (v/v) Tween-
20 (TBST; IZUMO1, CCT8, α-tubulin, dynamin 3, and dynamin
pSer778), 5% skim milk in 0.1% (v/v) TBST (dynamin 2, FLOT1,
and PSMD7), or 5% skim milk in 0.05% PBST (CCT3) for 1 h.
Membranes were then incubated with primary antibody prepared in
either 1% BSA or 1% skim milk in an equivalent diluent to that used
for blocking. Blots were subsequently washed with 0.5% PBST (dy-
namin 1), 0.1% TBST (dynamin 2, dynamin 3, FLOT1, IZUMO1,
CCT8, α-tubulin, PSMD7, and dynamin pSer778), or 0.05% PBST
(CCT3), followed by incubation with appropriate horse radish

peroxidase (HRP)-conjugated secondary antibodies (Supplemental
Table S1). After three additional washes, labeled proteins were de-
tected using an enhanced chemiluminescence kit (GE Healthcare).
The specificity of dynamin 3 antibody was assessed by preincubat-
ing the antibody with excess immunizing peptide at 4◦C for 2 h prior
to immunoblotting. For quantification of dynamin expression, ap-
propriate bands were assessed by densitometry, normalized against
an α-tubulin loading control, and nominally expressed relative to
the amount of the protein appearing in the caput epididymal tissue
within the same developmental time point (Figures 1M, 2M, and
4M). Alternatively, dynamin expression was also quantified based
on normalization against the α-tubulin loading control across all
epididymal segments and developmental time points examined (Sup-
plemental Figure S2).

Electron microscopy
Samples were fixed and processed for electron microscopy as pre-
viously described [54]. Briefly, epididymal tissue and mEcap18 cells
were fixed in 4% (w/v) PFA containing 0.5% (v/v) glutaraldehyde.
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Figure 4. Detection of dynamin 3 in the mouse epididymis. (A–L) Immunofluorescence localization of dynamin 3 was undertaken in the mouse epididymis (day
10, 30, and >8 weeks postnatum) by sequential labeling with antidynamin 3 (DNM3, green) and propidium iodide (PI, red). Representative negative control
(Neg, secondary antibody only) images are also shown to demonstrate the specificity of antibody labeling. (M) The relative levels of dynamin 3 expression
were quantified by immunoblotting of tissue homogenates prepared from epididymides at equivalent developmental time points. Blots were subsequently
stripped and reprobed with anti-α-tubulin antibody to confirm equivalent protein loading and enable densitometric analysis of band intensity (n = 3). For the
purpose of this analysis the labeling intensity of DNM3 was normalized relative to that of α-tubulin, with the band intensity in caput tissue at each time point
being nominally set to a value of 1. These experiments were replicated on material from three animals, and representative immunofluorescence images and
immunoblots are presented.

Epididymal tissue and mEcap18 cell [embedded in 2% (w/v) agarose]
were processed via dehydration, infiltration, and embedding in LR
(London Resin) White resin. Sections (80 nm) were cut with a di-
amond knife (Diatome Ltd., Bienne, Switzerland) on an EM UC6
ultramicrotome (Leica Microsystems, Vienna, Austria) and placed
on 200-mesh nickel grids. Sections were blocked in 3% (w/v) BSA in
PBS (30 min). Subsequent washes were performed in PBS (pH 7.4)
containing 1% BSA. Sections were sequentially incubated with pri-
mary antibodies (overnight at 4◦C), and an appropriate secondary
antibody conjugated to 10-nm gold particles (90 min at 37◦C). La-
beled sections were then counterstained in 2% (w/v) uranyl acetate.
Micrographs were taken on a Philips CM12 transmission electron
microscope at 120 kV.

Statistics
All experiments were replicated a minimum of three times, with
tissue samples obtained from more than three different male mice.
Graphical data are presented as mean values ± SEM, which were
calculated from the variance between samples. Statistical significance
was determined analysis of variance.

RESULTS

Localization and ontogeny of dynamin expression in
the mouse epididymis
Dynamin 1
Low-magnification fluorescence micrographs illustrating the overall
expression patterns of dynamin 1 in the initial segment and epi-
didymis are presented in Supplemental Figure S1 and Figure 1A–L,
respectively. In the prepubertal epididymis (postnatal 10 days), pos-
itive dynamin 1 labeling was detected uniformly throughout the ep-

ithelium of all epididymal segments. In marked contrast, by peripu-
bertal development (30 days) and extending into adulthood (>8
weeks), only weak diffuse dynamin 1 labeling was observed in the
cytosol of cells in the initial segment (Supplemental Figure S1D and
G) and caput epididymis (Figure 1E and I). Upon transitioning into
the distal epididymal regions of the corpus and cauda, the pattern
of dynamin 1 expression was abruptly replaced by one in which a
majority of cells were completely devoid of the enzyme. Notably,
however, dynamin 1 was intensely labeled in a small number of
discrete, randomly distributed cells in both the corpus and cauda
epididymal segments. The labeling of these large cells generally ex-
tended from the apical to the basal surfaces of the tubule, consistent
with the distribution pattern expected of clear cells, a possibility that
was directly assessed in subsequent experiments. The specificity of
antibody labeling was confirmed by the complete absence of labeling
in equivalent tissue sections probed with secondary antibody alone
(Figure 1D, H, and L).

Immunoblotting of epididymal tissue homogenates confirmed the
expression of dynamin 1 in all segments and at all developmental
time points examined (Figure 1M). Of note was the labeling of two
discrete protein bands of approximate molecular weight ∼100 and
∼102 kDa in a majority of the tissue samples. The lower of these
bands corresponds to the known molecular weight (100 kDa) of
dynamin 1, raising the possibility that higher band may reflect the
presence of a post-translationally modified form of the parent pro-
tein. Such a scenario was assessed through the labeling of tissue
homogenates with phospho-specific antibodies that detect dynamin
1 serine 778 phosphorylation. These antibodies consistently labeled
the higher molecular weight band only (Figure 1N), a finding that
is of potential significance in view of the ability of phosphorylation
to modulate dynamin 1 activity [55,56]. In this context, the higher
molecular weight (phosphorylated) form of dynamin 1 predominated
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Figure 5. Colocalization of dynamin 1 and dynamin 3 with the clear cell marker, ATP6V1B1. (A–C) Representative immunofluorescence images of dual staining
of dynamin 1 (red arrowhead) and dynamin 3 (green arrowhead) in the cauda epididymis of adult mice. Dynamin 1 and 3 clearly resided in different epithelial
cell populations with no colocalization being detected. (D–F) Representative immunofluorescence images of dual staining of dynamin 1 (green arrowheads)
and ATP6V1B1 (red arrowheads) in the adult mouse epididymis. Dynamin 1 colocalized with ATP6V1B1 in the clear cells of the corpus and cauda but not caput
epididymis. (G–I) Representative immunofluorescence images of dual staining of dynamin 3 (green arrowheads) and ATP6V1B1 (red arrowheads) in the adult
mouse epididymis. Dynamin 3 colocalized with ATP6V1B1 in the clear cells of the caput epithelium, but displayed minimal overlap in the cells and instead
occupied a distinct subcellular location. This localization pattern was altered in the corpus and cauda epithelium such that dynamin 3 was uniquely detected in
the principal cells in these segments. ep, epithelial cells; int, interstitium; l, lumen.

in the epididymides of 10- and 30-day-old animals; yet, the lower
molecular weight unmodified protein was intensely stained in the epi-
didymis of adult animals. The highest expression of phosphorylated
dynamin 1 was recorded in the cauda epididymides of 30-day-old
animals (Supplemental Figure S2). Since dynamin 1 and dynamin 2
are known to reside in mouse spermatozoa, all immunoblots were
reprobed with antibodies against IZUMO1 (a protein expressed in
spermatozoa but not epididymal tissue) to control for the possibility
of sperm contamination. As anticipated, no IZUMO1 was detected
in any of our preparations of epididymal tissue (Figures 1M and 2Q).

Dynamin 2
Similar to the expression profile of dynamin 1, the second isoform of
the dynamin family was also readily detected throughout the epithe-
lium of the entire epididymis of prepubertal animals (Supplemental
Figure S1B; Figure 2A–L). However, in peripubertal and adult an-
imals, dynamin 2 was predominantly localized to the supranuclear
region of caput epithelial cells, where it appeared to be concentrated
within dense aggregates most likely corresponding to the Golgi appa-
ratus (Figure 2E and I, asterisks). In the corpus, and particularly the
cauda, epididymides of these animals, the majority of staining was
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Figure 6. Mouse mEcap 18 cells and epididymal epithelial tissue possess conserved patterns of dynamin expression. (A–C) Immunofluorescence localization was
conducted for each dynamin isoform (1–3) in fixed mEcap 18 cells (A: dynamin 1; B: dynamin 2; C: dynamin 3). (A) Staining for dynamin 1 (DNM1) was localized
throughout the cytosol. (B) Dynamin 2 (DNM2) localized to the supranuclear domain in the majority of the cells. (C) Dynamin 3 (DNM3) localized exclusively to a
portion of the plasma membrane in ∼11% of the cell population. For A–C, nuclei are labeled with PI (red). Arrowheads indicate representative labeling patterns
observed across three independent experiments.

detected in the immediate vicinity of luminal border (Figure 2F, G, J,
and K) and extending into apical blebs that appear to decorate these
cells (Figure 2J, see inset in lower panel). Presumably due to issues
associated with antigen retrieval [16], luminal spermatozoa were not
routinely labeled with dynamin 2 in the adult epididymal sections.
Immunoblotting confirmed the abundant epididymal expression of
dynamin 2 and revealed that the greatest increase in dynamin 2 ex-
pression along the epididymis was detected in the caudal segment of
30-day-old animals (Supplemental Figure S2). In the prepubertal and
adult stage, the enzyme was expressed at similar overall levels in each
epididymal segment examined (Figure 2M; Supplemental Figure S2).

The localization we recorded for dynamin 2, particularly within
the caput segment of the adult epididymis, ideally positions the en-
zyme to contribute to the trafficking of secretory proteins to the
luminal environment [57]. We therefore sought to assess the spa-
tial expression profile and the subcellular localization of dynamin
2 within this segment in greater detail. This analysis revealed that
in the initial segment (zone 1) [55], dynamin 2 was exclusively re-
stricted to the apical membrane (Figure 3A; Supplemental Figure S1).
Notably, supranuclear labeling was first detected immediately distal
to the septa delineating the initial segment from that of the caput
epididymis (Figure 3A–D; zones 2–5), and appeared most intense
within zones 2 and 3 before gradually declining to be virtually un-
detectable in this subcellular domain by zone 6 (corpus epididymis).
Confirmation that this pattern of supranuclear localization corre-
sponded to the positioning of the Golgi apparatus was afforded by
labeling of consecutive epididymal sections with anti-DNM2 (Fig-
ure 3E, red) and Golgin-97 (a recognized Golgi marker; Figure 3F,
green). This approach was favored over that of dual labeling owing
to incompatible antigen retrieval conditions necessary for optimal
labeling with these antibodies. Importantly, no such staining was
recorded in negative control sections (secondary antibody only; Fig-
ure 3G and H). Similarly, pre-absorption of the antidynamin 2 an-
tibody with excess immunizing peptide also effectively eliminated
all immunolabeling of epididymal tissue sections (Supplemental
Figure S3).

Consistent with the localization of dynamin 2 detected by im-
munofluorescence, ultrastructural analyses confirmed the presence of
immunogold-labeled dynamin 2 within the cisternae of the Golgi ap-
paratus in the caput epididymis (Figure 3I, arrowheads). In the more
distal segments of the corpus and cauda epididymis, immunogold-
labeled dynamin 2 was not detected within the Golgi apparatus

(data not shown), being instead localized to the microvilli and apical
blebs extending from the luminal margin of principal cells (Figure 3J
and K). Gold-labeled dynamin 2 was also routinely found in the
acrosomal region of sperm residing in the epididymal lumen (data
not shown). The specificity of immunogold labeling was confirmed
through the use of sections stained with secondary antibody alone,
none of which revealed any staining (Figure 3L).

Dynamin 3
Unlike dynamin isoforms 1 and 2, only relatively weak dynamin 3
staining was observed in the cytosol of the prepubertal epididymis
epithelial cells (Figure 4A–C; Supplemental Figure S1). This label-
ing pattern subsequently underwent substantial changes in the epi-
didymis of peripubertal and adult animals. Thus, dynamin 3 was
localized to the apical domain/luminal margin of a small number
of epithelial cells that were randomly dispersed through the tubules
of the caput epididymis (Figure 4E and I). Upon entry into more
distal epididymal segments, dynamin 3 gradually took on a unique
expression profile in which virtually all corpus and cauda epididy-
mal epithelial cells, save those likely to be clear cells, were uni-
formly stained throughout their cytosol (Figure 4F, G, J, and K).
Interestingly, dynamin 3 was also labeled in granule-like luminal
structures previously referred to as “epididymal dense bodies” [58]
that lie juxtaposed with spermatozoa in the corpus and cauda epi-
didymis (Figure 4K, inset). Few such structures were labeled for
dynamin 3 in the epididymis of peripubertal animals, and similarly,
no such labeling was observed in the lumen of the caput epididymis
at any developmental time point. Since our previous work has shown
that mature mouse sperm does not harbor the dynamin 3 isoform
[59], it is unlikely that it features among the proteins that are pu-
tatively transferred between dense bodies and the maturing sperma-
tozoa [58,60,61]. Importantly, no staining was recorded in nega-
tive control sections (secondary antibody only; Figure 4D, H, and
L).Similarly, pre-absorption of the antidynamin 3 antibody with ex-
cess immunizing peptide also effectively eliminated all immunolabel-
ing of epididymal tissue sections (Supplemental Figure S3).

Immunoblotting of epididymal tissue homogenates confirmed the
expression of dynamin 3 in all segments and at all developmen-
tal time points examined (Figure 4M). Similar to the dynamin 1
and dynamin 2 isoforms, increased expression of the dynamin 3
protein was apparent within the epididymides of 30-day-old ani-
mals (Supplemental Figure S2). The conserved increase in expression
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documented at this particular developmental stage may reflect the
epididymis preparing for the arrival of first wave of spermatozoa.

Colocalization of dynamin 1 and 3 with ATP6V1B1
in clear cells of the adult mouse epididymis
A notable finding from our immunolocalization studies was that the
dynamin isoforms examined did not appear to show a high degree of
colocalization. This was particularly true of the labeling patterns of
dynamins 1 and 3 within the corpus and cauda epididymis of mature
animals (Figure 1J and K; Figure 4J and K). To investigate whether
dynamin isoforms are indeed expressed in unique cell populations,
dual staining of epididymal tissue was conducted with antidynamin
1 and 3 antibodies. This strategy revealed that the distribution of
dynamin 1 and 3 perfectly complemented each other with no colo-
calization apparent in either the corpus (not shown) or cauda epi-
didymis (Figure 5A–C). The most logical explanation for such an
expression profile is that dynamin 1 and 3 are exclusively produced
in clear and principal cells, respectively. This possibility was ex-
amined through colabeling experiments with ATP6V1B1 (ATPase,
H+ transporting, lysosomal 56/58kDa, V1 subunit B1), a clear cell
marker that mediates the acidification of the luminal environment
[62]. As anticipated, dynamin 1 colocalized with ATP6V1B1 in the
clear cells of the corpus and cauda epididymis (Figure 5E and F), but
was not detected in this cell population in the caput epididymis (Fig-
ure 5D). By contrast, dynamin 3 colocalized with ATP6V1B1 in the
clear cells of the caput epididymis (Figure 5G) but failed to overlap
with the clear cells in more distal epididymal segments (Figure 5H
and I).

Selective inhibition of dynamin influences epididymal
protein secretion in vitro
The existence of unique, nonoverlapping profiles of dynamin ex-
pression raises the prospect that this family of enzymes may be of
fundamental importance in regulating the specialized functions of
the epididymis. We therefore sought to document changes in protein
trafficking brought about by selective pharmacological inhibition of
dynamin. For this purpose, we elected to use a tractable in vitro as-
say employing an immortalized mouse caput epididymal (mEcap18)
cell line that has previously been characterized in relation to its abil-
ity to faithfully report physiological profiles of epididymal gene and
protein expression [49]. Prior to use, these cells were assessed for
their expression of dynamin 1, 2, and 3 isoforms (Figure 6A–C)
as well as androgen receptor and ATP6V1B1 (Supplemental Figure
S4). Consistent with our labeling of caput epididymal tissue sec-
tions (Figures 1I and 2I), dynamin 1 was localized throughout the
cytosol (Figure 6A), and dynamin 2 was found within the supranu-
clear domain of a majority of mEcap18 cells (Figure 6B). Dynamin 3,
by contrast, exhibited discrete foci of membrane staining in a small
number of these cells (Figure 6C), the proportion of which compared
favorably to those expressing ATP6V1B1 (Supplemental Figure S4).
On the basis of these conserved expression patterns, the mEcap18
cells were deemed a suitable model to explore dynamin function.

Following incubation of mEcap18 cells in media supplemented
with and without the dynamin inhibitors of Dynasore and Dyngo 4a
(both of which target dynamin 1 and dynamin 2 with similar efficacy
[63,64]), an equivalent volume of culture medium was recovered for
assessment via SDS-PAGE. As shown in Figure 7A, mEcap18 cells
readily secreted a number of proteins into the medium during the
course of a 12-h incubation. However, the secretion of several of
these proteins appeared to be reduced by the introduction of dy-

namin inhibitors (Figure 7A). This result was confirmed through the
quantification of band intensity, normalized against an internal load-
ing control (green arrowhead) (Figure 7B), which illustrated bands
of Mr ∼26, 30, 34, 42, 45, 47, 65, 80, 110, 115, and 250 kDa were
all substantially reduced following dynamin inhibition (Figure 7A,
white arrowheads; Figure 7B, green trace). In the majority of in-
stances, this inhibitory effect proved selective such that the proteins
were detected at similar levels in the medium sampled from either
untreated control populations of cells (Figure 7B, orange trace) or
those cells treated with Dyngo-� (an inactive analog of Dynasore
and Dyngo 4a; Figure 7B, black trace). From these data, we infer
that a subset of epididymal proteins may rely on dynamin-mediated
pathways for their secretion.

In support of this hypothesis, we investigated the release of two
representative 65 kDa proteins and one 47 kDa protein [namely
chaperonin containing TCP1, subunit 3 (CCT3); chaperonin con-
taining TCP1, subunit 8 (CCT8); flotillin 1 (FLOT1), respectively]
that are secreted in the caput epididymis (Nixon, unpublished). Us-
ing a similar strategy to that reported above, dynamin inhibition
was shown to effectively reduce the amount of both CCT3 and
CCT8 that was detectable in the incubation media following 12 h of
mEcap18 cell culture (Figure 8A). Notably, dynamin inhibition was
also accompanied by an apparent increase in the amount of both
proteins detected within the cytosol of mEcap18 cells compared to
that of untreated controls (Figure 8B). In a majority of these cells,
the staining of the CCT3 and CCT8 appeared to concentrate in nu-
merous punctate foci. While such localization is consistent with that
expected of proteins that had been packaged into secretory vesicles,
in the absence of direct evidence the precise nature of the reaction
foci remains to be determined. In contrast, no such inhibition was
detected for PSMD7, a protein that has previously been detected in
the proteome of bovine caput epididymosomes [65]. Importantly,
dynamin inhibition did not have a detrimental impact on mEcap18
cell viability, which remained above 90% in all treatments. In the
case of Dynasore, we did note a reduction in the number cells before
(∼4 × 105) and after (∼2.9 × 105) incubation. However, no such
reduction was evident in cells treated with Dyngo 4a.

Discussion

The mammalian epididymis holds an essential role in promoting
the functional maturation of spermatozoa, in addition to their pro-
longed storage in a viable state [3,13]. Both processes are supported
by a highly specialized luminal microenvironment that is created,
and maintained, by the combined secretory and absorptive activ-
ity of the lining epithelium. While elegant ultrastructural studies
have defined the key cytological features of this epithelia [6–8], the
molecular machinery it employs to regulate the tightly coupled pro-
cesses of exocytosis and endocytosis remain poorly understood. In
this study, we have explored the epididymal expression of dynamin,
revealing a number of unique insights into the localization and
putative function(s) of this mechanoenzyme. Namely, we show that
the three canonical dynamin isoforms possess different spatial and
temporal profiles of expression within the mouse epididymis. Thus,
in juvenile animals at a time when the epididymis is undergoing con-
siderable elongation and expansion, dynamins 1–3 displayed virtu-
ally ubiquitous patterns of localization raising the possibility that
they have overlapping roles in regulating the differentiation of the
tract. However, with the notable exception of the initial segment,
each dynamin partitioned into distinct cells types and/or subcellular
compartments prior to entry of the first wave of the spermatozoa,
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Figure 7. Dynamin inhibitors selectively modulate the secretion of proteins by cultured mouse mEcap18 cells. (A) Silver-stained gel illustrating the complement
of proteins recovered from an equivalent volume of medium after 12 h of mEcap18 cell culture in the absence (control), or presence of Dyngo 4a (10 μM; an
inhibitor of dynamin isoforms 1 and 2) or Dyngo-� (10 μM, inactive isoform of Dyngo 4a). (B) The density of the bands was quantified by Image J and normalized
to an internal control band (green arrow head) contributed by the culture medium. Dyngo 4a treatment selectively inhibited the secretion of a subset of protein
bands such that they were substantially reduced (denoted by white arrowheads).

thus suggesting that they may possess fundamentally distinct roles in
the secretory and absorptive pathways that dominate the function-
ing of the adult epididymis. This interpretation is consistent with our
ability to selectively manipulate protein secretion through pharma-
cological inhibition of dynamin in an immortalized caput epididymal
cell line.

The exceptional metabolic and secretory activity of the epididy-
mal epithelium is well established, with conservative estimates indi-
cating it is capable of synthesizing and selectively releasing several
hundred proteins into the luminal environment [2,9,66]. Such ac-
tivity predominantly resides within the anterior portion of the or-
gan; the principal cells of the caput epididymis being responsible
for the synthesis of ∼70–80% of the overall epididymal secretome
[67,68]. These proteins enter the epididymal lumen via one of two
key secretory pathways: (i) a classical merocrine pathway or (ii) an
alternative form of apocrine secretion [69]. The former of these is a
highly regulated exocytotic process whereby proteins are synthesized
in the endoplasmic reticulum before being modified and packaged
into large secretory vesicles in the Golgi apparatus [70]. Upon receipt
of appropriate physiological stimuli, these vesicles move toward the
plasma membrane and release their contents into the epididymal lu-
men via the formation of transient fusion pores [70]. On the basis of

its localization within the Golgi apparatus of caput principal cells,
we infer that the dynamin 2 isoform may be a key component of
the trafficking machinery involved in regulating the merocrine secre-
tory pathway. Specifically, we postulate that dynamin 2 mediates the
production and/or scission of post-Golgi secretory vesicles. Consis-
tent with this notion, independent studies have proven the necessity
of dynamin 2 for protein processing in the Golgi apparatus [25,26]
as well in the post-Golgi transportation of secretory proteins [23].
Such roles are also commensurate with our demonstration that dy-
namin inhibition suppresses the release of a subset, but certainly
not all, proteins from an immortalized caput epididymal cell line.
It is noteworthy that these proteins include members of the chaper-
onin containing T-complex protein 1 (TCP1) complex (i.e., CCT3
and CCT8) that have previously been implicated in regulating key
aspects of sperm function [71].

Although dynamin 2 retained its association with principal cells
in epididymal segments that lie immediate proximal (initial segment)
and distal (corpus and cauda) to that of the caput, it was character-
ized by a marked redistribution to the adluminal border of these cells.
Notably, this location is compatible with dynamin 2 fulfilling ancil-
lary roles in either the endocytotic uptake of luminal contents and/or
in modulating the fusion of intracellular secretory vesicles with the
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Figure 8. Dynamin inhibitors selectively modulate the secretion of proteins by cultured mouse mEcap18 cells. (A) Immunoblotting of three representative
epididymal secretory proteins: CCT3, CCT8, and FLOT1 confirmed a significant decrease in abundance within the medium following treatment of mEcap18 cells
with either Dynasore or Dyngo-4a dynamin inhibitors. By contrast, the abundance of an alternative epididymal secretory protein, PSMD7, was not influenced
by the presence of dynamin inhibitors. These blots also feature protein recovered from mEcap18 cells treated with the DMSO vehicle control (control) as well
as an equivalent volume of cell-free medium (medium only). (B) Immunofluorescence detection of CCT3, CCT8, and FLOT1 within mEcap18 cells treated with
Dynasore, Dyngo-4a, or the DMSO vehicle control (control) for 12 h. Substantially more CCT3, CCT8, and FLOT1 were detected in mEcap18 cells treated with
Dynasore or Dyngo-4a compared to that of the vehicle controls. In contrast, the abundance of PSMD7 was not influenced by the presence of dynamin inhibitors.
These experiments were replicated three times, and representative gels, immunofluorescence images, and immunoblots are presented.

plasma membrane [7]. In support of the latter mechanism, recent
evidence indicates that dynamin can control the rate of fusion-pore
expansion [39,72] and thus fine-tune the amount of cargo released
to the extracellular space during exocytosis [28]. Nevertheless, the
detection of dynamin 2 in apical protrusions extending from the
principal cells of the corpus and cauda epididymis raise the prospect
that it may contribute to the apocrine mode of secretion employed
by these cells [69]. This pathway serves as a secretory mechanism for
proteins synthesized on free ribosomes and lacking an endoplasmic
reticulum signal peptide sequence. Such proteins are believed to be
either synthesized in or directed to apical blebs, large protrusions
that project from the apical cytoplasm into the lumen before detach-
ing from the cell surface and subsequently fragmenting to generate a
highly heterogeneous population of small membrane-bound vesicles
known as epididymosomes [73]. Although the mechanism(s) under-
pinning the detachment of apical blebs is yet to be fully resolved, the

relatively large areas of continuity that exist between these structures
and the apical plasma membrane of principal cells [69] would appear
to be incompatible with dynamin-mediated scission. Indeed, when
assembled in the absence of GTP, the nonconstricted dynamin helix
is capable of surrounding a membrane tube with an inner and outer
radius of only 10 and 25 nm, respectively [18]. Despite this, detailed
ultrastructural studies have revealed that the scission of apical blebs
is likely to proceed gradually in a process characterized by invo-
lution of the plasma membrane and formation of multiple fissures
between the blebs and apical cytoplasm [69]. This eventually yields
narrow stalk-like attachments, the diameter of which may be more
in keeping with the structural characteristics of dynamin helices.

In marked contrast to dynamin 2, the localization of dynamin
1 and dynamin 3 isoforms alternated between the principal cell
population in some segments and that of the clear cells in other
segments of the adult epididymis. Specifically, dynamin 1 was

Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/1/159/2725484
by University of Newcastle user
on 25 August 2018



170 W. Zhou et al., 2017, Vol. 96, No. 1

detected throughout the cytosol of caput principal cells before being
found exclusively within clear cells in more distal regions (corpus
and cauda). Conversely, dynamin 3 was characterized by a recipro-
cal pattern of expression whereby it was detected in clear cells in the
caput epididymis before localizing throughout the cytosol of corpus
and cauda principal cells. This intriguing relationship was confirmed
through dual labeling experiments, which demonstrated that the two
proteins localized to distinct, nonoverlapping cell populations. These
data contrast the overlapping localization and the concomitant re-
dundant functions that have previously been described for dynamin
1 and 3 in neuronal tissues [74], but are similar to that of dynamin
1 and 3 in mammalian germ cells and their supporting Sertoli cell
population in the testes [17,47,75]. We remain uncertain why this sit-
uation may have arisen in the male reproductive tissue and whether
these variants fulfil similar or unique functions in these cells. Never-
theless, we did note that dynamin 3 expression was restricted to the
apical membrane and subapical domain of clear cells, whereas this
polarity was not shared with dynamin 1; this isoform was instead
preferentially located throughout the cytosol of clear cells.

The significance of dynamin expression in clear cells is empha-
sized by the key role this population of cells plays in luminal acidi-
fication as well as their pronounced endocytotic activity [11,76,77].
The latter of these has been linked to the selective clearance of pro-
teins [77] and other macromolecular entities from the epididymal
lumen, including cytoplasmic droplets that are shed from maturing
spermatozoa [11]. Thus, the apical membrane/subapical domains of
clear cells are known to be populated with a heterogeneous assembly
of endocytotic structures including coated and uncoated pits, numer-
ous small vesicular elements (150– 200 nm), and larger membrane-
bound endosomes [11]. It is therefore tempting to speculate that
dynamin 3 may contribute to the selective uptake and recycling of
luminal material. By contrast, the diffuse cytosolic labeling of dy-
namin 1 is consistent with that observed for ATP6V1B1, a subunit
of the proton-pumping ATPase (V-ATPase) that is highly enriched
in clear cells and responsible for luminal acidification [78,79]. The
positioning of the V-ATPase enzyme complex within the apical pole
of cells has previously been shown to be tied to the dynamic re-
modeling of the actin cytoskeleton [80,81], as well as being acutely
sensitive to inhibition of exocytotic events, such that treatment with
microtubule-disrupting agents (colchicine) or cleavage of cellubrevin
[a vesicle soluble N-ethylmalemide-sensitive factor attachment pro-
tein receptor (v-SNARE)] [82], both lead to a redistribution of the
complex throughout the cytosol. Such findings are of interest ow-
ing to the fact that dynamin is known to collaborate with SNARE
proteins to mediate vesicle trafficking, as well as having been impli-
cated in the regulation of actin cytoskeleton dynamics [27]. Taken
together, these data raise the possibility that the cytosolic localiza-
tion of dynamin 1 in clear cells may be linked to V-ATPase posi-
tioning/recycling within these cells, and thus the acidification of the
epididymal lumen.

In conclusion, we have shown that three canonical isoforms of
dynamin are highly expressed in the mouse epididymis and appropri-
ately positioned to fulfil regulatory roles in vesicle trafficking events
that underpin the extraordinary secretory and abortive activity of
this specialized region of the male reproductive tract. Despite shar-
ing more than 80% sequence homology, this family of mechanoen-
zymes was clearly distinguishable on the basis of their cellular and
subcellular localization, thus arguing that they possess unique, rather
than overlapping, modes of action within the epididymal epithelium.
These results challenge the redundant roles proposed for dynamin
isoforms in other tissues and encourage further investigation of the

mechanism that regulates the differential expression profiles of dy-
namin expression within the epididymis. It will also be of consider-
able interest to determine the functional implications of dynamin in
the context of sperm maturation and storage.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. Detection of dynamin isoforms in the initial
segment of the mouse epididymis. (A–I) Immunofluorescence local-
ization of each dynamin isoform (1–3) was undertaken in the mouse
epididymis (day 10, 30, and >8 weeks postnatum) by sequential
labeling with antidynamin antibodies (green) and propidium iodide
(PI, red). ep, epithelial cells; sp, sperm; int, interstitium; l, lumen.
These experiments were replicated on material from three animals
and representative immunofluorescence images are presented.
Supplemental Figure S2. Expression levels of dynamin protein in
the developing mouse epididymis. The relative levels of dynamin
protein expression were quantified by immunoblotting of tissue ho-
mogenates prepared from epididymides at key developmental time
points (10 days, 30 days, >8 weeks). Blots were subsequently
stripped and reprobed with anti-α-tubulin antibody to confirm
equivalent protein loading and enable densitometric analysis of band
intensity (n = 3). For the purpose of this analysis, the labeling in-
tensity of each dynamin isoform was normalized relative to that of
α-tubulin across all epididymal segments and developmental time
points examined. In this instance, band intensity in the day 10 caput
tissue was nominally set to a value of 1.
Supplemental Figure S3. Examination of the specificity of dynamin
antibodies. (A) The specificity of antidynamin 1, antidynamin 2, and
antidynamin 3 antibodies was initially examined by immunoblotting
of tissue homogenates prepared from mouse epididymal tissue along-
side that of mouse brain (positive control for dynamin expression).
In all instances, the antidynamin antibodies labeled a predominant
band of the appropriate molecular weight (∼100 kDa, denoted by
arrows) in both brain and epididymal tissue. (B–J) Where available
(antidynamin 2 and antidynamin 3), antibody specificity was also
assessed by pre-absorption of the antibody with excess immunizing
peptide prior to conducting immunolabeling of epididymal tissue
sections. (B–E) In the case of antidynamin 2 (DNM2) antibody,
immunofluorescence localization in both the caput (B) and corpus
epididymis (C) was selectively eliminated (D, E) by preabsorption
of the antibody with immunizing peptide (+IP). (F–I) Similarly, in
the case of anti-DNM3 antibody, immunofluorescence localization
in both the caput (F) and corpus epididymis (G) were also elimi-
nated (H, I) following preabsorption of anti-DNM3 antibody with
immunizing peptide (+IP). (J, K) Given the detection of additional
cross-reactive bands in antidynamin 3 immunoblots (as shown in A),
the specificity of DNM3 antibody was further examined by (J) im-
munoblotting of both epididymis and brain tissue lysates following
pre-absorption of DNM3 antibody with immunizing peptide (+IP).
While this treatment effectively eliminated labeling of the ∼100 kDa
protein in both cell lysates, this band was able to be detected once
the same membrane was stripped and reprobed with nonabsorbed
antibody (K).
Supplemental Figure S4. The mouse mEcap 18 cell line represents a
heterogonous culture featuring a predominance of principal cells as
well as clear cells that stained positive for ATP6V1B1. Immunofluo-
rescent staining of the mEcap 18 cell line with the clear cell marker
ATP6V1B1 (A, green) and the epithelial cell marker androgen
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receptor (B, green). Nuclei are labeled in red with propidium iodide
(PI).
Supplemental Table S1. Details of antibodies used throughout this
study.

References

1. Cooper TG. The Epididymis, Sperm Maturation and Fertilisation. Berlin:
Springer-Verlag; 1986; 1–281.

2. Dacheux JL, Dacheux F, Druart X. Epididymal protein markers and
fertility. Anim Reprod Sci 2016; 169:76–87.

3. Cornwall GA. New insights into epididymal biology and function. Hum
Reprod Update 2009; 15:213–227.

4. Hinton BT, Palladino MA. Epididymal epithelium: its contribution to the
formation of a luminal fluid microenvironment. Microsc Res Tech 1995;
30:67–81.

5. Abe K, Takano H, Ito T. Ultrastructure of the mouse epididymal duct
with special reference to the regional differences of the principal cells. Arch
Histol Jpn 1983; 46:51–68.

6. Hamilton DW, Greep RO. Structure and function of the epithelium lining
the ductuli efferentes, ductus epididymidis, and ductus deferens in the rat.
In: Greep RO, Astwood EB (eds), Hanbook of Physiology. Washington,
D.C.: American Physiological Society; 1975:259–301.

7. Hermo L, Robaire B. Epididymis cell types and their function. In: Robaire
B, Hinton BT (eds.), The Epididymis: From Molecules to Clinical Practice.
New York: Kluwer Academic/Plenum; 2002:81–102.

8. Robaire B, Hermo L. Efferent ducts, epididymis, and vas deferens:
structure, functions, and their regulation. In: Knobil E, Neill J (eds.),
The Physiology of Reproduction, 1st ed. New York: Raven Press, Ltd.;
1988:999–1080.

9. Dacheux JL, Belleannee C, Jones R, Labas V, Belghazi M, Guyonnet
B, Druart X, Gatti JL, Dacheux F. Mammalian epididymal proteome.
Mol Cell Endocrinol 2009; 306:45–50.

10. Dacheux JL, Dacheux F. New insights into epididymal function in relation
to sperm maturation. Reproduction 2014; 147:R27–R42.

11. Hermo L, Dworkin J, Oko R. Role of epithelial clear cells of the rat
epididymis in the disposal of the contents of cytoplasmic droplets detached
from spermatozoa. Am J Anat 1988; 183:107–124.

12. Moore HDM, Bedford JM. Short-term effects of androgen withdrawal
on the structure of different epithelial cells in the rat epididymis. Anat Rec
1979; 193:293–312.

13. Robaire B, Hinton BT, Orgebin-Crist MC. The Epididymis. In: Neill JD
(ed.) Knobil and Neill’s Physiology of Reproduction, 3rd ed. New York:
Elsevier; 2006:1071–1148.

14. Hamamah S, Mieusset R, Dacheux JL. Epididymis: Role and Impor-
tance in Male Infertility Treatment. Rome, Italy: Ares-Serono Symposia
Publications; 1995:1–275.

15. Hinton BT, Cooper TG. The epididymis as a target for male contraceptive
development. Handb Exp Pharmacol 2010; 198:117–137.

16. Reid AT, Anderson AL, Roman SD, McLaughlin EA, McCluskey A,
Robinson PJ, Aitken RJ, Nixon B. Glycogen synthase kinase 3 regulates
acrosomal exocytosis in mouse spermatozoa via dynamin phosphoryla-
tion. FASEB J 2015; 29:2872–2882.

17. Reid AT, Lord T, Stanger SJ, Roman SD, McCluskey A, Robinson PJ,
Aitken RJ, Nixon B. Dynamin regulates specific membrane fusion events
necessary for acrosomal exocytosis in mouse spermatozoa. J Biol Chem
2012; 287:37659–37672.

18. Morlot S, Roux A. Mechanics of dynamin-mediated membrane fission.
Annu Rev Biophys 2013; 42:629–649.

19. Danino D, Hinshaw JE. Dynamin family of mechanoenzymes. Curr Opin
Cell Biol 2001; 13:454–460.

20. Hinshaw JE. Dynamin and its role in membrane fission. Annu Rev Cell
Dev Biol 2000; 16:483–519.

21. Ferguson SM, De Camilli P. Dynamin, a membrane-remodelling GTPase.
Nat Rev Mol Cell Biol 2012; 13:75–88.

22. Baba T, Damke H, Hinshaw JE, Ikeda K, Schmid SL, Warnock DE.
Role of dynamin in clathrin-coated vesicle formation. Cold Spring Harb
Symp Quant Biol 1995; 60:235–242.

23. Kreitzer G, Marmorstein A, Okamoto P, Vallee R, Rodriguez-Boulan
E. Kinesin and dynamin are required for post-Golgi transport of a plasma-
membrane protein. Nat Cell Biol 2000; 2:125–127.

24. Weller SG, Capitani M, Cao H, Micaroni M, Luini A, Sallese M,
McNiven MA. Src kinase regulates the integrity and function of the Golgi
apparatus via activation of dynamin 2. Proc Natl Acad Sci USA 2010;
107:5863–5868.

25. Cao H, Thompson HM, Krueger EW, McNiven MA. Disruption of
Golgi structure and function in mammalian cells expressing a mutant
dynamin. J Cell Sci 2000; 113:1993–2002.

26. Jones SM, Howell KE, Henley JR, Cao H, McNiven MA. Role of dy-
namin in the formation of transport vesicles from the trans-Golgi network.
Science 1998; 279:573–577.

27. Gonzalez-Jamett AM, Momboisse F, Haro-Acuna V, Bevilacqua JA,
Caviedes P, Cardenas AM. Dynamin-2 function and dysfunction along
the secretory pathway. Front Endocrinol 2013; 4:1–9.

28. Jackson J, Papadopulos A, Meunier FA, McCluskey A, Robinson PJ,
Keating DJ. Small molecules demonstrate the role of dynamin as a bi-
directional regulator of the exocytosis fusion pore and vesicle release. Mol
Psychiatry 2015; 20:810–819.

29. Williams M, Kim K. From membranes to organelles: emerging roles for
dynamin-like proteins in diverse cellular processes. Eur J Cell Biol 2014;
93:267–277.

30. Menon M, Schafer DA. Dynamin: expanding its scope to the cytoskeleton.
Int Rev Cell Mol Biol 2013; 302:187–219.

31. Ochoa GC, Slepnev VI, Neff L, Ringstad N, Takei K, Daniell L, Kim
W, Cao H, McNiven M, Baron R, De Camilli P. A functional link
between dynamin and the actin cytoskeleton at podosomes. J Cell Biol
2000; 150:377–389.

32. Orth JD, Krueger EW, Cao H, McNiven MA. The large GTPase dynamin
regulates actin comet formation and movement in living cells. Proc Natl
Acad Sci USA 2002; 99:167–172.

33. Palmer SE, Smaczynska-de R, Marklew CJ, Allwood EG, Mishra R,
Johnson S, Goldberg MW, Ayscough KR. A dynamin-actin interaction
is required for vesicle scission during endocytosis in yeast. Curr Biol 2015;
25:868–878.

34. Tuma PL, Stachniak MC, Collins CA. Activation of dynamin GTPase
by acidic phospholipids and endogenous rat brain vesicles. J Biol Chem
1993; 268:17240–17246.

35. Shpetner HS, Vallee RB. Dynamin is a GTPase stimulated to high levels
of activity by microtubules. Nature 1992; 355:733–735.

36. Maeda K, Nakata T, Noda Y, Sato-Yoshitake R, Hirokawa N. In-
teraction of dynamin with microtubules: its structure and GTPase activ-
ity investigated by using highly purified dynamin. Mol Biol Cell 1992;
3:1181–1194.

37. Mooren OL, Kotova TI, Moore AJ, Schafer DA. Dynamin2 GTPase and
cortactin remodel actin filaments. J Biol Chem 2009; 284:23995–24005.

38. Gu C, Yaddanapudi S, Weins A, Osborn T, Reiser J, Pollak M,
Hartwig J, Sever S. Direct dynamin-actin interactions regulate the actin
cytoskeleton. EMBO J 2010; 29:3593–3606.

39. Anantharam A, Bittner MA, Aikman RL, Stuenkel EL, Schmid
SL, Axelrod D, Holz RW. A new role for the dynamin GTPase
in the regulation of fusion pore expansion. Mol Biol Cell 2011; 22:
1907–1918.

40. Cao H, Garcia F, McNiven MA. Differential distribution of dynamin
isoforms in mammalian cells. Mol Biol Cell 1998; 9:2595–2609.

41. Ferguson SM, Brasnjo G, Hayashi M, Wolfel M, Collesi C,
Giovedi S, Raimondi A, Gong LW, Ariel P, Paradise S,
O’Toole E, Flavell R et al. A selective activity-dependent require-
ment for dynamin 1 in synaptic vesicle endocytosis. Science 2007; 316:
570–574.

42. Cook TA, Urrutia R, McNiven MA. Identification of dynamin 2, an
isoform ubiquitously expressed in rat tissues. Proc Natl Acad Sci USA
1994; 91:644–648.

Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/1/159/2725484
by University of Newcastle user
on 25 August 2018



172 W. Zhou et al., 2017, Vol. 96, No. 1

43. Otsuka A, Abe T, Watanabe M, Yagisawa H, Takei K, Yamada H.
Dynamin 2 is required for actin assembly in phagocytosis in Sertoli cells.
Biochem Biophys Res Commun 2009; 378:478–482.

44. Kusumi N, Watanabe M, Yamada H, Li SA, Kashiwakura Y, Mat-
sukawa T, Nagai A, Nasu Y, Kumon H, Takei K. Implication of
amphiphysin 1 and dynamin 2 in tubulobulbar complex formation and
spermatid release. Cell Struct Funct 2007; 32:101–113.

45. Lie PP, Xia W, Wang CQ, Mruk DD, Yan HH, Wong CH, Lee
WM, Cheng CY. Dynamin II interacts with the cadherin- and occludin-
based protein complexes at the blood-testis barrier in adult rat testes. J
Endocrinol 2006; 191:571–586.

46. Iguchi H, Watanabe M, Kamitani A, Nagai A, Hosoya O, Tsut-
sui K, Kumon H. Localization of dynamin 2 in rat seminiferous
tubules during the spermatogenic cycle. Acta Med Okayama 2002;
56:205–209.

47. Vaid KS, Guttman JA, Babyak N, Deng W, McNiven MA, Mochizuki
N, Finlay BB, Vogl AW. The role of dynamin 3 in the testis. J Cell Physiol
2007; 210:644–654.

48. Zhao L, Shi X, Li L, Miller DJ. Dynamin 2 associates with complexins
and is found in the acrosomal region of mammalian sperm. Mol Reprod
Dev 2007; 74:750–757.
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Chapter 3: Supplementary material 

Supplemental Figure S1 Detection of dynamin isoforms in the initial 
segment of the mouse epididymis. (A–I) Immunofluorescence 
localization of each dynamin isoform (1–3) was undertaken in the mouse 
epididymis (day 10, 30, and >8 weeks postnatum) by sequential labeling 
with antidynamin antibodies (green) and propidium iodide (PI, red). ep, 
epithelial cells; sp, sperm; int, interstitium; l, lumen. These experiments 
were replicated on material from three animals and representative 
immunofluorescence images are presented. 



Supplem
ental Figure S2 Expression levels of dynam

in protein in the developing m
ouse epididym

is. The relative levels of dynam
in 

protein expression w
ere quantified by im

m
unoblotting of tissue hom

ogenates prepared from
 epididym

ides at key developm
ental 

tim
e points (10 days, 30 days, >

8 w
eeks). Blots w

ere subsequently stripped and reprobed w
ith anti-α-tubulin antibody to confirm

 
equivalent protein loading and enable densitom

etric analysis of band intensity (n = 3). For the purpose of this analysis, the labeling 
intensity of each dynam

in isoform
 w

as norm
alized relative to that of α-tubulin across all epididym

al segm
ents and developm

ental 
tim

e points exam
ined. In this instance, band intensity in the day 10 caput tissue w

as nom
inally set to a value of 1. 



Supplemental Figure S3 Examination of the specificity of dynamin antibodies. (A) The 
specificity of antidynamin 1, antidynamin 2, and antidynamin 3 antibodies was initially 
examined by immunoblotting of tissue homogenates prepared from mouse epididymal tissue 
alongside that of mouse brain (positive control for dynamin expression). In all instances, the 
antidynamin antibodies labeled a predominant band of the appropriate molecular weight 
(∼100 kDa, denoted by arrows) in both brain and epididymal tissue. (B–J) Where available 
(antidynamin 2 and antidynamin 3), antibody specificity was also assessed by pre-absorption 
of the antibody with excess immunizing peptide prior to conducting immunolabeling of 
epididymal tissue sections. (B–E) In the case of antidynamin 2 (DNM2) antibody, 
immunofluorescence localization in both the caput (B) and corpus epididymis (C) was 
selectively eliminated (D, E) by preabsorption of the antibody with immunizing peptide 
(+IP). (F–I) Similarly, in the case of anti-DNM3 antibody, immunofluorescence localization 
in both the caput (F) and corpus epididymis (G) were also eliminated (H, I) following 
preabsorption of anti-DNM3 antibody with immunizing peptide (+IP). (J, K) Given the 
detection of additional cross-reactive bands in antidynamin 3 immunoblots (as shown in A), 
the specificity of DNM3 antibody was further examined by (J) immunoblotting of both 
epididymis and brain tissue lysates following pre-absorption of DNM3 antibody with 
immunizing peptide (+IP). While this treatment effectively eliminated labeling of the ∼100 
kDa protein in both cell lysates, this band was able to be detected once the same membrane 
was stripped and reprobed with nonabsorbed antibody (K). 



Supplemental Figure S4 The mouse mEcap 18 cell line represents a heterogonous 
culture featuring a predominance of principal cells as well as clear cells that stained 
positive for ATP6V1B1. Immunofluorescent staining of the mEcap 18 cell line with 
the clear cell marker ATP6V1B1 (A, green) and the epithelial cell marker androgen 
receptor (B, green). Nuclei are labeled in red with propidium iodide (PI). 



Antibody 
Final concentration  

(dilution of stock solution)1 
Company Catalogue No. Batch No. 

Stock 
Concentration 

Primary antibodies IF IB EM         

Dynamin 1 
1 µg 

(1:50) 
1.5 µg 

(1:1000) 
- Abcam ab108458 GR107528-1 1 mg/ml 

Dynamin 1 
N/A 

(1:50) 
- - Thermo Fisher MA5-15285 N/A N/A 

Dynamin 2 
0.2 µg 
(1:50) 

- 
0.08 µg 
(1:100)  

Santa Cruz sc-6400 L0712 0.2 mg/ml 

Dynamin 2 - 
0.4 µg 

(1:1000) 
- Thermo PA5-19800 QK2113152 0.27 mg/ml 

Dynamin 3 
0.15 µg 
(1:50) 

0.225 µg 
(1:1000) 

- Proteintech 14737-1-AP N/A 0.15 mg/ml 

IZUMO1 - 
0.3 µg 

(1:1000) 
- Santa Cruz sc-79543 B1309 0.2 mg/ml 

CCT3 
0.2 µg 
(1:50) 

0.3 µg 
(1:1000) 

- Santa Cruz sc-33145 K0805 0.2 mg/ml 

CCT8 
0.2 µg 
(1:50) 

0.3 µg 
(1:1000) 

- Santa Cruz sc-13891 K1710 0.2 mg/ml 

Flotillin 1 
1 µg 

(1:50) 
1.5 µg 

(1:1000) 
- Santa Cruz F1180 124M4804V 1 mg/ml 

PSMD7 
1 µg 

(1:50) 
1.5 µg 

(1:1000) 
- Abcam ab11436 GR29448-3 1 mg/ml 

ATP6V1B1 
0.2 µg 
(1:50) 

- - Santa Cruz sc-21206 H2313 0.2 mg/ml 

α-Tubulin  - 
2.85 µg 
(1:1000) 

- Sigma T5168 103M4773V 5.7 mg/ml 

Dynamin pSer778  - 
5.78 µg 
(1:1000) 

- Thermo PA1-4621 QJ2096151 5.78 mg/ml 

Androgen receptor 
1 µg 

(1:50) 
- - Sigma SAB4501575 217009 1 mg/ml 

Golgin-97  
0.56 µg 
(1:100) 

- - Cell Signaling Technology  13192 N/A 1.12 mg/ml 

 Secondary antibodies  

Anti rabbit Alexa Fluor 488 
0.25 µg 
(1:400) 

- - Thermo A11008 1678787 2 mg/ml 

Anti goat Alexa Fluor 488 
0.25 µg 
(1:400) 

- - Thermo A11055 1369678 2 mg/ml 

Anti goat Alexa Fluor 594 
0.25 µg 
(1:400) 

- - Thermo A11058 1180089 2 mg/ml 

Anti mouse Alexa Fluor 594 
0.25 µg 
(1:400) 

- - Thermo A11005 1219862 2 mg/ml 

Anti rabbit HRP - 
1.3 µg 

(1:1000) 
- Millipore DC03L N/A 0.13 mg/ml 

Anti goat HRP - 
4 µg 

(1:400) 
- Santa Cruz sc-2768 J0713 0.4 mg/ml 

Anti mouse HRP  - 
1.2 µg 
(1:400) 

- Santa Cruz  sc-2005 B1616 0.4 mg/ml 

Anti goat gold label (10 nm)   - - 
N/A 

(1:10) 
Sigma G5402 SLBP7446V N/A 

1 IF, immunofluorescence; IB, immunoblot; EM, electron microscopy; -, not applicable; N/A, information 
not available from manufacturer  

Supplemental Table S1 Details of antibodies used throughout this study. 
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Chapter 4: Overview 

In Chapter 3, we established that dynamin isoforms show both cell and segment specific 

localization in the mouse epididymis, suggesting that different family members play 

complementary and non-redundant roles in regulating the epididymal environment. Here we 

sought to extend our understanding of the epididymal soma-sperm communication by 

specifically focusing on epididymosomes, small extracellular vesicles released from the 

epididymal soma that contribute to sperm maturation and storage via interaction with luminal 

spermatozoa. The importance of epididymosomes is illustrated by their ability to influence 

the sperm epigenetic and proteomic landscapes during the epididymal maturation. However, 

much less is currently known about the mechanistic basis of how these vesicles interact with 

spermatozoa. Here we have utilized an in vitro co-culture system to track the transfer of 

biotinylated protein cargo and lipophilic dye-labeled lipids from mouse epididymosomes to 

recipient spermatozoa. We also applied pharmacological inhibition strategies to investigate 

the involvement of dynamin and lipid rafts in the regulation of these epididymosome-sperm 

interactions.  

Our data indicate that epididymosome-sperm interactions are initiated via tethering of 

the epididymosome to receptors restricted to the post-acrosomal sheath of the sperm head. 

Thereafter, epididymosomes mediate the transfer of cargo to spermatozoa via a process that is 

dependent on dynamin. Notably, upon co-culture of sperm with epididymosomes, dynamin 1 

undergoes a pronounced relocation between the peri- and post-acrosomal domains of the 

sperm head. This repositioning of dynamin 1 is potentially mediated via its association with 

lipid rafts and ideally locates the enzyme to facilitate the uptake of epididymosome-borne 

proteins. Accordingly, disruption of lipid raft integrity or pharmacological inhibition of 

dynamin both potently suppress the transfer of biotinylated epididymosome proteins to 

spermatozoa. In contrast, dynamin 2 was retained in the acrosomal domain during 

epididymosome-sperm interactions, suggesting this isoform may not be involved in the 

process. Together, these data provide new mechanistic insight into epididymosome-sperm 

interactions, bringing us closer to a molecular understanding of the process of sperm 

maturation with potential implications extending to the diagnosis and treatment of male 

infertility.  
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Abstract: Background

The mammalian epididymis is responsible for the provision of a highly specialized
environment in which spermatozoa acquire functional maturity and are subsequently
stored in preparation for ejaculation. Making important contributions to both processes
are epididymosomes, small extracellular vesicles released from the epididymal soma
via an apocrine secretory pathway. While considerable effort has been focused on
defining the cargo transferred between epididymosomes and spermatozoa,
comparatively less is known about the mechanistic basis of these interactions. To
investigate this phenomenon, we have utilized an in vitro co-culture system to track the
transfer of biotinylated protein cargo between mouse epididymosomes and recipient
spermatozoa.

Results

Our data indicate that epididymosome-sperm interactions are initiated via tethering of
the epididymosome to receptors restricted to the post-acrosomal domain of the sperm
head. Thereafter, epididymosomes mediate the transfer of protein cargo to
spermatozoa via a process that is dependent on dynamin, a family of
mechanoenzymes that direct intercellular vesicle trafficking. Notably, upon co-culture of
sperm with epididymosomes, dynamin 1 undergoes a pronounced relocation between
the peri- and post-acrosomal domains of the sperm head. This repositioning of
dynamin 1 is potentially mediated via its association with membrane rafts and ideally
locates the enzyme to facilitate the uptake of epididymosome-borne proteins.
Accordingly, disruption of membrane raft integrity or pharmacological inhibition of
dynamin both potently suppress the transfer of biotinylated epididymosome proteins to
spermatozoa.

Conclusion

Together, these data provide new mechanistic insight into epididymosome-sperm
interactions with potential implications extending to the manipulation of sperm
maturation for the purpose of fertility regulation.
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ABSTRACT 30 

 
Background: The mammalian epididymis is responsible for the provision of a highly specialized environment 

in which spermatozoa acquire functional maturity and are subsequently stored in preparation for ejaculation. 

Making important contributions to both processes are epididymosomes, small extracellular vesicles released 

from the epididymal soma via an apocrine secretory pathway. While considerable effort has been focused on 35 

defining the cargo transferred between epididymosomes and spermatozoa, comparatively less is known about 

the mechanistic basis of these interactions. To investigate this phenomenon, we have utilized an in vitro co-

culture system to track the transfer of biotinylated protein cargo between mouse epididymosomes and recipient 

spermatozoa isolated from the caput epididymis; an epididymal segment that is of critical importance for 

promoting sperm maturation 40 

 

Results: Our data indicate that epididymosome-sperm interactions are initiated via tethering of the 

epididymosome to receptors restricted to the post-acrosomal domain of the sperm head. Thereafter, 

epididymosomes mediate the transfer of protein cargo to spermatozoa via a process that is dependent on 

dynamin, a family of mechanoenzymes that direct intercellular vesicle trafficking. Notably, upon co-culture 45 

of sperm with epididymosomes, dynamin 1 undergoes a pronounced relocation between the peri- and post-

acrosomal domains of the sperm head. This repositioning of dynamin 1 is potentially mediated via its 

association with membrane rafts and ideally locates the enzyme to facilitate the uptake of epididymosome-

borne proteins. Accordingly, disruption of membrane raft integrity or pharmacological inhibition of dynamin 

both potently suppress the transfer of biotinylated epididymosome proteins to spermatozoa.  50 

 

Conclusion: Together, these data provide new mechanistic insight into epididymosome-sperm interactions 

with potential implications extending to the manipulation of sperm maturation for the purpose of fertility 

regulation.   

 55 
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BACKGROUND 

Mammalian spermatozoa acquire motility and the potential to fertilize an ovum during their descent through 

the epididymis, an exceptionally long and highly regionalized tubule that connects the testis to the vas 60 

deferens. A distinctive hallmark of this process of functional maturation is that it proceeds in the complete 

absence of de novo gene transcription or protein translation. Rather, it is driven exclusively via extrinsic factors 

that sperm encounter within the luminal microenvironment of the epididymal tubule. Key elements of this 

environment are epididymosomes, small membrane bound vesicles that are released from the surrounding 

epididymal soma via an apocrine secretory pathway [1, 2]. These entities not only protect their encapsulated 65 

cargo against the potentially deleterious luminal microenvironment, but also provide a mechanism to affect 

the bulk delivery of this cargo to maturing spermatozoa. It is therefore not surprising that epididymosomes 

have been implicated in the trafficking of a broad range of enzymes, structural proteins, chaperones, cytokines, 

and immunological proteins [3-6], which collectively contribute to sperm function, protection and subsequent 

storage prior to ejaculation. In a similar context, epididymosomes have recently begun to attract considerable 70 

attention as vehicles for the delivery of alternative cargo, including small non-coding RNAs (sncRNA), to 

spermatozoa and to epididymal epithelial cells situated downstream of their site of secretion [7-10]. 

It follows that an understanding of the mechanisms by which epididymosomes are targeted to, and 

interact with, their recipient cells is of fundamental importance to the field of reproductive biology as well as 

those seeking to resolve the pathway(s) by which paternal exposures alter the sperm epigenome [11]. A 75 

defining feature of epididymosome-sperm interactions is their apparent specificity. Thus, in model species 

such as the bovine, at least two heterogeneous populations of epididymosomes have been characterized, with 

each possessing the ability to differentiate their investment between live and dead spermatozoa [12]. One such 

population are defined by their smaller diameter (~10 – 100 nm) and an abundance of CD9, a tetraspanin that 

decorates the surface of not only epididymosomes, but also the exosomes released from a variety of non-80 

reproductive tissues [13]. This sub-class of epididymosomes display preferential interaction with live 

spermatozoa, thus implicating them in sperm maturation / storage [14]. The alternative population, lack CD9, 

but feature an abundance of epididymal sperm binding protein 1 and a propensity to interact with dead 



 
 

spermatozoa. This latter population may therefore be involved in protecting viable spermatozoa from 

degradation products released from dead cells [15]. The selective nature of these interactions suggests that the 85 

adherence of epididymosomes to spermatozoa and the subsequent delivery of their encapsulated cargo are 

tightly regulated events. This accords with evidence that epididymosomes isolated from different epididymal 

segments possess discrete proteomic [16], lipid [16, 17] and sncRNA profiles [7, 9, 10], and may thus be 

responsible for sequential modification of the macromolecular composition of the sperm cells they encounter. 

It also agrees with evidence that, as recipient cells for epididymosome cargo, spermatozoa present a number 90 

of unique characteristics not typically found in somatic cell populations. Not the least of these are a highly 

polarized morphology and specialized membrane architecture. Thus, mature sperm cells possess three distinct 

domains, the: (i) head, involved in sperm-oocyte interaction; (ii) mid-piece, which houses the mitochondria 

and therefore contributes to the cell’s metabolic demands; and (iii) flagellum, which facilitates sperm 

movement. Differences in membrane protein and lipid composition provide the basis for further subdivision 95 

of the sperm head surface topology into the apical and the post-acrosomal (overlying the post-acrosomal 

sheath) plasma membrane domains. 

Previous work has revealed that epididymosomes appear to preferentially interact with the post-

acrosomal domain of the sperm head [18, 19]. However, the mechanism(s) by which such selectivity is 

mediated remain to be fully resolved. Current evidence implicates the involvement of a variety of 100 

proteinaceous receptors and their complementary ligands [18]. In this context, our recent studies have 

identified milk fat globule-EGF factor 8 protein (MFGE8) as a potential ligand for epididymosome-sperm 

interaction. Accordingly, ultrastructural analyses confirmed the localization of MFGE8 on the epididymosome 

surface and extending into stalk-like projections associated with sites of epididymosome-sperm interaction. 

Furthermore, antibody masking of MFGE8 ligands compromised the efficiency of epididymosome-mediated 105 

protein transfer to recipient spermatozoa [19]. Downstream of this initial adhesion event it has been postulated 

that the epididymosome and sperm membranes undergo a transient fusion leading to delivery of the 

epididymosome cargo and a subsequent detachment of the epididymosome [20, 21]. Although several 

membrane-trafficking protein families have been identified within the epididymosome proteome [3, 16, 22], 

there remains a dearth of evidence concerning their precise functional roles. Similarly, specialized 110 



 
 

microdomains known as membrane or lipid rafts [23] have also been shown to play a role in coordinating the 

initial docking of sperm and epididymosome membranes [24], an interaction that results in the direct transfer 

of a subset of epididymosome raft-associated (i.e. glycosylphosphatidylinositol-linked) proteins into the 

cognate raft domains of the maturing sperm cell [2]. It is also conceivable that raft microdomains could 

facilitate the sequestration of complementary receptors / ligands and downstream fusion machinery within the 115 

respective epididymosome and sperm membranes to enable transfer of non-raft proteins. While this latter 

model of epididymosome-sperm interaction draws analogy with similar interactions recorded between 

exosomes and recipient somatic cells, much of the mechanistic detail remains elusive. This is particularly the 

case in species such as the mouse in which there are currently only limited reports of epididymosome 

characterization. In seeking to address this paucity of knowledge, here we report the use of an in vitro co-120 

culture system to track the transfer of biotinylated protein cargo between mouse epididymosomes and recipient 

spermatozoa from the caput epididymis; the most active epididymal segment in terms of protein secretion and 

one that is of critical importance for promoting sperm maturation [21]. Moreover, we have utilized 

pharmacological inhibition strategies in an effort to characterize key elements of the sperm proteome 

responsible for the selective uptake of epididymosome cargo. 125 

 

RESULTS 

Mouse caput epididymosomes selectively transfer biotinylated proteins to the head and mid-piece of 

homologous spermatozoa  

To begin to characterize the molecular mechanisms underpinning mouse epididymosome-sperm interactions 130 

we employed a previously optimized co-culture system [7] to track the transfer of biotinylated protein cargo 

to spermatozoa. For this purpose, both membrane impermeant (sulfo-NHS-LC-biotin) and membrane 

permeant (BMCC-biotin) reagents were applied to label the caput epididymosome proteome prior to their co-

culture with isolated populations of caput spermatozoa. Thereafter, the efficacy of biotinylated protein transfer 

was assessed via affinity labeling of sperm lysates with streptavidin-HRP, revealing a substantive delivery of 135 

proteins ranging in size from ~15 – 150 kDa. As anticipated on the basis of their differential targeting of 

membrane vs whole epididymosome proteins, and reactivity toward primary amine (sulfo-NHS-LC-biotin) vs 



 
 

sulfhydryl groups (BMCC-biotin), the profile of biotinylated epididymosome proteins transferred to the 

spermatozoa displayed marked differences (Fig. 1A). Indeed, as anticipated based on its propensity to label 

both membrane and encapsulated protein cargo, substantially more of the membrane permeant biotin appeared 140 

to be transferred to spermatozoa (Fig. 1A). These data confirm that caput epididymal spermatozoa are readily 

able to incorporate epididymosome proteins into their proteome after even a relatively brief period (i.e. 1 h) 

of in vitro co-culture. Attesting to the selectively of this transfer process, we detected minimal endogenously 

biotinylated proteins within lysates prepared from either naïve populations of spermatozoa that had not 

encountered epididymosomes or within the epididymosomes themselves (Fig. 1B). 145 

Having confirmed that mouse epididymosomes are capable of transferring proteins to caput 

spermatozoa, we next performed affinity labeling of the cells with streptavidin conjugated to Alexa Fluor 488 

to determine the sperm domain(s) to which this cargo was targeted (Fig. 2). This analysis confirmed the 

selectively of epididymosome-sperm interactions, with the post-acrosomal sheath of the sperm head serving 

as the dominant site for protein uptake after a 1 h co-incubation irrespective of the biotin labeling regimen 150 

used (Fig. 2A, D). In the case of epididymosomes subjected to membrane impermeant biotinylation (i.e. sulfo-

NHS-LC-biotin), additional sperm labeling, albeit far less intense, was detected within the anterior domain of 

the head and mid-piece of the flagellum (Fig. 2A). Using the alternative pool of epididymosomes labeled with 

Figure 1. Mouse epididymosomes mediate the transfer of 
biotinylated proteins to homologous spermatozoa (A) 
Epididymosomes were labeled with membrane-permeant or 
membrane-impermeant biotin reagents (i.e. sulfo-NHS-LC-biotin and 
BMCC-biotin, respectively) before being co-cultured with 
spermatozoa in vitro for 1 h. After incubation, spermatozoa were 
solubilized and lysates prepared for Western blotting and affinity 
labeling with HRP-conjugated streptavidin to assess the incorporation 
of biotinylated epididymosome cargo in their proteome. To 
demonstrate the selectivity of the transfer process, equivalent lysates 
from naive populations of sperm that remained unexposed to 
epididymosomes were resolved alongside the treatment groups 
(Sperm only); revealing minimal endogenously biotinylated proteins. 
Blots were stripped and reprobed with α-tubulin to confirm the 
quantity of protein loaded. (B) Unlabeled populations of 
epididymosomes (ES only) were also subjected to Western blotting, 
revealing no endogenously biotinylated proteins. The presence of 
proteins in this blot was affirmed by re-probing with the 
epididymosome marker FLOT1. These experiments were repeated 
three times and representative blots are shown. 



 
 

membrane permeant biotin (i.e. BMCC-biotin), ~10% of the spermatozoa presented with additional foci of 

intense labeling throughout the head and extending into the mid-piece of the flagellum (Fig. 2E). To discount 155 

the possibility of nonspecific labeling, spermatozoa were subjected to direct biotinylation, yielding a distinct 

pattern of labeling uniformly distributed across all sperm domains (i.e. head and flagellum) (Fig. 2B, F). 

Additionally, we failed to detect any endogenous biotin signal in sperm incubated with non-biotin-labeled 

epididymosomes (Fig. 2C, G).  

 160 

Caput epididymosome-sperm interactions can be discriminated into sequential adhesion and transient 

fusion / dispersal of cargo events  

Figure 2. Epididymosomes transfer biotinylated proteins to the head of caput epididymal spermatozoa. Mouse 
caput spermatozoa were co-cultured with biotin labeled epididymosomes in vitro for 1 h prior to being fixed and labeled 
with streptavidin conjugated to Alexa Fluor 488 to detect the spatial profile of transferred biotinylated proteins. (A, D) 
Prominent post-acrosomal domain staining was observed for both biotin reagents, while (E) whole head and mid-piece 
staining was exclusively observed in a small portion of cells incubated with epididymosomes biotinylated with the 
membrane permeant reagent. Representative controls are included in which spermatozoa were either directly labeled with 
(B) membrane impermeant biotin or (F) the membrane permeant biotin; both of which yielded a distinct profile of 
biotinylation across the entire spermatozoon. (C, G) Spermatozoa were also incubated with non-biotinylated 
epididymosomes as a negative control to confirm the absence of endogenous biotin signal under the same imaging 
conditions. All experiments were repeated at least three times and representative images are shown. 



 
 

In seeking to account for the appearance of additional diffuse localization of membrane permeant (but not 

impermeant) biotin throughout the sperm head and mid-piece, we elected to study the kinetics of protein 

transfer between caput epididymosomes and recipient caput spermatozoa. As shown in Fig. 3A, both forms of 165 

biotinylated protein were incorporated into the post-acrosomal sheath of the sperm head with similar overall 

kinetics and efficiency.  Thus, within as little as 1 min of co-culture, ~16 - 20% of the sperm population 

displayed positive post-acrosomal sheath labeling. Thereafter, the percentage of positively labeled cells 

continued to gradually increase such that at 1 h of co-culture, ~40 - 50% of the sperm population were 

Figure 3. Exploration of the kinetics of epididymosome-sperm interaction. (A) Caput spermatozoa were co-cultured with 
biotin labeled epididymosomes and sampled at regular intervals during the course of a 3 h incubation before being subjected to 
biotin detection. The dominant patterns of biotin localization in the post-acrosomal domain or whole head and mid-piece of the 
spermatozoa were quantified, with 100 cells being examined per sample (n = 3; graphical data are presented as mean ± SEM), 
**P < 0.01. (B - K) Two phases of epididymosome-sperm interaction were distinguished, with an initial rapid uptake of biotin 
labeled cargo being detected in the post-acrosomal domain within ≤ 5 min of co-culture. (B-G) Fluorescence images representing 
the different patterns of biotinylated protein transfer detected after a co-incubation period of 5 min are provided. These images 
depict the gradient of increasing biotin signal, initially being detected in the SAR before extending distally to encompass the 
entire post-acrosomal domain. (H - K) A second phase of interaction was recorded exclusively with the use of membrane 
permeant biotin and became particularly apparent during extended incubation (i.e. between 1 - 3 h of co-culture). Thus, biotin 
fluorescence in these cells extended over the whole head and mid-piece of the flagellum. Shown are representative images of 
the patterns of biotinylated protein transfer detected after a co-incubation period of 3 h. (L) Schematic of the structural domains 
of the mature mouse sperm head; EqS, equatorial segment; SAR, sub-acrosomal ring; PAS, post-acrosomal sheath. 



 
 

characterized by positive post-acrosomal sheath labeling (Fig. 3A). In the case of epididymosome proteins 170 

labeled with the membrane impermeant (i.e. sulfo-NHS-LC-biotin), the post-acrosomal sheath appeared to be 

their final repository. Indeed, in the majority of cells, membrane impermeant biotin was not detected at 

appreciable levels in any alternative domains irrespective of extending the duration of co-incubation for up to 

3 h (i.e. only 3% of the cells featured whole head and mid-piece labeling after 3 h incubation, data not shown) 

(Fig. 3A). In marked contrast, spermatozoa incubated with the alternative pool of membrane permeant 175 

biotinylated epididymosomes (BMCC-biotin) experienced a reduction in post-acrosomal labeling between 1 

- 3 h of co-incubation. This apparent loss of post-acrosomal labeling was accompanied by a reciprocal increase 

in those cells displaying whole head and mid-piece labeling; effectively doubling to account for ~ 20% of the 

sperm population at 3 h compared to 10% at 1 h (P < 0.01, Fig. 3A). 

On the basis of these data we infer that epididymosome-sperm interactions may encompass an 180 

adhesion event (detected by both forms of biotin transfer) followed by transient fusion and dispersal of cargo 

(detected by the membrane permeant biotin transfer only). To explore the validity of this model, we examined 

profiles of biotin labeling in spermatozoa isolated during both early (i.e. 5 min; Fig. 3B - G) and late phases 

(3 h; Fig. 3H - K) of co-incubation with epididymosomes. This analysis identified two putatively discrete 

stages of sperm-epididymosome interaction. Thus, during the early phases of co-incubation (1 min), 185 

biotinylated epididymosome proteins were mainly found to populate the sub-acrosomal ring (SAR; Fig. 3L) 

of the sperm head (similar to the image presented in Fig. 3C). This labeling pattern was however, replaced 

(within 5 min) as the majority of labeled sperm appeared to accumulate biotinylated proteins distally to the 

point where they eventually occupied the entire post-acrosomal sheath (representative images of this gradient 

of increasing labeling are depicted in Fig. 3D - G).  Such staining characteristics were conserved between both 190 

forms of biotin utilized in this study. By contrast, the latter phases of co-incubation (3 h) saw a clear 

differentiation in terms of the fate of the epididymosome proteins. Thus, those proteins labeled with membrane 

impermeant biotin remained exclusively within the post-acrosomal sheath of the sperm head. The alternative 

sub-population of proteins labeled with membrane permeant biotin proceeded to undergo bidirectional 

dispersal into both the anterior region of the sperm head (equatorial segment and acrosomal domain) and mid-195 

piece of the flagellum with similar overall kinetics (Fig. 3H - K). These data accord with those documented 



 
 

during our previous application of carboxyfluorescein diacetate succinimidyl ester (CFSE), a dye that we have 

also traced from epididymosomes into the sperm head and mid-piece after 3 h co-incubation in vitro [7]. The 

lack of an equivalent dispersal when using membrane impermeant biotin, suggests this phenomenon may be 

restricted to proteins encapsulated within, as opposed to on the surface, of epididymosomes. 200 

We elected to explore this possibility using a lipophilic dye PKH26, which incorporates directly into 

the membrane bilayer of the epididymosome. Following co-incubation of PKH26 labeled epididymosomes 

with spermatozoa, we documented a rapid transferal of the dye into the SAR of the sperm head (Fig. 4B - E). 

Thereafter, intense PKH26 labeling was documented throughout the post-acrosomal sheath (Fig. 4F - G).  

Notably, real-time imaging of live cells confirmed that both the spatial and temporal characteristics of 205 

epididymosome-mediated transfer of PKH26 closely approximated those of the biotinylated epididymosome 

Figure 4. Examination of the transfer of lipophilic dye (PKH26) between epididymosomes and spermatozoa. (A - G) 
Caput spermatozoa were briefly co-cultured (≤ 5 min) with populations of epididymosomes preloaded with the lipophilic dye, 
PKH26. After incubation spermatozoa, were washed and fixed prior to the analysis of PKH26 labeling profiles via 
immunofluorescence microscopy. Representative immunofluorescence images of different spermatozoa confirmed the 
incorporation of PKH26 dye, with staining patterns appearing broadly similar to those documented for proteins labeled with 
membrane impermeant biotin. That is, PKH26 labeled lipids were predominantly transferred to the SAR and post-acrosomal 
domain of the sperm. Representative controls were included in which spermatozoa were either (H) incubated with non-labeled 
epididymosomes to confirm no auto-fluorescence or alternatively, (I) directly labeled with PKH26 dye (independent of 
epididymosomes), which resulted in staining of the whole spermatozoon. (J) To examine the kinetics of PKH26 transfer, caput 
spermatozoa were co-cultured with PKH26 labeled epididymosomes and sampled at regular intervals during the course of a 3 
h incubation. The dominant pattern of post-acrosomal labeling of the spermatozoa were quantified, with 100 cells being 
examined per sample (n = 3; graphical data are presented as mean ± SEM). **P < 0.01. 



 
 

proteins reported above (Additional file 1: Figure S1). An additional foci of PKH26 labeling was also detected 

within the anterior domain of the head, albeit far less intense than that of the post-acrosomal domain (Fig. 4G 

and Additional file 1: Figure S1). Moreover, while the initial transfer of PKH26 labeled lipids proceeded 

slower (Fig. 4J) than that recorded for biotinylated protein transfer (Fig 3A), the percentage of labeled 210 

spermatozoa proved equivalent after 3 h of co-culture. The specificity of epididymosome-mediated transfer 

of PKH26 labeling was confirmed by the absence of any endogenous fluorescence signals after co-incubation 

of sperm with non-labeled epididymosomes (Fig. 4H). By contrast, sperm labeled directly with PKH26 (i.e. 

in the absence of epididymosomes) readily incorporated the dye over their entire surface (Fig. 4I). 

 215 

Dynamin mechanoenzymes are implicated epididymosome-mediated transfer of proteins to caput 

spermatozoa 

In view of the ability to differentiate caput epididymosome-sperm interactions into initial adhesion and 

downstream transient fusion events, we sought to capitalize on somatic cell literature implicating the dynamin 

(DNM) family of mechanoenzymes as master regulators of analogous forms of intercellular vesicle trafficking. 220 

As a caveat however, our previous work has established that the dynamin1 (DNM1) and dynamin2 (DNM2) 

isoforms, which are present in the mouse sperm proteome, appear to concentrate within the anterior acrosomal 

domain of the mature cell [25]; a location seemingly incompatible with the tethering of epididymosomes in 

the SAR / post-acrosomal domain. We therefore elected to track the efficacy of biotinylated epididymosome 

protein transfer to populations of spermatozoa that had been pre-incubated with Dynasore, a DNM inhibitor 225 

that targets DNM1 and DNM2 with equivalent efficacy, or Dyngo-Ɵ, an inactive isoform control. Since we 

anticipate that DNM would likely regulate epididymosome fusion, as opposed to adhesion, this study featured 

the use of membrane permeant biotin reagent for epididymosome labeling and was conducted over an 

incubation of 3 h to coincide with protein uptake and dispersal (Fig. 3H - K). This strategy revealed that 

pharmacological inhibition of DNM1 / DNM2 had no discernible impact on the ability of spermatozoa to 230 

incorporate biotinylated epididymosome proteins into their post-acrosomal domain, with ~40% of the cells 

displaying this pattern of labeling irrespective of the treatment group from which they originated (i.e. 

untreated, Dynasore or Dyngo-Ɵ). By contrast, dynamin inhibition effectively halved the number of recipient 



 
 

spermatozoa in which the biotinylated proteins were redistributed throughout the anterior region of the head 

and into the mid-piece of the tail (down from ~20% in the untreated group to ~10% in the Dynasore treatment 235 

group). Consistent with these data, densitometric quantification confirmed that dynamin inhibition 

significantly reduced, but did not eliminate, the transfer of biotinylated proteins from epididymosomes to 

spermatozoa (Fig. 5A, B). Importantly, no such reduction was witnessed in spermatozoa pre-treated with 

Dyngo-Ɵ, thus precluding the possibility of non-specific pharmacological inhibition. Similarly, neither the 

DNM inhibitor nor the inactive isoform control had a detrimental impact on spermatozoa viability, which 240 

remain above 60% in all treatments.  

Having implicated DNM-dependent mechanisms in the transfer of epididymosome cargo to 

spermatozoa, we next sought a more detailed characterization of DNM localization in the immature population 

of caput epididymal sperm used throughout this study.  

 245 

Figure 5. DNM inhibition modulates the transfer of epididymosome protein cargo to the spermatozoa in vitro. (A) 
Spermatozoa were pre-treated with DMSO (vehicle control), or an equivalent concentration (100 µM) of dynasore or 
dyngo-Ɵ (an inactive isoform control) for 30 min, before being subjected to incubation with biotin (membrane permeant) 
labeled epididymosomes for 3 h. Cell lysates were then subjected to Western blotting to detect the efficacy of biotinylated 
protein cargo transfer. (B) The pixel intensity of biotinylated protein bands detected within each lane were quantified using 
Image J software and a representative trace of this analysis is included alongside the blot. (A) After imaging, blots were 
stripped and re-probed with anti-α-tubulin antibodies to confirm equivalent protein loading. These experiments were 
replicated three times with each replicate containing pooled sperm lysates from three mice, and a representative blot is 
presented. 



 
 

DNM1 - The DNM1 protein was exclusively localized to the peri-acrosomal domain of naïve caput 

spermatozoa as well as those sampled immediately after the introduction of epididymosomes (Fig. 6A). 

Unexpectedly however, DNM1 was found to have undergone an apparent relocalization; initially to the SAR 

Figure 6. Analysis of the involvement of DNM1 in epididymosome-sperm interaction. (A) Spermatozoa were incubated 
with biotin (membrane impermeant) labeled epididymosomes for 1 h before being subjected to immunofluorescence detection 
of biotin (green) and DNM1 (red). Representative immunofluorescence images of the different sperm labeling patterns detected 
after this period of co-incubation, and a schematic model, are presented to illustrate an apparent relocation of endogenous 
sperm DNM1 to the post-acrosomal domain and an accompanying transfer of biotinylated epididymosome proteins to an 
equivalent region. (B) To preclude the possibility that these changes in the localization reflected an unmasking of an additional 
pool of DNM1 due to spontaneous loss of the acrosomal domain, triple immunofluorescence staining was applied to detect 
DNM1 (yellow), biotin (red), and the outer acrosomal membrane (PNA; green) in the same cells. (C) The relative abundance 
of DNM1 was quantified by immunoblotting of sperm homogenates in naïve cells (Sperm only) as well as those exposed to 
co-culture with epididymosomes (Sperm + ES). Band intensity was normalized relative to that of α-tubulin, with sperm only 
control nominally set to a value of 1 (n=3). Individual data points for each replicate are provided in Additional file 7: Raw 
data. (D - F) Immunoelectron TEM was utilized to localize DNM1 in spermatozoa within the lumen of caput epididymal tissue. 
(D) A representative image is shown, with (E) the inset focusing on a site in which epididymosome-sperm docking was 
apparent (i.e. boxed region in panel D). Such interactions were predominantly found in association with the membrane 
overlying the post-acrosomal sheath / posterior region of the caput sperm head and invariably, gold labeling depicting the 
localization of endogenous sperm DNM1 was detected in the vicinity of the epididymosome docking sites (white arrows). (F) 
The specificity of gold labeling was confirmed by the inclusion of secondary antibody only controls, which consistently failed 
to label spermatozoa or epididymosomes. N, nucleus; Ac, acrosomal domain; ES, epididymosome. 



 
 

and thereafter to the post-acrosomal domain of sperm sampled at more advanced stages of co-incubation.  

Notably, the number of sperm experiencing these changes in DNM1 localization mirrored those that had 250 

incorporated biotinylated epididymosome proteins (data not shown), prompting us to investigate the co-

localization of DNM1 and biotinylated proteins during representative stages of epididymosome protein 

transfer. With the exception of those cells in which DNM1 was restricted to the anterior (peri-acrosomal) 

domain of the sperm head (and consequently displayed minimal biotin labeling), this strategy revealed strong 

overlapping distribution of DNM1 and biotinylated epididymosome proteins (Fig. 6A). Illustrative of this, 255 

after 1 h of co-incubation with epididymosomes, ~3% and ~40% of spermatozoa displayed colocalization of 

DNM1 and biotin labeling within either the sub-acrosomal ring or the post-acrosomal domain of the sperm 

head, respectively. To discount the possibility that DNM1 under-representation in the peri-acrosomal domain 

was caused by the cells experiencing a premature or spontaneous loss of their acrosomal contents, triple 

immunofluorescence staining was applied to detect DNM1, biotin labeled epididymosome proteins and peanut 260 

agglutinin (PNA); a recognized marker of the outer acrosomal membrane (Fig. 6B). This analysis confirmed 

the co-localization of DNM1 and biotin labeled protein in the post-acrosomal domain while PNA was clearly 

retained in the acrosomal domain, proving these cells possess an intact acrosome. As an additional control, we 

also investigated the relative levels of endogenous DNM1 versus those present in the cell after co-incubation 

with epididymosomes. Densitometric analysis on the resultant immunoblots revealed no significant difference 265 

in DNM1 levels in either cell population (Fig. 6C). Thus, despite the presence of DNM1 in mouse 

epididymosomes (Additional file 2: Figure S2), the modest levels these vesicles contain are unlikely to account 

for the altered profile of DNM1 labeling in sperm post-epididymosome incubation. 

Having documented an apparent relocation of DNM1 to coincide with the site of epididymosome 

adhesion in the post-acrosomal sheath, we next sought to strengthen the physiological relevance of this 270 

observation through the application of transmission immunoelectron microscopy to track DNM1 localization 

during epididymosome-sperm interactions in situ. As shown in Fig. 6, we consistently observed 

epididymosome docking to the post-acrosomal sheath of the caput sperm head. Such events were commonly 

accompanied by immunogold labeling of endogenous sperm DNM1 within the sperm vicinity of the 

membrane docking site. To preclude the possibility of non-specific labeling, sections were incubated with 275 



 
 

secondary antibody only revealing no appreciable staining of the spermatozoa (Fig. 6F).  

DNM2 - Similar to DNM1, endogenous DNM2 was also readily detected in the peri-acrosomal domain of 

caput spermatozoa (Fig. 7A). However, the DNM2 isoform did not appear to undergo any pronounced change 

in location upon co-incubation with epididymosomes (Fig. 7A). In this context, only weak DNM2 labeling 

was observed in the post-acrosomal sheath coinciding with those cells in which a substantial amount of 280 

biotinylated protein transfer was detected; raising the prospect that this additional pool of DNM2 may have 

been transferred to the cells as part of the epididymosome cargo. However, despite the detection of DNM2 

within caput epididymosomes (Additional file 2: Figure S2), densitometric analysis revealed only a modest, 

non-significant, increase in the abundance of DNM2 before and after epididymosome co-incubation (Fig. 7B). 
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DNM1 relocation is linked to lipid raft association   

To explore the mechanism(s) involved in the relocation of DNM1 to a position compatible with regulation of 

epididymosome interaction, we elected to focus on lipid rafts, specialized membrane subdomains that have 

been implicated in the compartmentalization of proteins required for epididymosome docking to the sperm 

Figure 7. Analysis of the involvement of DNM2 in epididymosome-sperm interaction. (A) Spermatozoa were incubated 
with biotin (membrane impermeant) labeled epididymosomes for 1 h before being subjected to immunofluorescence 
detection of biotin (green) and DNM2 (red). Representative immunofluorescence images of the different sperm labeling 
patterns detected after this period of co-incubation are provided to illustrate the labeling of DNM2 in the acrosomal domain 
and minimal co-localization with transferred biotinylated proteins. Indeed, only relatively weak DNM2 labeling was 
detected in the post-acrosomal domain of those cells that incorporated abundant biotinylated proteins. (B) The relative 
abundance of DNM2 was quantified by immunoblotting of sperm homogenates in naïve cells (Sperm only) as well as those 
exposed to co-culture with epididymosomes (Sperm + ES). For the purpose of comparing the relative abundance of DNM2, 
band intensity was normalized relative to that of α-tubulin, with sperm only control nominally set to a value of 1 (n=3). 
Individual data points for each replicate are provided in Additional file 7: Raw data. These experiments were replicated 
three different times with each sample representing pooled material obtained from at least three mice. 



 
 

surface [24, 26]. Strengthening the rationale for this approach, DNM contains a pleckstrin homology domain, 290 

which is commonly involved in the recruitment of proteins to specific membrane domains [27]. For these 

studies, we first characterized the localization of the abundant sperm lipid raft marker, GM1 ganglioside (via 

staining with Alexa Fluor 594 conjugated cholera toxin B subunit) [28], in naïve populations of caput 

spermatozoa as well as those exposed to in vitro epididymosome co-culture. This strategy revealed that lipid 

rafts were initially distributed throughout the head of caput spermatozoa, but that the pattern of GM1 295 

localization was quite variable (Additional file 3: Figure S3).  Notably, the subset of sperm presenting with 

diffuse labeling of GM1 throughout the whole head were generally refractory to the incorporation of 

biotinylated protein from epididymosomes (Fig. 8A). By contrast, we did document alternative GM1 labeling 

patterns, which were reminiscent of those observed for transferred epididymosomes proteins (Fig. 8B - E). 

Accordingly, strong overlapping co-localization of GM1 and biotinylated epididymosome proteins were 300 

detected in the SAR (Fig. 8C) and extending distally into the post-acrosomal sheath (Fig. 8E). Importantly, 

triple labeling of spermatozoa with GM1, streptavidin conjugated to Alexa Fluor 488 and anti-DNM1 

antibodies also confirmed strong co-localization of their respective targets (Fig. 9B). Based on these data we 

infer that the relocation of endogenous sperm DNM1 may be reliant on lipid raft association.  

Figure 8. Lipid raft microdomains facilitate epididymosome-sperm interaction. The caput spermatozoa were co-
cultured to biotinylated (membrane impermeant) epididymosomes for 5 min before being subjected to dual labeling 
for GM1 (lipid raft marker) and biotin (A – E) This strategy revealed spermatozoa harboring the anticipated spatial 

profiles of transferred biotinylated protein (green) and illustrated strong overlapping co-localization of GM1 (red) in 

these domains. Representative immunofluorescence images are presented to illustrate co-localization of GM1 and 

biotinylated protein in the SAR and post-acrosomal domain of the sperm head. These experiments were replicated three 
different times with each sample representing pooled material obtained from at least three mice. 



 
 

To test this hypothesis, spermatozoa were treated with methyl-β-cyclodextrin (mβCD) to sequester 305 

cholesterol and disrupt raft integrity [29] prior to their incubation with biotin-labeled epididymosomes. Triple 

immunofluorescence staining was then applied to detect DNM1, biotin labeled protein and GM1 distribution. 

In the control group, we routinely observed ~35% - 40% of the spermatozoa with post-acrosomal labeling for 

biotin (Fig. 9A), and each of these cells also displayed strong colocalization with DNM1 and GM1 in the same 

domain (Fig. 9B). By contrast, mβCD treatment disrupted lipid raft distribution, effectively preventing the 310 

accumulation of GM1 within the post-acrosomal sheath (Fig. 9C). In parallel, we also documented a marked 

reduction in DNM1 relocalization, with the protein instead being retained predominantly within the anterior 

peri-acrosomal domain of mβCD treated spermatozoa (Fig. 9C); suggesting that lipid raft integrity is 

Figure 9. Disruption of sperm lipid rafts compromises the efficacy of DNM1 translocation and epididymosome-
sperm interaction. To examine the role of lipid rafts in mediation of epididymosome-sperm interactions, cells were pre-
treated with mβCD to sequester membrane cholesterol and disrupt lipid raft integrity. Thereafter, spermatozoa were 
incubated with biotinylated (membrane impermeant) epididymosomes for 1 h. Spermatozoa were then fixed and subjected 
to immunofluorescence detection. (A) A significant reduction in the number of cells with post-acrosomal biotin labeling 
was observed in spermatozoa pre-treated with mβCD vs those of untreated controls. Post-acrosomal labeling was assessed 
in a minimum of 100 cells per treatment group, with these experiments being replicated three times. Each replicate 
comprised pooled material from at least three mice. The results are presented as the mean ± S.E.M. **P < 0.01 compared 
to control. Individual data points for each replicate are provided in Additional file 7: Raw data. (B, C) Representative 
immunofluorescence images of triple stained caput spermatozoa: GM1 (red; rafts), biotin (green) and DNM1 (blue). 

Compared to untreated control (B), mβCD treatment (C) elicited a loss of raft integrity with GM1 being heterogeneously 

dispersed throughout the sperm head. In these cells, DNM1 was mainly retained in the acrosomal domain, but did display 
a tendency to co-localize with GM1 and biotinylated proteins (white arrowheads). 



 
 

indispensable for DNM1 relocation. Such changes manifest in a significant (P < 0.01) reduction in the efficacy 

of biotinylated epididymosome protein transfer to the post-acrosomal sheath compared to the untreated control 315 

group (Fig. 9A). Instead, biotinylated epididymosome proteins were distributed diffusely throughout the head 

of the mβCD-treated spermatozoa, effectively mirroring the localization of GM1 and thus adding further 

circumstantial evidence that lipid rafts do indeed facilitate epididymosome-sperm interactions. The specificity 

of triple immunofluorescence staining was confirmed by separate dual staining of two targets (all 

combinations for DNM1, biotin and GM1) through Alexa Fluor-488 and 594 fluorescence (data not shown).  320 

 

DISCUSSION 

The epididymis fulfills an essential role in promoting sperm maturation and their subsequent storage via the 

creation of a complex intraluminal milieu, a key component of which are epididymosomes [30]. These small 

extracellular vesicles have attracted considerable attention owing to their important role in the transfer of 325 

fertility modulating proteins and regulatory classes of RNA to maturing spermatozoa [8]. To date however, 

little is known of the mechanistic basis by which epididymosomes deliver their cargo to the maturing sperm 

cell. In previous work, we have identified that the post-acrosomal domain of mouse spermatozoa represents 

the predominant site for initial epididymosome-sperm interaction [19]. Here, we have confirmed and extended 

these observations via the use of a combination of lipophilic fluorophores and biotinylation reagents (both 330 

membrane permeant and impermeant) to differentially label epididymosome cargo. This strategy has provided 

evidence that epididymosome-sperm interactions are likely resolved into two sequential phases. Thus, a rapid 

vesicular docking, which is primarily restricted to the SAR / post-acrosomal domain of the sperm head, is 

followed by a transient vesicular fusion. The latter presumably facilitates cargo delivery prior to its 

bidirectional dispersal into the anterior region of the sperm head and mid-piece of the flagellum. Moreover, 335 

our data demonstrate that endogenous DNM1 is relocated to the post-acrosomal domain, through association 

with lipid rafts, to facilitate the transient fusion of epididymosome-sperm membranes. 

Spermatozoa possess a unique membrane architecture, with the head of these cells being broadly 

divided into apical membrane, and post-acrosomal membrane, domains. Delimiting these two domains are 

topographical features known as the equatorial sub-segment (EqSS) and the SAR [31, 32]. Both of these 340 



 
 

structures have been implicated as specialized diffusion barriers, which limit lateral mixing of membrane 

components and thus establish heterogeneous molecular compartments in the sperm head with discrete roles 

in the fertilization cascade [33, 34]. Indeed, it has been suggested that the dense cytoskeletal structure of the 

SAR restricts anterior movement of membrane lipids into the apical plasma membrane domain. Moreover, the 

EqSS, which is dynamically assembled during sperm descent through the caput epididymis (i.e. increases in 345 

prevalence from ~30% of testicular sperm to ~78% of caput epididymal spermatozoa) [35], serves as a putative 

organizing center responsible for the assembly of multimolecular complexes that contribute to fusion 

competence in this area of the plasma membrane [35]. While we remain uncertain as to why epididymosomes 

may preferentially interact with the SAR, the imposition of EqSS and SAR may account for the subsequent 

segregation of epididymosome membrane proteins (i.e. those labeled with membrane impermeant biotin) into 350 

the anterior post-acrosomal domain; a phenomenon recorded in our study that also bears striking resemblance 

to that of independent evidence in the bovine model [18]. The post-acrosomal sheath is formed during the 

latter stages of spermatogenesis [36] as the spermatid head undergoes elongation and flattening, with its 

components providing structural reinforcement to maintain the acrosomal and nuclear domains and notably, 

this region has also gained interest owing to its importance in initiating oocyte activation during mammalian 355 

fertilization [37, 38]. Thus, it has been argued that proteins selectively residing in the post-acrosomal sheath 

[e.g. post-acrosomal sheath protein WW domain-binding protein (PAWP)] enter the oocyte during fertilization 

and thereafter mediate meiotic resumption and oocyte activation [38, 39]. Such evidence provides a clear 

imperative for further investigation of the contribution of epididymosomes to establishing the proteomic 

specialization of both the plasma membrane overlying the post-acrosomal sheath as well as the cytoplasmic 360 

content of this domain. 

Downstream of the rapid adhesion of epididymosomes to spermatozoa, which took place in as little as 

one minute of co-culture, we recorded a more gradual, bi-directional transferal of biotinylated epididymosome 

proteins into the anterior region of the sperm head and the mid-piece of the flagellum. Notably however, this 

phenomenon was restricted to the use of the membrane permeant biotin reagent, which would be expected to 365 

label both the epididymosome membrane and encapsulated cargo. This staining pattern was reminiscent of 

that achieved following co-incubation of mouse spermatozoa with epididymosomes preloaded with CFSE, an 



 
 

amine reactive dye that undergoes intracellular catalytic conversion into a highly fluorescent tracer with a 

propensity to form stable conjugates with proteins [7]. It is also more in keeping with independent reports that 

dye-labeled mouse epididymosomes can deliver the dye to the acrosomal domain of the head and mid-piece 370 

of the flagellum, albeit in caudal spermatozoa [24]. On the basis of these data, we infer that vesicular docking 

may precede internalization and redistribution, of at least a portion of the epididymosome cargo, to their sites 

of action in the maturing sperm cell. Whilst the precise details of how sperm achieve this internalization have 

yet to be completely resolved, evidence is mounting for a transient fusogenic mechanism between the 

respective epididymosome and sperm membranes. Indeed, there is general consensus that spermatozoa lack 375 

the machinery to participate in endocytosis, as is commonly witnessed in exosome-somatic cell interactions. 

Rather, elegant imaging techniques such as super-resolution structured illumination microscopy [40] and 

transmission immunoelectron microscopy have revealed compelling evidence for the formation of fusion 

stalk-like projections forming at sites of interaction between epididymosomes and spermatozoa. Moreover, 

proteomic analyses of epididymosomes, and spermatozoa themselves, have identified a myriad of 380 

complementary trafficking proteins [e.g. soluble N-ethylmaleimide-sensitive factor activating protein receptor 

(SNARE) proteins, Ras-like proteins and DNM] as might be expected in fusogenic competent vesicles / cells 

[16, 19, 22, 25].  

One such family of proteins that we have investigated here is that of DNM, mechanoenzymes that have 

been implicated in a variety of vesicular trafficking pathways [25, 41]. While DNM has been best studied in 385 

the context of regulating clathrin-coated endocytosis [42], it has also been implicated in clathrin independent 

pathways. Notably, these pathways include that of a “kiss and run” model that is compatible with the transient 

fusogenic mechanism proposed for epididymosome-sperm interaction. Within this model, DNM is held to 

polymerize into large oligomeric helices, which stabilize the formation of the vesicular fusion pores and thus 

regulate the release of their cargo [43]. Indeed, our recent ultrastructural data has revealed evidence for the 390 

formation of stalk-like projections at the site of epididymosome-sperm interaction [19]; a classic template 

attracting DNM to polymerize into rings / helices [44]. As an important precedent for our own findings 

implicating DNM in epididymosome fusion, independent work has confirmed a role of DNM in regulating 

exosome interaction with recipient cells such as B lymphocytes [45]. In this context, pharmacological 



 
 

inhibition of DNM (i.e. Dynasore) led to an impressive ~88% reduction in exosome uptake [45]. Similarly, 395 

DNM has also been shown to exert influence over the exosome receptivity of hepatic stellate and placental 

trophoblast cells [46, 47], with its inhibition leading to a pronounced suppression of their downstream 

functionality. Also, compatible with our own data is the notion that DNM-mediated regulation of exosome 

interaction is intimately tied to lipid rafts and their associated proteins [45].  

Indeed, one of the most intriguing findings of our study was the demonstration that DNM1 is 400 

repositioned to the post-acrosomal sheath where epididymosome interacting with the spermatozoa during co-

culture. Our collective evidence suggests that such relocation is mediated, at least in part, by DNM1 

association with lipid rafts; with the depletion of membrane cholesterol causing a chain of lipid raft disruption, 

inhibition of DNM1 translocation and reduction in the efficacy of epididymosome cargo incorporation into 

the sperm proteome. A particular curiosity of this response is the fact that the caput spermatozoa sourced for 405 

in vitro co-culture had already encountered epididymosomes in vivo. How these cells retain DNM1 in their 

peri-acrosomal domain after isolation, yet reposition the protein following exposure to an exogenous supply 

of epididymosomes, remains a perplexing question for which we can only speculate on the answer. One 

possible explanation for these dichotomous results is that DNM1 translocation is a dynamic event, such that 

the removal of spermatozoa from the epididymal luminal environment in which they are normally extremely 410 

highly concentrated, leads to an attendant loss of the stimulus that drives DNM1 localization. In seeking to 

reconcile this model, our transmission immunoelectron microscopy data revealed that DNM1 is almost 

exclusively localized to the post-acrosomal domain of spermatozoa in situ. Additionally, elegant studies by 

Jones and colleagues have shown that mammalian spermatozoa exhibit a mechanosensitive response that 

serves to concentrate important molecules to appropriate sites on the sperm surface [48]. Specifically, porcine 415 

spermatozoa experienced a phenomenon referred to as ‘contact induced coalescence’, whereby physical 

contact such as that experienced during sperm agglutination, promoted a rapid repositioning of lipid rafts; 

away from the apical ridge overlying the acrosome and clustering at the sites of contact [48]. By analogy, it is 

tempting to speculate that an equivalent diffusion of rafts may have been triggered via adhesion of excess 

epididymosomes to the post-acrosomal domain of cultured spermatozoa, bringing with them essential fusion 420 

machinery such as DNM1. However, the validity of this model awaits further investigation, as does the finding 



 
 

that DNM2 fails to undergo a similar relocation; instead remaining within the peri-acrosomal domain of caput 

spermatozoa during epididymosome co-culture.  

These findings contrast the overlapping localization and functions of DNM1 and DNM2 that have 

been reported in somatic cells [49]. Nevertheless, despite sharing 80% sequence identity, DNM1 and DNM2 425 

have previously been implicated in discrete functional roles within the male reproductive system. Thus, 

selective ablation of DNM2 leads to an age-dependent loss of spermatogonia in the mouse testis [50]. 

Similarly, DNM2 is under-represented, and linked a reduced ability to complete acrosomal exocytosis, in poor 

quality human spermatozoa [3]. In both scenarios, DNM1 expression is unchanged yet fails to compensate for 

the loss of DNM2. Based on these data, we infer that DNM1 may be involved in the regulation of epididymal 430 

maturation (i.e. regulating epididymosome-sperm interactions), while DNM2 participates in early germ cell 

development and the downstream functional activation of the mature spermatozoon. It will be of interest to 

determine whether this specificity is mediated by unique protein- interaction networks.  

 

CONCLUSIONS 435 

In summary, this study has provided mechanistic insights into epididymosome-sperm interactions, 

revealing both the spatial and temporal specificity of this process. Such specificity is mediated, at least in part, 

via the action of lipid rafts owing to their ability to concentrate important molecules to sites of epididymosome 

interaction. Moreover, we have identified a novel role for vesicle trafficking machinery such as the DNM1 

mechanoenzyme, which is likely to support / stabilize the formation of transient fusion pores compatible with 440 

the deilvery of epididymosome cargo. As an important caveat however, our study is based on the application 

of an in vitro co-culture system and we therefore encourage caution in direct extrapolation of our model of 

epididymosome-sperm interactions to the equivalent events occurring in situ within the epididymal lumen.  

Further studies aimed at overcoming these limitations and resolving how the proteomic inventory that 

epididymosomes convey to spermatozoa are able to modulate their function are now warranted if we are to 445 

realize the diagnostic and therapeutic potential of these insights.  

 

METHODS 



 
 

Antibodies and reagents 

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Thermo 450 

Fisher Scientific (Waltham, MA, USA) and were of molecular biology or research grade. Full details of the 

primary and secondary antibodies used throughout this study are reported in Additional file 4: Table S1.  

 

Mouse epididymosome isolation and characterization  

Highly enriched populations of mouse caput epididymosomes were isolated and validated as previously 455 

described [7, 51]. Briefly, adult male mice (8-12 weeks old) were euthanized and immediately perfused with 

pre-warmed phosphate buffered saline (PBS) to minimize the possibility of blood contamination. Caput 

epididymides were then removed, separated from fat and connective tissue and rinsed with modified Biggers, 

Whitten, and Whittingham media (BWW; pH 7.4, osmolarity 300 mOsm/kg) [52] before being pooled; the 

number of pooled epididymides was adjusted in accordance with the downstream application (please see 460 

details provided in relation to each protocol), but generally incorporated tissue from at least three mice. 

Following incisions with a razor blade, luminal contents were allowed to disperse into the BWW media and 

filtered through a 70 µm membrane. The resultant suspension was sequentially centrifuged with increasing 

velocity at 4 °C (500 × g, 5 min; 2,000 × g, 5 min; 4,000 × g, 5 min 8,000 × g, 5 min; 17,000 × g, 20 min; and 

finally 17,000 × g for an additional 10 min) to eliminate all cellular debris. The supernatant was layered onto 465 

a discontinuous OptiPrep gradient (40%, 20%, 10%, and 5%), diluted with a solution of 0.25 M sucrose, 10 

mM Tris. Density gradients were ultracentrifuged (160,000 × g, 18 h, 4 °C) after which twelve equivalent 

fractions were collected and diluted in PBS before being subjected to a final ultracentrifugation (100,000 × g, 

3 h, 4 °C). Epididymosomes were subsequently collected from fractions 9 and 10 and characterized in 

accordance with the minimal experimental requirements for the definition of extracellular vesicles [53], 470 

featuring analysis of their purity and overall homogeneity, as previously described (Additional file 5: Figure 

S4) [7]. After assessment, pooled preparations of epididymosomes were apportioned between the different 

experimental treatment groups as described below.  

 

Transfer of epididymosome protein cargo to mouse spermatozoa 475 



 
 

Following isolation, caput epididymosomes were resuspended in PBS. Two different biotin reagents were then 

applied to label either the subset of membrane-accessible epididymosome proteins (i.e. membrane impermeant 

EZ-Link sulfo-NHS-LC-Biotin, Thermo Fisher Scientific) or those residing in both the membrane and 

encapsulated within the epididymosome (i.e. membrane permeant EZ-Link BMCC-Biotin, Thermo Fisher 

Scientific) with the use of both biotin reagents conforming to manufacturer’s recommendations. Biotinylation 480 

reactions were conducted for 30 min at room temperature followed immediately by overnight incubation at 

4 °C. As a vehicle control for the use of membrane permeant BMCC-biotin, a population of epididymosomes 

were prepared with an equivalent volume of vehicle [Dimethyl sulfoxide (DMSO)]. Following incubation, 

epididymosome suspensions were diluted into 50 mM glycine / PBS to quench the biotinylation reaction and 

excess biotin was removed via ultracentrifugation (100,000 × g, 18 h, 4 °C). The resultant biotinylated 485 

epididymosome pellets were suspended in modified BWW in preparation for co-incubation with caput 

epididymal spermatozoa;  isolated as previously described [54]. Treatment groups included spermatozoa pre-

incubated with either: (i) 0.5 mM mβCD; to sequester membrane cholesterol and thereby disrupt membrane 

rafts) [29] for 1 h, (ii) 100 µM Dynasore (inhibits DNM1 and DNM2 with equivalent efficacy) for 30 min, or 

(iii) 100 µM Dyngo-Ɵ (an inactive analogue of Dynasore) for 30 min. Unless otherwise stated, biotinylated 490 

epididymosomes were added at a ratio of 1:1 (i.e. pooled epididymosomes isolated from three mice were 

subdivided into three equivalent fractions, and one of these fractions was incubated with spermatozoa isolated 

from a single mouse). Co-incubations were conducted in an atmosphere of 5% CO2 using the conditions 

specified in each figure legend. After incubation, cells were washed three times by gentle centrifugation (500 

× g, 3 min) in modified BWW to remove any unbound or loosely adherent epididymosome, before been 495 

subjected to 4% paraformaldehyde (PFA) fixation (for immunofluorescent staining) or protein extraction (for 

silver stain or immunoblotting as previously described) [41]. Controls for these experiments included 

spermatozoa directly labeled with both biotin reagents (i.e. in the absence of any epididymosomes) to 

discriminate the specificity of epididymosome-mediated protein delivery, as well as spermatozoa incubated 

with unlabeled epididymosomes in order to control for the possibility of endogenous biotin expression. 500 

 

Transfer of lipophilic dyes between epididymosomes and spermatozoa  



 
 

A PKH26 Fluorescent Cell Linker Mini Kit (MINI26, Sigma-Aldrich) was used to label epididymosome 

membranes. For this purpose, caput epididymosomes (from 3 mice) were resuspended in 0.5 ml Diluent C and 

incubated with PKH26 (2 µl dye diluted into 0.5 ml Diluent C, then mixed 1:1 with epididymosomes 505 

suspension) for 2 min at room temperature with gentle agitation; thereby achieving irreversible labeling of the 

epididymosome lipid bilayer. After incubation, excess PKH26 dye was quenched by adding 1 ml of 1% bovine 

serum albumin (BSA) / PBS and suspensions were ultracentrifuged (100,000 × g, 3 h, 4 °C) to pellet PKH26 

labeled epididymosomes. Isolated caput epididymal spermatozoa were co-incubated with PKH26 labeled 

epididymosomes under identical conditions to those described for biotin labeled epididymosomes. The 510 

spermatozoa were then split into two equivalent samples, which were subjected to either confocal time-lapse 

imaging or 4% PFA fixation (for preservation and later-stage imaging). Additional controls were included in 

which spermatozoa were either directly labeled with PKH26 or incubated with unlabeled, Diluent C treated 

epididymosomes (negative control). 

 515 

Affinity and immunofluorescent labeling of spermatozoa  

Following incubation, spermatozoa were preloaded with Alexa Fluor 594 conjugated cholera toxin B subunit 

at 37 °C for 30 min to selectively label the abundant sperm lipid raft marker, GM1 ganglioside (if applicable). 

After that, cells were fixed in 4% PFA, washed in 50 mM glycine / PBS and settled onto poly-L-lysine treated 

coverslips at 4 °C overnight. They were then permeabilized with ice-cold methanol for 10 min and blocked 520 

with 3% BSA in PBS at 37 °C for 1 h. Coverslips were then incubated with primary antibodies at 4°C overnight 

(for specific dilution rates of all antibodies see Additional file 4: Table S1). After three washes in PBS, 

coverslips were incubated with appropriate secondary antibodies or streptavidin conjugated to Alexa Fluor 

488 at 37 °C for 1 h. Following additional washes in PBS, cells were counterstained with FITC-conjugated 

PNA (1 mg/ml) at 37°C for 15 min (if applicable). Coverslips were then mounted in 10% Mowiol 4-88 (Merck 525 

Millipore, Darmstadt, Germany) with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5% 1, 4-diazabicyclo-(2.2.2)-

octane. Confocal microscopy (Olympus IX81) was used for detection of fluorescent-labeling patterns with 

settings for excitation and emission filters being provided in Additional file 6: Table S2. 

 



 
 

Electron microscopy 530 

Mouse caput epididymal tissue was fixed in 4% (w/v) PFA containing 0.5% (v/v) glutaraldehyde. The tissue 

was then processed via dehydration, infiltration, and embedding in LR White resin. Sections (100 nm) were 

cut with a diamond knife (Diatome Ltd., Bienne, Switzerland) on an Ultracut S microtome (Reichert-Jung, 

Leica; Solms, Germany) and placed on 150-mesh nickel grids. For DNM1 detection, sections were blocked in 

3% (w/v) BSA in PBS (30 min at 37 °C). Subsequent washes were performed in PBS (pH 7.4) containing 1% 535 

BSA. Sections were sequentially incubated with anti-DNM1 antibodies (overnight at 4 °C), and an appropriate 

secondary antibody conjugated to 10 nm gold particles (2 h at 37 °C). Labeled sections were then 

counterstained in 1% (w/v) uranyl acetate. Micrographs were taken on a JEOL 1200 EX II transmission 

electron microscope (JEOL, Japan) at 80 kV.  

 540 

Statistical analyses  

All experiments were replicated a minimum of three times, with pooled samples of spermatozoa and 

epididymosomes having been obtained from at least three male mice. For the purpose of assessing biotin 

labeling profiles, ≥ 100 spermatozoa were counted in each sample through blind assessment (with treatment 

conditions having been replaced with a random number) and the corresponding percentage of cells with post-545 

acrosomal domain or whole head / mid-piece labeling was determined. Densitometric analyses of 

immuno/affinity blots were conducted using Image J software (version ImageJ2) [55]. Graphical data are 

presented as mean values ± SEM, which were calculated from the variance between samples. Statistical 

significance was determined by using one-way ANOVA with a significance threshold of P < 0.05.  

  550 



 
 

LIST OF ABBREVIATIONS 

BSA                     bovine serum albumin 

BWW                  Biggers, Whitten, and Whittingham media 

CFSE                  carboxyfluorescein diacetate succinimidyl ester 

DMSO                Dimethyl sulfoxide 555 

DNM                  dynamin 

DNM1                dynamin 1 

DNM2                dynamin 2 

EqS                     equatorial segment 

EqSS                   equatorial sub-segment 560 

mβCD                 methyl-β-cyclodextrin 

MFGE8               Milk fat globule-EGF factor 8 protein 

PAWP                  post-acrosomal sheath protein WW domain-binding protein 

PBS                     phosphate buffered saline 

PFA                     paraformaldehyde 565 

PNA                    peanut agglutinin 

SAR                    sub-acrosomal ring 

SNARE              Soluble N-ethylmaleimide-sensitive factor activating protein receptor 

sncRNA              small non-coding RNAs  

 570 

  

https://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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Additional File 1: Figure S1. Time-lapse imaging of epididymosome-mediated PKH26 uptake into mouse 
spermatozoa. Caput epididymal spermatozoa were incubated with PKH26 labeled epididymosomes and immediately 
subjected to confocal imaging on a heated stage (37 °C). The real-time transfer of PKH26 from epididymosomes to 
spermatozoa was captured at 4-5 min intervals, illustrating that transfer was initiated within the SAR prior to extending 
distally into the post-acrosomal domain; a pattern of labeling that was consistent with the observed for biotinylated 
epididymosome cargo. File format: pdf. 

Additional File 2: Figure S2. Detection of DNM1 and DNM2 within caput epididymosomes. (A) Prior to detection 
of DNM1 and DNM2 proteins, aldehyde / sulphate latex beads were used to concentrate caput epididymosomes 
amenable with downstream fluorescence imaging applications. Staining was observed using fluorescence microscopy 
with the specificity of antibody labeling being confirmed through the inclusion of bead only controls (beads without 
attached epididymosomes) and secondary only control (no primary antibodies). (B, C) Caput epididymosome lysates 
(Caput ES) were resolved by SDS-PAGE and immunoblotted with either DNM1 or DNM2 antibodies. Mouse brain 
lysates were used as a positive control for DNM1 and DNM2 detection. File format: pdf. 

https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-017-1934-z
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-017-1934-z
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Additional File 3: Figure S3. Immunofluorescence detection of GM1 gangliosides (an abundant lipid raft marker) 

was facilitated by labeling of caput epididymal spermatozoa with Alexa Fluor 594 conjugated cholera toxin B 
subunit. (A - E) A myriad of fluorescence staining patterns for GM1 were observed using confocal microscopy and 

the dominant profiles are depicted. File format: pdf. 

Additional File 5: Figure S4. Epididymosome purity assessment. A suite of assays were employed to assess the 
enrichment of epididymosomes, including: (A) quantitative assessment of the protein content in the twelve equal fractions 
recovered after density ultracentrifugation; (B) immunoblotting to detect the distribution of the epididymosome marker 
FLOT1 within each of the twelve fractions; (C) detection of FLOT1 in epididymosomes concentrated via adhesion to 
aldehyde / sulphate beads; and (D) TEM assessment of the ultrastructure of the epididymosome population isolated from 
the pooling of fractions 9 and 10.  Based on this analysis, epididymosomes partitioning into fractions 9 and 10 were 
pooled and used throughout the reported studies. File format: pdf. 



Antibody Final concentration
(dilution of stock solution)1 Company Catalogue 

No.

(RRID)2

Batch 
No.

Stock 
Concentrati

on

Primary antibodies IF IB EM

Dynamin 1 1 µg (1:50) 1.5 µg 
(1:1000) - Abcam ab108458 GR107528-

1 1 mg/mL

Dynamin 1 1.25 µg (1:40) - 0.83 µg (1:20) Abcam ab13251
(AB_299794)

GR283893-
2 1 mg/mL

Dynamin 2 0.2 µg (1:50) - - Santa Cruz 
Biotechnology

sc-6400
(AB_639943) L0712 0.2 mg/mL

Dynamin 2 - 0.4 µg 
(1:1000) - Thermo Fisher 

Scientific
PA5-19800

(AB_10983803) QK2113152 0.27 mg/mL

Flotillin 1 2 µg (1:100) 1.5 µg 
(1:1000) - Sigma-Aldrich F1180

(AB_1078893) 124M4804V 1 mg/mL

α-Tubulin - 2.85 µg 
(1:3000) - Sigma-Aldrich T5168

(AB_477579) 103M4773V 5.7 mg/mL

Cholera Toxin Subunit B 
594 conjugate

0.125 µg 
(1:400) - - Thermo Fisher 

Scientific C34777 - 1 mg/mL

Secondary antibodies

Anti-rabbit Alexa Fluor 488 0.25 µg 
(1:400) -

- Thermo Fisher 
Scientific

A11008
(AB_143165) 1678787 2 mg/mL

Anti-goat Alexa Fluor 488 0.25 µg 
(1:400) -

-
Thermo Fisher 

Scientific
A11055

(AB_142672) 1369678 2 mg/mL

Anti-goat Alexa Fluor 594 0.25 µg 
(1:400) -

- Thermo Fisher 
Scientific

A11058
(AB_142540) 1180089 2 mg/mL

Anti-mouse Alexa Fluor 594 0.25 µg 
(1:400) -

-

Thermo Fisher 
Scientific

A11005
(AB_141372) 1219862 2 mg/mL

Anti-mouse Alexa Fluor 555 0.25 µg 
(1:400) -

- Thermo Fisher 
Scientific

A21422
(AB_141822) - 2 mg/mL

Dylight-405 anti-mouse 0.375 µg 
(1:200) -

- Jackson 
ImmunoResear

ch

715-475-150
(AB_2340839) 130441 1.5 mg/mL

Streptavidin, Alexa Fluor 
633

0.25 µg 
(1:400) -

-
Thermo Fisher 

Scientific
S21375

(AB_2313500) - 2 mg/mL

Streptavidin, Alexa Fluor 
488

0.25 µg 
(1:400) -

- Thermo Fisher 
Scientific

S11223
(AB_2336881) 1733116 2 mg/mL

HRP-Streptavidin - N/A (1:1000)
-

Millipore SA202 ME9AN875
1 N/A

Anti-rabbit HRP - 1.3 µg 
(1:1000)

-

Millipore DC03L
(AB_437852) - 0.13 mg/mL

Anti-mouse HRP - 0.15 µg 
(1:4000)

- Santa Cruz 
Biotechnology

sc-2005
(AB_631736) B1616 0.4 mg/mL

Anti-mouse-Gold antibody - - N/A (1:10) Sigma-Aldrich G7652
(AB_259958) 127k1520 N/A

Additional File 4: Table S1: Details of antibodies used throughout this study

1 IF, immunofluorescence; IB, immunoblot; EM, electron microscopy; -, not applicable; N/A, 
information not available from manufacturer

2 RRID: Research Resource Identifier



Additional File 6: Table S2: Excitation and emission wavelengths used for detection of 
the different combinations of fluorophores in this study. 

 

Fluorescent dye combination Excitation Emission 
Alexa Fluor 488 473 nm 485-545 nm 
Alexa Fluor 594 559 nm 570-670 nm 
Alexa Fluor 488 473 nm 485-585 nm 
Alexa Fluor 633 635 nm 650-750 nm 

FITC (PNA) 473 nm 485-545 nm 
Alexa Fluor 555 559 nm 570-625 nm 
Alexa Fluor 633 635 nm 655-755 nm 

DyLight 405 405 nm 425-460 nm 
Alexa Fluor 488 473 nm 485-545 nm 
Alexa Fluor 594 559 nm 575-675 nm 

PKH26 559 nm 570-670 nm 



Pixel Intensity (DNM1) Normalized against Pixel Intensity for Tubulin Normalized against 'Sperm only'

Sperm only Sperm+epididymosome Sperm only Sperm+epididymosome Sperm only Sperm+epididymosome
Replicate 1 5805.175 7298.317 0.227401996 0.297481386 1 1.308174032
Replicate 2 12541.853 14770.924 0.594897398 0.683206254 1 1.148443843
Replicate 3 9575.418 12256.054 0.433619643 0.509238783 1 1.174390485

Sperm only Sperm+epididymosome
Mean 1 1.21033612
SEM 0 0.060611467

Additional File 7: Raw data values for experiments in which n < 6 

Figure 6C

Pixel Intesnity (DNM2) Normalized against Pixel Intensity for 
Tubulin Normalized against 'Sperm only'

Sperm only Sperm+epididymosome Sperm only Sperm+epididymosome Sperm only Sperm+epididymosome
Replicate 1 7421.418 7489.468 0.290713935 0.305272753 1 1.050079533
Replicate 2 8624.368 9982.761 0.40907943 0.461737177 1 1.128722549
Replicate 3 7212.974 8824.267 0.326561818 0.366648106 1 1.122752526

Sperm only Sperm+epididymosome
Mean 1 1.100518203
SEM 0 0.030959287

Figure 7B

% Sperm with post-acrosomal biotin labeling % Sperm with post-acrosomal biotin 
labeling

Control mβCD treated Control mβCD treated
Replicate 11 38 22 Mean 37.3333333 22
Replicate 2 40 21 SEM 2.1602469 0.707106781
Replicate 3 34 23

Figure 9C

1 In each repliacte, 100 sperm cells were counted and the number of cells with biotin labeling of the 
post-acrosomal domain recorded 



CHAPTER 5 

 

Characterization of a novel role for the dynamin 

mechanoenzymes in the regulation of human sperm acrosomal 

exocytosis 

 

Published: Molecular Human Reproduction (2017) 23 (10): 657-673 

Authors: Wei Zhou1, Amanda L. Anderson1, Adrian P. Turner2, Geoffry N. De Iuliis1, Adam 

McCluskey3, Eileen A. McLaughlin1,2 and Brett Nixon1* 

 

1Priority Research Centre for Reproductive Biology, School of Environmental and Life Sciences, 
University of Newcastle, Callaghan, NSW 2308, Australia. 

2School of Biological Sciences, University of Auckland, Auckland, New Zealand. 
3 Priority Research Centre for Chemical Biology, School of Environmental and Life Sciences, 

University of Newcastle, Callaghan, NSW 2308, Australia. 

*Correspondence: brett.nixon@newcastle.edu.au 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Iuliis%20GN%5BAuthor%5D&cauthor=true&cauthor_uid=29541061
mailto:brett.nixon@newcastle.edu.au


Chapter 5: Overview 

Following epididymal maturation, mammalian spermatozoa must complete a series of 

biochemical changes during their passage through the female reproductive tract, which 

eventually culminate in the ability to undergo an acrosome reaction; a unique exocytotic 

event that allows sperm to penetrate the outer vestments of the oocyte and initiate 

fertilization. Notably, failure to complete an acrosome reaction represents a common 

aetiology underpinning the defective sperm function witnessed in infertile males. In recent 

studies conducted in the mouse model, our laboratory has firmly implicated the dynamin 

family as important regulators of acrosomal exocytosis. In the studies described in this 

chapter, we aimed to investigate the regulation of human sperm acrosomal exocytosis by the 

dynamin family of mechanoenzymes. 

 In completing these studies, we have provided the first evidence that the three 

canonical dynamin isoforms (DNM1, DNM2, and DNM3) are present in mature human 

spermatozoa. Further, the localization of DNM1 and DNM2 to the peri-acrosomal domain of 

human sperm ideally positions these isoforms to exert regulatory control over acrosomal 

exocytosis. Consistent with such a role, we demonstrate that pharmacological inhibition of 

DNM1 and DNM2 is able to significantly suppress the rates of acrosomal exocytosis 

achieved following progesterone stimulus. In contrast, no such inhibition was observed when 

acrosomal exocytosis was induced via a calcium ionophore, which is capable of bypassing 

physiological control of this exocytotic reaction. The importance of such findings was further 

emphasized by the apparent reduction in DNM2 recorded among poor quality sperm that 

were refractory to the induction of a progesterone-stimulated acrosome reaction. In addition 

to providing important mechanistic insight into the control of human sperm acrosomal 

exocytosis, this study identifies dynamin (i.e. dynamin 2) as a potential biomarker of male 

fertility with important diagnostic implications for the stratification of infertility patients into 

appropriate therapeutic options.  
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STUDY QUESTION: Does dynamin regulate human sperm acrosomal exocytosis?

SUMMARY ANSWER: Our studies of dynamin localization and function have implicated this family of mechanoenzymes in the regulation
of progesterone-induced acrosomal exocytosis in human spermatozoa.

WHAT IS KNOWN ALREADY: Completion of an acrosome reaction is a prerequisite for successful fertilization in all studied mammalian
species. It follows that failure to complete this unique exocytotic event represents a common aetiology in the defective spermatozoa of male
infertility patients that have failed IVF in a clinical setting. Recent studies have implicated the dynamin family of mechanoenzymes as important
regulators of the acrosome reaction in murine spermatozoa. The biological basis of this activity appears to rest with the ability of dynamin to
polymerize around newly formed membrane vesicles and subsequently regulate the rate of fusion pore expansion. To date, however, the
dynamin family of GTPases have not been studied in the spermatozoa of non-rodent species. Here, we have sought to examine the presence
and functional significance of dynamin in human spermatozoa.

STUDY DESIGN, SIZE, DURATION: Dynamin expression was characterized in the testis and spermatozoa of several healthy normo-
zoospermic individuals. In addition, we assessed the influence of selective dynamin inhibition on the competence of human spermatozoa to
undergo a progesterone-induced acrosome reaction. A minimum of five biological and technical replicates were performed to investigate
both inter- and intra-donor variability in dynamin expression and establish statistical significance in terms of the impact of dynamin inhibition.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The expression and the localization of dynamin in the human testis, epididy-
mis and mature spermatozoa were determined through the application of immunofluorescence, immunoblotting and/or electron micros-
copy. Human semen samples were fractionated via density gradient centrifugation and the resultant populations of good and poor quality
spermatozoa were induced to capacitate and acrosome react in the presence or absence of selective dynamin inhibitors. The acrosome integ-
rity of live spermatozoa was subsequently assessed via the use of fluorescently conjugated Arachis hypogea lectin (PNA). The influence of
dynamin phosphorylation and the regulatory kinase(s) responsible for this modification in human spermatozoa were also assessed via the use
of in situ proximity ligation assays and pharmacological inhibition. In all experiments, ≥100 spermatozoa were assessed/treatment group and
all graphical data are presented as the mean values ± SEM, with statistical significance being determined by ANOVA.

MAIN RESULTS AND THE ROLE OF CHANCE: Dynamin 1 (DNM1) and DNM2, but not DNM3, were specifically localized to the
acrosomal region of the head of human spermatozoa, an ideal position from which to regulate acrosomal exocytosis. In keeping with this
notion, pharmacological inhibition of DNM1 and DNM2 was able to significantly suppress the rates of acrosomal exocytosis stimulated by
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progesterone. Furthermore, our comparison of dynamin expression in good and poor quality spermatozoa recovered from the same ejacu-
late, revealed a significant reduction in the amount of DNM2 in the latter subpopulation of cells. In contrast, DNM1 was detected at equiva-
lent levels in both subpopulations of spermatozoa. Such findings are of potential significance given that the poor quality spermatozoa proved
refractory to the induction of a progesterone stimulated acrosome reaction. In seeking to identify the regulatory influence of progesterone on
DNM2 function, we were able to establish that the protein is a substrate for CDK1-dependent phosphorylation. The functional significance
of DNM2 phosphorylation was illustrated by the fact that pharmacological inhibition of CDK1 elicited a concomitant suppression of both
DNM2-Ser764 phosphorylation and the overall rates of progesterone-induced acrosomal exocytosis.

LARGE SCALE DATA: N/A.

LIMITATIONS REASONS FOR CAUTION: This was an in vitro study performed mainly on ejaculated human spermatozoa. This experi-
mental paradigm necessarily eliminates the physiological contributions of the female reproductive tract that would normally support capacita-
tion and acrosomal responsiveness.
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bution of dynamin dysregulation as an underlying aetiology in infertile males whose spermatozoa are unable to penetrate the zona pellucida.
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Introduction
In all mammalian species that have been studied, completion of an
acrosome reaction is accepted as a prerequisite for successful fertiliza-
tion in vivo (Florman et al., 2004; Avella and Dean, 2011). This unique
exocytotic process is initiated by multiple fusion events between the
outer acrosomal membrane and the overlying plasma membrane
(Barros et al., 1967). As this wave of vesiculation spreads across the
anterior region of the sperm head, it facilitates the destablization of
the acrosomal structure, formation of hybrid membrane vesicles and
the concomitant release of acrosomal contents (Barros et al., 1967).
This, in turn, enables sperm penetration of the resilient zona pellucida
matrix, and provides the cell with access to the oocyte plasma mem-
brane. Recent work has drawn into question the long held view that
the acrosome reaction proceeds in an ‘all or none’ manner, with accu-
mulating evidence suggesting that the process may instead comprise
several intermediate phases, each with their own set of functional con-
sequences (Buffone et al., 2012, 2014). Irrespective of this, several fea-
tures of acrosomal exocytosis, including the relatively slow kinetics at
which it proceeds, underscore the highly specialized nature of this
secretory process and the prospect that is governed by complex
molecular mechanisms (Belmonte et al., 2016).

In keeping with this notion, the capacity to complete a physiological
acrosome reaction necessitates that spermatozoa have first completed
a process of functional maturation, known as capacitation, during their
ascent of the female reproductive tract (Stival et al., 2016). Among the
many biochemical and biophysical changes that accompany capacita-
tion, the sperm membrane becomes increasingly fusogenic, owing to
alterations in its lipid architecture and the release of decapacitation fac-
tors (Nixon et al., 2006; Aitken and Nixon, 2013). These combined
events serve to modulate intracellular ion concentrations leading to
hyperpolarization of the sperm plasma membrane and triggering com-
plex signalling cascades that culminate in increased protein phosphoryl-
ation (Visconti et al., 2011). While these processes prime the cell for
completion of an acrosome reaction, the precise physiological stimulus

responsible for the induction of this exocytotic event remains a matter
of some controversy (Buffone et al., 2014). Indeed, the long held view
that zona pellucida ligands act as the key stimulus for induction of acro-
somal exocytosis have recently been drawn into question (Baibakov
et al., 2007) in favour of alternative models, which suggest that the tim-
ing of the acrosomal exocytosis may actually precede that of zona
adhesion (Inoue et al., 2011). Such timing may account for the ability
of progesterone, a signalling molecule that sperm encounter within the
oviduct prior to zona adhesion, to elicit the induction of acrosomal
exocytosis in various species, including the human (Meyers et al., 1995;
Meizel et al., 1997; Thérien and Manjunath, 2003). Progesterone, in
turn, reportedly acts via its ability to modulate an increase in cytosolic
Ca2+ levels (Blackmore et al., 1990).

The impetus for further investigation of the regulation of acrosomal
exocytosis in human spermatozoa stems, at least in part, from the rec-
ognition that a failure to complete this event represents a relatively
common aetiology associated with the defective spermatozoa of male
infertility patients. Indeed, diagnosis of sperm dysfunction suggests that
such a defect may account for almost one-third of all cases of failed IVF
in couples seeking recourse to assisted reproductive programs due to
male factor infertility (Muller, 2000; Liu and Baker, 2003). Notably,
these patients commonly present with otherwise normal semen char-
acteristics, suggesting that the defect may be associated with the
molecular machinery responsible for the control of acrosomal exocyt-
osis rather than overt morphological defects in their spermatozoa.
While such machinery is undoubtedly complex, our recent work in the
mouse model has raised the prospect that the dynamin family of
mechanoenzymes may hold a critical role in the regulation of the acro-
some reaction (Reid et al., 2012; 2015).

The dynamin family of proteins comprise a group of large GTPases
that have been extensively researched in the context of their ability to
manipulate membrane vesicles during the combined processes of
endo- and exo-cytosis (Shpetner and Vallee, 1989; Williams and Kim,
2014; Jackson et al., 2015). Such functions are largely attributed to the
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ability of dynamin to self-oligomerize into cylindrical helices around the
neck of nascent vesicles (Antonny et al., 2016). In one of the most
widely accepted models of dynamin action, GTP hydrolysis subse-
quently drives conformational changes that lead to constriction of
both the polymer and the membrane beneath, thus promoting vesicle
scission and release from the parent membrane (Morlot and Roux,
2013). It has also been shown that dynamin has the ability to regulate
the rate of fusion pore expansion between the membranes and newly
formed vesicles, thus controlling the amount of cargo released from
the vesicles (Anantharam et al., 2011; Jackson et al., 2015). Such a
model is in keeping with the protracted timeframe, and progressive
release, of the acrosomal contents that have been documented during
acrosomal exocytosis in mammalian spermatozoa (Buffone et al.,
2014; Belmonte et al., 2016).

The existence of three canonical dynamin members (DNM1,
DNM2 and DNM3), as well as several dynamin-like proteins, has been
recorded in mammalian species (Antonny et al., 2016). Being encoded
by three different genes, DNM1, DNM2 and DNM3 are characterized
by differential patterns of expression within distinct tissues of the
body. In this context, DNM1 is predominantly found in the central ner-
vous system (Ferguson et al., 2007), DNM2 is ubiquitously expressed
throughout the body (Cook et al., 1994) and DNM3 appears to reside
mainly in the brain and testis (Cao et al., 1998). Studies conducted in
our own, and independent laboratories, have recently begun to
explore the expression and functional significance of dynamin in the
male reproductive tract of murine models (Iguchi et al., 2002; Lie et al.,
2006; Kusumi et al., 2007; Vaid et al., 2007; Zhao et al., 2007; Reid
et al., 2012; 2015; Redgrove et al., 2016; Zhou et al., 2017). Thus,
prominent expression of DNM2 has been documented in the mouse
testes where the protein appears to localize to developing germ cells
(Redgrove et al., 2016). Accordingly, conditional ablation of the Dnm2
gene leads to the complete arrest of spermatogenesis and a corre-
sponding phenotype of male infertility (Redgrove et al., 2016). DNM1
has been identified in mouse germ cells where it appears to be
restricted to the developing acrosome of round spermatids (Reid
et al., 2012). However, unlike Dnm2, the targeted ablation of Dnm1
did not precipitate overt changes in germ cell development or male
infertility (Redgrove et al., 2016). In contrast, DNM3 expression within
the testis appears to have minimal overlap with the germ cell popula-
tion (Vaid et al., 2007; Reid et al., 2012). Importantly in the context of
this study, we have also shown that both DNM1 and DNM2, but not
DNM3, are retained in mature mouse spermatozoa where they co-
localize within the peri-acrosomal region of the sperm head (Reid
et al., 2012). From this position, DNM1 and DNM2 appear to exert an
important regulatory influence over acrosomal exocytosis, such that
their selective pharmacological inhibition significantly compromises the
ability of mouse spermatozoa to complete a progesterone-induced
acrosome reaction (Reid et al., 2012). In agreement with such findings,
independent research has shown the DNM2 also forms productive
interactions with complexin I (Zhao et al., 2007), an important elem-
ent of the SNARE family of proteins that themselves have been impli-
cated in regulation of acrosomal exocytosis (Buffone et al., 2014).
Accordingly, this interaction has been mapped to the acrosomal region
of mouse spermatozoa (Zhao et al., 2007).

Notwithstanding promising data generated thus far in rodent mod-
els, to the best of our knowledge, there is presently no research dir-
ectly exploring the presence and/or functional significance of dynamin

isoforms in human spermatozoa. Thus, the aim of this study was to
characterize the expression pattern of the canonical dynamin family
members (DNM1, DNM2 and DNM3) in the human testis and ejacu-
lated spermatozoa, as well as assess their potential role in the regula-
tion of acrosomal exocytosis in our own species.

Materials andMethods

Ethics statement
The experiments described in this study were conducted with human semen
samples obtained with informed written consent from a panel of healthy nor-
mozoospermic donors (University student volunteers) assembled for the
Reproductive Science Group at the University of Newcastle. All experiments
were performed in accordance with protocols approved by the University of
Newcastle Human Research and Ethics Committee.

Reagents
Unless specified, chemical regents were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and were of molecular biology or research grade. Rabbit
polyclonal antibody against dynamin 1 (ab108458) was purchased from
Abcam (Cambridge, England, UK); goat polyclonal antibody against dynamin
2 (sc-6400) and IZUMO1 (sc-79 543), mouse monoclonal antibody against
CDC2 (CDK1) (sc-54) and rabbit polyclonal antibody against CDK5
(sc-173) were from Santa Cruz Biotechnology (Dallas, TX, USA); rabbit
polyclonal anti-dynamin 2 (PA5-19 800) and sheep polyclonal anti-phospho-
dynamin 1 (Ser-778) antibodies were from Thermo Fisher Scientific (Eugene,
OR, USA); rabbit polyclonal antibody against dynamin 3 (14 737-1-AP) was
purchased from Proteintech Group (Chicago, IL, USA); mouse monoclonal
antibody against α-tubulin (T5168) was from Sigma-Aldrich. Alexa Fluor
594-conjugated goat anti-rabbit, donkey anti-goat and goat anti-mouse,
Alexa Fluor 488-conjugated donkey anti-sheep and goat anti-rabbit were all
purchased from Thermo Fisher Scientific. Anti-rabbit immunoglobulin G
(IgG) conjugated to horse radish peroxidase (HRP) was supplied by Millipore
(Chicago, IL, USA) and anti-sheep IgG-HRP was supplied by Abcam. Full
details of the primary and secondary antibodies are also provided in
Supplementary Table S1. Bovine serum albumin (BSA) was purchased from
Research Organics (Cleveland, OH, USA). D-glucose was supplied by Ajax
Finechem (Auburn, NSW, Australia). Percoll, HEPES and nitrocellulose were
from GE healthcare (Buckinghamshire, England, UK). Precast 4–20% poly-
acrylamide gels were purchased from Bio-Rad Laboratories (Gladesville,
NSW, Australia). Minicomplete protease inhibitor cocktail tablets were sup-
plied by Roche (Sandhoferstrasse, Mannheim, Germany). Mowiol 4–88 was
from Calbiochem (La Jolla, CA, USA), paraformaldehyde (PFA) was
obtained from ProSciTech (Thuringowa, QLD, Australia). Human testis lys-
ate was purchased from Santa Cruz Biotechnology. CDK1 inhibitor
(217 695) was from Millipore. Dynamin inhibitors, Dynasore and Dyngo 4a
were purchased from Tocris Bioscience (Bristol, England, UK) and Abcam,
respectively. Dyngo-⊖ (an inactive chemical analogue of both the Dynasore
and Dyngo 4a inhibitors) was generated in our laboratory as previously
described (McCluskey et al., 2013).

Human semen analysis
All semen samples used in this study were assessed according a specialized
methodological checklist (Björndahl et al., 2015). Briefly, semen samples
were collected following sexual abstinence of at least 2 days. After collec-
tion, all samples were kept at 37°C and were de-identified prior to delivery
to the laboratory except for assignment of a unique identification number.
Sample analysis was initiated after completion of liquefaction and within 1 h
of ejaculation. At least 100 cells were assessed in each of two duplicates
for determination of cell motility, viability and morphology, with at least
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five microscope fields of view being examined in each duplicate count.
Sperm morphology was assessed in accordance with WHO criteria
(World Health Organization, 2010) in the absence of papanicolaou, Shorr
or Diff-Quik staining using ×400 magnification and bright field microscopy
(Olympus CX40, Olympus, Sydney, Australia). Motility assessment was
performed using phase contrast microscope optics (×400 magnification),
with cells being classified as either motile (i.e. sperm that displayed any
form of motility ranging from rapid progressive to non-progressive) or
immotile. The aliquot of semen used for assessment of sperm concentra-
tion was sampled using a positive displacement pipette with care taken to
avoid the introduction of bubbles during aspiration. No assessment of anti-
sperm antibodies was performed, however, all samples were free of
abnormal clumping (aggregates and agglutinates) and the presence of
excessive inflammatory cells (<1 million/ml). No biochemical markers for
prostatic, seminal vesicle or epididymal secretions were analysed owing to
our focus on spermatozoa.

Human spermatozoa preparation and
capacitation
Human semen samples were fractionated over a discontinuous Percoll
density gradient (comprising 40 and 80% Percoll suspensions) by centrifuga-
tion at 500 × g for 30 min (Redgrove et al., 2012). After centrifugation, two
fractions comprising the interface of the 40 and 80% Percoll suspensions
and the pellet at the base of the 80% Percoll suspension were collected indi-
vidually prior to being resuspended in a non-capacitating (non-cap) formula-
tion of Biggers, Whitten and Whittingham medium (BWW) (Biggers et al.,
1971) containing 1 mg/ml polyvinyl alcohol (PVA) but prepared without
HCO3

−(osmolarity of 290–310mOsm/kg) (Bromfield et al., 2015a). A sub-
set of these cells were assessed for motility and concentration while the
remainder were washed by centrifugation at 500 × g for 15min. The sperm
cells collected from the base of the 80% Percoll suspension are nominally
referred as ‘good quality’ or ‘mature’ spermatozoa, whereas those parti-
tioning at the 40/80% Percoll interface are referred to as ‘poor quality’
spermatozoa (Aitken et al., 1993). Unless otherwise stated, good quality
spermatozoa were used throughout our experiments following their resus-
pension in medium appropriate to experimental requirements.

To induce capacitation in vitro, spermatozoa were incubated in a formula-
tion of BWW (91.5mM NaCl, 4.6 mM KCl, 1.7 mM CaCl22 H2O, 1.2 mM
KH2PO4, 1.2 mM MgSO47 H2O, 25mM NaHCO3, 5.6 mM D-glucose,
0.27mM sodium pyruvate, 44mM sodium lactate, 5 U/ml penicillin, 5 mg/ml
streptomycin, 20 mM HEPES buffer, 1 mg/ml PVA (substituted for BSA;
osmolarity of 290–310 mOsm/kg), 3 mM pentoxifylline and 5 mM dibutyr-
yl cyclic adenosine monophosphate) that has previously been optimized
for the induction of human sperm capacitation as assessed via tyrosine
phosphorylation status, zona pellucida-binding competence and, import-
antly in the context of this study, the ability to complete an acrosome reaction
(Mitchell et al., 2007). Where indicated, the capacitating medium was supple-
mented with either dimethyl sulfoxide (DMSO) (vehicle control), Dynasore,
Dyngo 4a or Dyngo-⊖. Spermatozoa were incubated at a concentration of 10
× 106 cells/ml at 37°C under an atmosphere of 5% CO2:95% air for 3 h with a
gentle inversion every 30min to prevent settling of the cells (Mitchell et al.,
2007; 2008; Redgrove et al., 2011). After incubation, spermatozoa were pre-
pared for assessment of their capacity to undergo an acrosomal reaction utiliz-
ing the assay protocols outlined below.

Acrosomal reaction assays
Following appropriate incubation, spermatozoa (non-capacitated, capaci-
tated, dynamin inhibited or Dyngo-⊖ treated) were induced to acrosome
react by supplementation of media with either 2.5 μM A23187 for 30 min
or 15 μM progesterone (pH 7.00–7.05) for 2 h in the presence of dynamin

inhibitors or vehicle controls prepared at the same concentration as uti-
lized during the initial capacitation incubation. The spontaneous rates of
acrosome loss were assessed via the inclusion of a capacitated sperm con-
trol group (designated Cap control), which were prepared under identical
incubation conditions with the exception that they did not receive an
A23187 or progesterone stimulus. At the completion of this induction per-
iod, sperm motility and viability were assessed (Bromfield et al., 2015a) to
ensure neither parameter was compromised by any of the treatments.
The cells were then incubated in pre-warmed hypo-osmotic swelling med-
ia (HOS; 0.07% w/v sodium citrate; 1.3% w/v fructose) for another
30 min at 37°C. After being fixed in 4% PFA, spermatozoa were aliquoted
onto 12-well slides, air-dried and permeabilized with ice cold methanol for
10 min. Cells were then incubated with fluorescein isothiocyanate (FITC)-
conjugated PNA (1 μg/μl) at 37°C for 15 min, and the acrosomal status of
viable cells (possessing coiled tails as a result of incubation in HOS
medium) were verified using fluorescence microscopy (Zeiss Axio Imager
A1, Jena, Thuringia, Germany). The wavelengths of the microscopic filters
used for excitation and emission were 474 and ~527 nm.

Immunofluorescent localization
Human testis and epididymis sections used in this study were kindly pro-
vided by Dr Zhuo Yu of Shanghai Jiaotong University. These tissues were
collected from donors diagnosed with prostatic carcinoma but showing
normal morphology of both the testis and epididymis. Tissues were fixed
in fresh Bouin’s solution, embedded in paraffin and sectioned at 5 μm
thickness. Embedded tissue was dewaxed, rehydrated and then subjected
to antigen retrieval as previously reported (Zhou et al., 2017). After being
blocked with 3% BSA/phosphate-buffered saline (PBS) at 37°C for 1 h,
slides were incubated with primary antibodies at 4°C overnight (for spe-
cific dilution rates of all antibodies see Supplementary Table S1). After
three washes in PBS, slides were incubated with appropriate Alexa Fluor
conjugated secondary antibodies at 37°C for 1 h. Following additional
washes, slides were incubated with PNA at 37°C for 15 min and counter-
stained with nuclear dyes; propidium iodide (5 μg/ml) or 4′,6-diamidino-2-
phenylindole (2 μg/ml). Slides were then washed and mounted with a 10%
Mowiol 4–88 with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5% 1, 4-diaza-
bicyclo-(2.2.2)-octane (DABCO). Staining patterns were recorded using
fluorescence microscopy (Zeiss Axio Imager A1). The wavelengths of the
microscopic filters used for excitation and emission were 474 nm and
~527 nm (Alexa Fluor 488 and propidium iodide), and 585 nm and
~615 nm (Alexa Fluor 594). Alternatively, confocal microscopy (Olympus
IX81) was used for detection of fluorescent-labelling patterns using excita-
tion and emission filters of wavelength 473 nm and 485–545 nm (Alexa
Fluor 488), and 559 nm and 570–670 nm (propidium iodide).

For immunofluorescent staining of human spermatozoa, cells were fixed
in 4% (w/v) PFA for 15 min at room temperature, washed in 0.05 M gly-
cine/PBS and settled onto poly-L-lysine treated coverslips at 4°C over-
night. For detection of the CDK1 kinase, cells were then subjected to
antigen retrieval via immersion in 100 mM Tris, 5% urea (pH 9.5) at 90°C
for 10 min (Reid et al., 2015) and permeabilized with 0.1% Triton X-100
for 10 min. For detection of all other proteins, spermatozoa were permea-
bilized with ice cold methanol for 10 min (no antigen retrieval required).
Following PBS washes, cells were blocked with 3% BSA/PBS and immuno-
labelled as described for human testis and epididymis slides.

Electron microscopy
Human spermatozoa were fixed in 4% (w/v) PFA containing 0.5% (v/v)
glutaraldehyde. Cells were then processed via dehydration, infiltration and
embedding in LR White resin. Sections (80 nm) were cut with a diamond
knife (Diatome Ltd, Bienne, Switzerland) on an EM UC6 ultramicrotome
(Leica Microsystems, Vienna, Austria) and placed on 200-mesh nickel
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grids. Subsequent washes were performed using PBS containing 1% foetal
calf serum (FCS). After being blocked with 10% FCS + 1% cold water fish
gelatin in PBS (30 min), sections were incubated with primary antibodies
overnight at 4°C. An appropriate secondary antibody conjugated to 10 nm
(anti-goat) gold particles was incubated on grids for 90 min at room tem-
perature. Sections were counterstained in 2% (w/v) uranyl acetate.
Micrographs were taken on a Tecnai 12 transmission electron microscope
(FEI Company) at 120 kV.

SDS-PAGE and immunoblotting
Protein was extracted from human spermatozoa via boiling in SDS extrac-
tion buffer (0.375 M Tris pH 6.8, 2% w/v SDS, 10% w/v sucrose, protease
inhibitor cocktail) at 100°C for 5 min. Insoluble material was removed by
centrifugation (17 000 × g, 10 min, 4°C) and soluble protein remaining in
the supernatant was quantified using a BCA protein assay kit (Thermo
Fisher Scientific). Extracellular vesicles were isolated from seminal plasma
using an optimized OptiPrep density gradient protocol (Reilly et al., 2016)
and proteins were extracted and quantified as described for human sperm
samples. Equivalent amounts of protein (10 μg) were boiled in SDS-PAGE
sample buffer (2% v/v mercaptoethanol, 2% w/v SDS, and 10% w/v
sucrose in 0.375 M Tris, pH 6.8, with bromophenol blue) at 100°C for
5 min, prior to be resolved by SDS-PAGE (150 V, 1 h) and transferred to
nitrocellulose membranes (350 mA, 1 h). Similar protocols were also used
in order to prepare human testis protein (sc-363 781) for immunoblotting.
Membranes were then blocked and incubated with appropriate antibodies
raised against target proteins by using optimized conditions as previous
described (Zhou et al., 2017). Briefly, blots were washed three times ×
10 min with either PBS supplemented with 0.5% (v/v) Tween-20 (PBST)
(dynamin 1), or Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST)
(dynamin 2, dynamin 3, dynamin pSer778 and α-tubulin), before being
probed with appropriate HRP-conjugated secondary antibodies (see
Supplementary Table S1). After three additional further washes, labelled
proteins were detected using an enhanced chemiluminescence kit (GE
Healthcare). Where appropriate labelled protein band intensity was deter-
mined by densitometry using Image J-win64 software (Gassmann et al.,
2009; Xia et al., 2016).

Immunoprecipitation
Capacitated spermatozoa were progesterone treated for 1 h. After treat-
ment, cell lysis was performed on a total population of ~100 × 106 cells in
200 μl cell lysis buffer (10 mM CHAPS, 10 mM HEPES, 137 mM NaCl and
10% glycerol supplemented with a protease inhibitor cocktail) at 4°C for
2 h. Following centrifugation (15 000 × g, 4°C for 10 min), the supernatant
containing soluble protein was transferred to a clean tube and precleared
by incubation with 50 μl aliquots of a protein G Dynabead slurry at 4°C for
30 min. A total of 3 μg of anti-DNM2 antibody was then added to the pre-
cleared cell lysate followed by overnight incubation at 4°C with constant
rotation. At the completion of this incubation period, protein G
Dynabeads were added and the suspension returned to rotation for a fur-
ther 30 min at 4°C to facilitate the precipitation of target antigens. The
beads were subsequently washed three times in PBS, prior to resuspension
in SDS loading buffer and boiling for 5 min to elute target proteins. These
proteins were then subjected to immunoblotting with either anti-DNM2
or anti-DNM1 serine-778 antibodies.

Duolink proximity ligation assay
Human spermatozoa were prepared for Duolink in situ proximity ligation
assays (PLAs) as previously described. In brief, capacitated populations
of human spermatozoa were incubated in the presence or absence of
progesterone (15 μM) for 1 h. Non-capacitated cells were incubated for

the same time period in non-cap BWWmedium alone. Following incuba-
tion, sperm motility and viability were recorded and the cells were then
fixed, washed and settled onto poly-L-lysine treated coverslips at 4°C
overnight. After antigen retrieval and permeabilization (see immunofluor-
escence; all antibodies used for PLA were first assessed via immunofluor-
escence for compatibility of antigen retrieval conditions), PLA labelling
was conducted according to the manufacturers’ instructions (OLINK
Biosciences, Uppsala, Sweden) using pairs of primary antibodies compris-
ing anti-CDK1 and anti-DNM2, anti-CDK1 and anti-DNM1 or anti-CDK1
and anti-IZUMO1 (irrelevant antibody control). Appropriate synthetic
oligonucleotide-conjugated secondary antibodies (OLINK Biosciences)
were subsequently applied for incubation at 37°C 1 h. After ligation and
amplification, sperm cells were viewed using fluorescence microscopy
(Zeiss Axio Imager A1). In this assay, target proteins residing within a
maximum distance of 40 nm from each other are detected via the gener-
ation of foci of red fluorescent dots. A threshold of three or more fluores-
cent foci within the sperm head was set for the recording of positive PLA
signals (Bromfield et al., 2015b). Using this criterion, a total of 100 sperm-
atozoa were assessed per sample (n = 5) and the percentage of PLA posi-
tive cells was recorded.

Statistics
Experiments reported in this study were repeated on at least five unique
biological samples, with each sample representing semen collected from
a single healthy normozoospermic donor. For the purpose of assessing
acrosome reaction status and dynamin labelling profiles, ≥100 sperm-
atozoa were counted in each sample and the corresponding percentage
of acrosome reacted or positively labelled cells, respectively were
determined dividing by the total number of cells counted. Graphical
data are presented as the mean values ± SEM, which were calculated
from the variance between samples. Statistical significance was deter-
mined by using an ANOVA.

Results

Detection of dynamin isoforms in human
testis and mature spermatozoa
The presence of the three canonical dynamin isoforms (DNM1,
DNM2 and DNM3) was assessed in lysates prepared from human tes-
tis and ejaculated spermatozoa. For this purpose, testis lysate was pur-
chased from a commercial source (Santa Cruz Biotechnology) and
Percoll fractionated spermatozoa were isolated from the semen of at
least five donors of known fertility. In the case of DNM1, a predomin-
ant band of the anticipated size (~100 kDa) was detected in the
mature sperm lysate (Fig. 1A). Notably however, an equivalent protein
was not detected in human testis lysate (Fig. 1A). To discount the pos-
sibility of protein degradation within the testis lysate, these samples
were further assessed by stripping of the membranes and re-probing
with anti-α-tubulin antibody. This approach confirmed both the integ-
rity of the testis protein sample and the equivalent protein loading
achieved between testis and sperm lysates. To address the alternative
possibility of relatively low DNM1 expression in human testes, the
quantity of testis protein was increased three fold (i.e. 30 μg versus
10 μg for sperm lysate) but there was no associated increase in the
detection of DNM1 (data not shown).

The detection of a doublet of around 100 kDa for DNM1 in sperm
lysates (Fig. 1A, arrowheads) also prompted a further investigation of
the potential for this band to represent a phosphorylated form of the
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protein. For this purpose, additional immunoblotting was conducted
on the same homogenates of mouse brain (a tissue in which abundant
phosphorylated DNM1 is present), and human spermatozoa using an
antibody that detects phosphorylated DNM1 serine-778. Labelling
with this antibody was restricted to the higher molecular weight band
(Fig. 1A, arrows) potentially indicating that the basal level of DNM1
phosphorylation differs depending on the tissue from which the pro-
tein is isolated.

Notwithstanding some minor cross-reactivity, dominant protein
bands corresponding to those of the predicted size for DNM2 and
DNM3 (also ~100 kDa) were detected in both the human testis and
sperm lysates (Figs 1B and 1C, arrowheads). In all cases, an additional
positive control consisting of mouse brain lysate was subsequently
probed for DNM1, DNM2 and DNM3, revealing the labelling of the
same size band in this tissue (Fig. 1).

Immunolocalization of dynamin isoforms
in human testis
In view of the detection of dynamin expression in the human testis
and/or sperm lysates, we next sought to investigate the specific local-
ization of these enzymes within histological sections of human testes.
Immunofluorescence was applied in this study in combination with a
peanut agglutinin (PNA) counterstain of the developing sperm acro-
some (Mortimer et al., 1987), and representative micrographs illustrat-
ing the expression patterns of dynamin are shown in Fig. 2. Consistent
with the immunoblotting of testis lysate, immunofluorescence failed to
reveal any significant DNM1 expression in human testis sections
(Fig. 2A–C). The absence of DNM1 labelling persisted despite the
application of a variety of antigen retrieval techniques in combination
with trials to optimize incubation time and antibody concentration
(data not shown). These data contrast those obtained for DNM2
immunolabelling, with distinct fluorescence foci being readily detected

for DNM2 in the developing germ cell population of the human testes.
While the quality of the testis sections precluded the precise deter-
mination of the temporal expression of DNM2, spatially, the protein
was clearly co-localized with PNA in round and elongating spermatids
(Fig. 2E–G). Such findings implicate DNM2 in acrosomal biogenesis
during the later stages of the spermatogenic cycle. Additional DNM2
immunofluorescence was also detected, albeit considerably weaker,
within the Sertoli cells of the seminiferous tubules. In the case of
DNM3, a punctate pattern of localization was observed throughout
the seminiferous tubules and, whilst this labelling did appear in the
vicinity of the developing germ cells (Fig. 2I-K), we failed to detect any
direct co-localization of DNM3 and PNA in germ cell populations.
These later findings agree with those reported in the mouse testis
(Reid et al., 2012), and suggest that DNM3, like that of DNM1, is
unlikely to participate in the morphogenesis of the acrosomal vesicle in
human spermatozoa. The specificity of all immunolabelling studies was
confirmed through the inclusion of negative controls comprising sec-
ondary antibodies only (Fig. 2D, H, L) and anti-dynamin antibodies
that had been pre-absorbed with excess immunizing peptide (where
available, Supplementary Fig. S1A). As anticipated, none of these con-
trols revealed any labelling of testis sections.

Immunolocalization of dynamin isoforms
in human spermatozoa
Immunofluorescent localization of dynamin was also performed on the
isolated spermatozoa of normozoospermic donors (Fig. 3). In order to
account for the possibility of either inter- and intra-donor variability in
dynamin expression, these studies were conducted on spermatozoa
obtained from at least five different donors, as well as on the sperm-
atozoa purified from multiple ejaculates obtained from the same
donor, respectively. Among the notable findings from this analysis was
the detection of strong DNM1 labelling throughout the entire

Figure 1 Identification of dynamin isoforms in human testis and sperm lysates. Human testis and sperm lysates were analysed for the presence of
(A) dynamin 1 (DNM1), (B) dynamin 2 (DNM2) and (C) dynamin 3 (DNM3) using standard immunoblotting protocols. Mouse brain tissue homoge-
nates were resolved alongside the human samples as a positive control for dynamin expression. After initial dynamin labelling, blots were stripped and
re-probed with anti-α-tubulin antibody to confirm equivalent protein loading of each sample. (A) The detection of a doublet of ~100 kDa for DNM1
(arrowheads) prompted a further investigation of the potential for post-translational phosphorylation of this isoform. For this purpose, anti-phospho-
DNM1-778 antibody was used to probe the same samples of mouse brain and human sperm lysates, revealing positive labelling of the higher molecular
weight band (arrows). These experiments were repeated on spermatozoa obtained from five different healthy normozoospermic donors and repre-
sentative immunoblots are shown. In contrast, testicular lysates were obtained from a commercial supplier and represent material prepared from a sin-
gle healthy donor.
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spermatozoon (Fig. 3A). Importantly, this pattern of localization was
present in virtually all cells examined, irrespective of whether they
were sourced from multiple ejaculates of the same, or different,
donors (Fig. 3D and E). While such results clearly contrast those
obtained in human testis sections (Fig. 2A–C), they nevertheless
accord with the positive DNM1 protein band labelled in human sperm
lysates (Fig. 1A). Since spermatozoa leaving the testis are incapable of
either gene transcription or protein translation, such findings raise the
prospect that DNM1 may be acquired by spermatozoa from the
external environment in which they are bathed during their functional
maturation in the epididymis.

To begin to investigate this possibility, human epididymal sections
were subjected to immunofluorescence labelling under identical condi-
tions to those described for the testes. This analysis revealed positive
DNM1 staining throughout the cytoplasm of the epithelial cells lining
the epididymal duct (Supplementary Fig. S2A). Additional labelling was
also detected in the lumen of the epididymis and, at least a portion of
this, was found to co-localize with sperm heads (Supplementary Fig.
S2A). Although we failed to source a reliable supply of human epididy-
mal fluid, we were able to detect a positive signal for DNM1 by
immunoblotting of whole seminal fluid (Supplementary Fig. S2B).

A similar DNM1 band was also present in fractionated seminal
fluid samples prepared using an OptiPrep density gradient proto-
col that has been optimized for the isolation of extracellular vesi-
cles (Supplementary Fig. S2B). While further experimentation is
required before definitive conclusions can be drawn, such data offer
tentative support for the delivery of DNM1 to maturing human
spermatozoa during their post-testicular maturation.

Similar to DNM1, DNM2 was also readily detected in human
spermatozoa. In this case however, the most common pattern of
labelling placed DNM2 in the sperm head and the mid-piece of their
flagellum, with essentially no labelling being detected in the principal-
piece of the flagellum (Fig. 3B, F and G). The labelling of DNM2 in the
head was further verified by electron microscopy, which demon-
strated positive immunogold labelling within the acrosomal domain
(Supplementary Fig. S3). In contrast with DNM2, only very weak
DNM3 staining was recorded in human spermatozoa. In the majority
of cells, this labelling appeared restricted to the mid-piece of the fla-
gellum, but in ~20% of the population it was accompanied by add-
itional labelling within the sperm head (Fig. 3C, H and I). Such weak
labelling of DNM3 raises the prospect that DNM1 and/or DNM2 fulfil
the predominant functional role(s) of dynamin in mature spermatozoa.

Figure 2 Immunofluorescence detection of dynamin isoforms within the human testis. Antibodies against (A, B and C) DNM1, (E, F and G)
DNM2 and (I, J and K) DNM3 were used to determine the localization of these proteins (red) in human testis sections. These sections were subse-
quently counterstained with PNA (green) and DAPI to reveal the acrosome, and the cell nuclei (blue) of developing germ cells, respectively. For clarity,
the structure of seminiferous tubules has been outlined. Among the three dynamin isoforms examined, only DNM2 was found to co-localize with the
developing acrosomal vesicle. (D, H and L) The specificity of antibody labelling was confirmed through the inclusion of negative controls (Neg) in
which antibody buffer was substituted for the primary antibody. These experiments were replicated on material from three human donors and repre-
sentative immunofluorescence images are shown. Insets are of equivalent sections shown at higher magnification.
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In all cases, dynamin labelling was highly reproducible and displayed
minimal variation among the biological replicates examined. Similarly,
the inclusion of negative controls in which spermatozoa were incubated
with either secondary antibodies only (Fig. 3A–C, insets) or anti-
dynamin antibodies that had been pre-absorbed with excess immuniz-
ing peptide (where available, Supplementary Fig. S1B) also supported
the specificity of the immunofluorescent staining we documented
across these samples.

Inhibition of dynamin 1 and 2 suppresses the
induction of acrosomal exocytosis in vitro
The localization of DNM1 and DNM2 in the anterior region of the
head of mature human spermatozoa ideally positions these two iso-
forms to participate in the regulation of acrosomal exocytosis, consist-
ent with the putative function of the enzymes in mouse spermatozoa
(Reid et al., 2012). We therefore investigated whether pharmaco-
logical inhibition of DNM1 and DNM2 could compromise the in vitro
induction of acrosomal exocytosis in human spermatozoa. However,
prior to implementing these experiments, we first sought to optimize

an assay capable of eliciting an acrosome reaction independent of the
use of a calcium ionophore. For this purpose, capacitated populations
of human spermatozoa were primed with progesterone during incuba-
tion in capacitating BWW media formulated to encompass the pH
range of 6.4–7.8. Live cells were subsequently assessed for their acro-
somal status by labelling with FITC-conjugated PNA, with those cells
displaying curled tails (induced by incubation in HOS medium) and
green fluorescence over the complete peri-acrosomal domain being
classified as acrosome intact (Cheng et al., 1996). In contrast, acro-
some reacted spermatozoa were defined as those in which PNA was
either absent or restricted to the equatorial domain (Cheng et al.,
1996; Esteves et al., 1998). By imposing these criteria, we consistently
achieved optimal acrosome reaction rates in BWW with a pH of
7.00–7.05 (Supplementary Fig. S4).

Using these optimized conditions, populations of human spermato-
zoa were found to be significantly inhibited in their capacity to undergo
a progesterone-induced acrosome reaction if capacitation medium
was supplemented with the dynamin inhibitors of Dynasore or Dyngo 4a
(Fig. 4A, P < 0.05), compared to spermatozoa from the capacitated +
vehicle (DMSO) control group. The inclusion of Dyngo-⊖, an inactive

Figure 3 Immunofluorescence detection of dynamin isoforms within human spermatozoa. Antibodies against (A) DNM1, (B) DNM2 and (C)
DNM3 were used to determine the localization of these proteins (red), in mature human spermatozoa. The acrosomal domain of these cells was sub-
sequently counterstained with PNA (green). Higher magnification images of the dominant labelling patterns for each antibody are depicted on the right
of panels (A), (B) and (C), Neg, Negative control (secondary antibody only). (D–I) The distinct labelling patterns for each dynamin isoform were quan-
tified, with 100 cells being examined per sample. These studies were replicated with spermatozoa isolated from three different ejaculates of the same
donor (D, F andH) or single ejaculates from each of six different donors (E,G and I).
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chemical analogue of Dynasore and Dyngo 4a, did lead to a modest sup-
pression of acrosome reaction rates. Importantly however, this reduc-
tion did not prove to be significantly different from that of either of the
positive control treatment groups (capacitated ± DMSO), but did differ
significantly (P < 0.05) compared to both Dynasore and Dyngo 4a
groups, thus precluding the possibility of non-specific pharmacological
inhibition.

The selectivity of inhibition was reinforced by the demonstration
that neither Dynasore nor Dyngo 4a could prevent the induction of
acrosomal exocytosis by the calcium ionophore, A23187. Indeed, no
significant differences were recorded in levels of A23187 induced acro-
some reaction rates among the capacitated populations of spermato-
zoa treated with either Dynasore, Dyngo 4a, Dyngo-⊖ or DMSO
(Fig. 4B). Further, neither of the dynamin inhibitors nor the inactive
isoform control had a detrimental impact on sperm viability, which
consistently remained above 75% in all treatment groups. In the case
of Dyngo 4a, we did record a modest reduction in overall sperm motil-
ity (Supplementary Fig. S5). However, an equivalent reduction in
sperm motility was not observed in the cells treated with Dynasore.
Overall, these results are consistent with our previous reports of the
response of mouse spermatozoa to dynamin inhibition (Reid et al.,
2012), indicating a conserved relationship between the activity of this
enzyme and the ability of spermatozoa to undergo a progesterone-
induced acrosome reaction.

Comparison of dynamin expression in
populations of good and poor quality human
spermatozoa
The ability to modulate acrosomal responsiveness in human spermato-
zoa through selective inhibition of dynamin prompted a more detailed
evaluation of this enzyme in good and poor quality human sperm cells.

To achieve this, semen samples from healthy normozoospermic indivi-
duals were fractionated via Percoll density gradient centrifugation into
two discrete populations, referred to as a poor quality fraction (i.e.
spermatozoa that partitioned at the interface of the 40–80% Percoll
suspension) and a good quality fraction (i.e. high quality spermatozoa
that pelleted at the base of 80% Percoll suspension). These two popu-
lations of human spermatozoa have been well characterized in previ-
ous reports and shown to possess significant differences in
morphology (P < 0.03), motility and competence to fuse with the
oolemma (P < 0.001) (Aitken et al., 1993). The presence of contamin-
ating cellular debris, immature germ cells and other components
within the poor quality fraction precluded the use of immunoblotting
to accurately determine the relative amount of the dynamin isoforms
in each subpopulation of spermatozoa. Thus, immunofluorescence
was applied with a view to determining the percentage of spermatozoa
harbouring DNM1 and DNM2 within the anterior head.

As illustrated in Fig 5A and B, a similar proportion of spermatozoa
displayed DNM1 head labelling irrespective of whether they were
recovered from the poor or good quality subpopulations. In marked
contrast, a dramatic underrepresentation of DNM2 was recorded in
spermatozoa that partitioned into the lower quality subpopulation.
Notably, this highly significant reduction in DNM2 labelling was
restricted to the sperm head, with the majority of these cells retaining
DNM2 labelling in the mid-piece of their flagellum (Fig. 5C and D).

To begin to explore the functional consequences of reduced DNM2
expression in the head of poor quality spermatozoa, we compared the
ability of our subpopulations to undergo an acrosome reaction in
response to either a progesterone or calcium ionophore (A23187)
stimulus. This analysis was again conducted using FITC-PNA labelling
to assess acrosomal integrity and only live spermatozoa (possessing
coiled tails as a result of incubation in HOS medium) were counted.
Consistent with the reduction of DNM2 in the sperm head, those cells

Figure 4 Examination of the effect of dynamin inhibition on the ability of human spermatozoa to engage in acrosomal exocytosis. PNA staining was
applied to record the acrosomal status of viable spermatozoa from each of several treatment groups. Cells were induced to acrosome react via either
a (A) progesterone (15 μM) or (B) calcium ionophore (A23187, 2.5 μM) stimulus. (A) A significant reduction in the number of acrosome reacted cells
was observed in the presence of dynamin inhibitors (Dynasore or Dyngo, 10 μM) when compared to treatment with either the vehicle control
(DMSO) or an inactive isoform control (Dyngo-⊖). (B) No such reduction was detected when acrosomal exocytosis was induced via A23187 chal-
lenge. Five biological replicates were conducted for each experiment and the results are presented as the means ± S.E.M. ***P < 0.001; ****P < 0.0001
compared to vehicle control (DMSO).
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that were separated into the poor quality fraction proved entirely
refractory to progesterone stimulus (Fig. 5E). Notably, the highly sig-
nificant diminution in the response of these poor quality cells occurred
despite the apparent retention of DNM1 in the sperm head (Fig. 5A
and B). It also contrasted with the results obtained with the good qual-
ity subpopulation, over 35% of which were induced to acrosome react
following progesterone challenge (Fig. 5E). Importantly, this lack of
responsiveness was restricted to progesterone-induced acrosome
reactions, such that no equivalent decrease was observed following
exposure to calcium ionophore (A23187) (Fig. 5F).

CDK1 regulates the human sperm acrosome
reaction through dynamin phosphorylation
It is well established that dynamin function is regulated through alter-
nating cycles of phosphorylation/de-phosphorylation. We therefore
sought to investigate if DNM1 and DNM2 activity in human spermato-
zoa is also regulated through phosphorylation. Specifically, we focused
on the characterization of CDKs (CDK1 and CDK5), serine/threonine
kinases that reportedly target DNM2 Ser-764 and DNM1 Ser-778 for

phosphorylation in somatic cells (Tan et al., 2003; Chircop et al.,
2011). Through the use of immunofluorescence labelling, we found
CDK1 was detected in the peri-acrosomal region of the human sperm
head (Fig. 6A). In contrast, CDK5 displayed a restricted profile of
localization within the mid-piece of the flagellum with no accompany-
ing head labelling being detected irrespective of the functional status
(non-capacitated, capacitated and progesterone treated) of the sperm
samples analysed (Fig. 6B illustrates the representative labelling detected
in non-capacitated spermatozoa). This raises the possibility of CDK1
targeting the substrates of DNM1 and/or DNM2 in the peri-acrosomal
domain.

An in situ PLA was therefore employed to assess the co-localization
of DNM1/DNM2 and CDK1 using the criterion of ≥3 punctate red
fluorescent spots within the sperm head as a threshold for positive
PLA labelling (Bromfield et al., 2015b) (Fig. 7). The combination of
anti-CDK1 and anti-DNM2 antibodies, generated positive PLA signals
that were primarily distributed over the anterior region of the sperm
head. Although the percentage of CDK1/DNM2 PLA positive cells did
not change following the induction of capacitation, it was significantly
increased (from ~5 to ~30%, P < 0.01) upon the receipt of a

Figure 5 Comparison of dynamin expression in populations of good and poor quality human spermatozoa. Two subpopulations comprising good
and poor quality spermatozoa were generated via Percoll density gradient centrifugation of semen from the same donor. (A and B) Immunolabelling of
DNM1 revealed an equivalent staining pattern in both good and poor quality subpopulations of mature spermatozoa. (C and D) By contrast, immuno-
labelling of DNM2 demonstrated an apparent reduction in the amount of this protein in the head of poor quality spermatozoa (arrows) versus that of
the good quality subpopulation of cells. Spermatozoa from each of the two subpopulations were induced to acrosome react with either (E) progester-
one (15 μM) or (F) calcium ionophore (A23187, 2.5 μM) stimulus. (E and F) The poor quality spermatozoa were significantly compromised (P <
0.0001) in their capacity to complete a progesterone, but not an A23187, induced acrosome reaction compared to good quality spermatozoa. Non-
Cap: the spermatozoa in these samples were not capacitated prior to the addition of progesterone or A23187. Cap: the spermatozoa in these samples
were capacitated yet received no additional progesterone or A23187 stimulus. Five biological replicates were conducted with quantification of dynamin
labelling and acrosomal status being performed across 100 cells per sample. Results are presented as the means ± S.E.M. ****P < 0.0001.
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progesterone stimulus. In contrast, minimal PLA labelling was detected
for the combination of anti-CDK1 and anti-DNM1 antibodies irre-
spective of the functional status of the spermatozoa (Fig. 7A, C and
Supplementary Fig. S6). Similarly, the irrelevant combination of anti-
CDK1 and anti-IZUMO1 (Fig. 7B) or anti-DNM1 and anti-BAG6 anti-
bodies (data not shown) also failed to generate positive PLA signals.

Having secured evidence for a putative interaction between CDK1
and DNM2, we next sought to investigate whether pharmacological
inhibition of CDK1 could compromise phosphorylation of DNM2 and
consequently result in reduced rates of acrosomal exocytosis following
progesterone stimulation. Previous reports indicate that the dominant
site for DNM2 phosphorylation site is the residue Ser-764, which is
homologous to the phosphorylation site of Ser-778 in DNM1
(Chircop et al., 2011). Thus, we treated human spermatozoa with
10 μM CDK1 inhibitor (IC50 = 5.8 μM; Andreani et al., (2000)) prior
to assessing DNM1 Ser-778/DNM2 Ser-764 phosphorylation status
with an antibody (anti-DNM1 Ser-778) that also recognizes the phos-
phorylated form of DNM2 Ser-764 residue (Supplementary Fig. S7).
As shown in Fig 8A and B, spermatozoa treated with the CDK1 inhibi-
tor experienced a significant reduction in the levels of phosphorylated
DNM1 Ser-778/DNM2 Ser-764. Importantly, this reduction in
phospho-labelling was restricted to the sperm head, coinciding with
the location of CDK1 (Supplementary Fig. S8), and was not attributed
to the loss of acrosomal contents, which were readily labelled with
PNA in these spermatozoa (Fig. 8C). (Loss of acrosomal contents has
also been associated with loss of DNM1 Ser-778/DNM2 Ser-764 in
the acrosomal region; Supplementary Fig. S9). The impact of CDK1

inhibition also extended to a significant reduction in the rates of acro-
somal exocytosis elicited in response to progesterone challenge (Fig. 8D)
compared to that of the vehicle control (DMSO) group. Taken together,
these data implicate the necessity for dynamin phosphorylation in the
regulatory control of human sperm acrosomal exocytosis.

Discussion
The completion of an acrosome reaction is a prerequisite for success-
ful fertilization and accordingly, failure to complete this unique exocyt-
otic event represents a common aetiology underpinning the defective
sperm function of infertile males (Muller, 2000; Liu and Baker, 2003).
In support of recent studies implicating the dynamin family of mechan-
oenzymes as important regulators of the acrosome reaction in murine
spermatozoa (Reid et al., 2012), we have provided evidence that this
function may also be conserved in the spermatozoa of our own spe-
cies. Specifically, our study has revealed that the canonical dynamin
isoforms of DNM1, DNM2 and DNM3 are each represented among
the proteome of ejaculated human spermatozoa. Further, DNM1 and
DNM2 are ideally positioned within the anterior portion of the sperm
head to enable them to exert an important regulatory influence over
the acrosomal status of human spermatozoa. Accordingly, we report
that the loss, or pharmacological inhibition of this enzyme, is asso-
ciated with a concomitant reduction in the ability of human spermato-
zoa to complete a progesterone-induced acrosome reaction. The
selectivity of such inhibition was supported by absence of an equivalent
impact on acrosomal exocytosis induced by the calcium ionophore,
A23187, which has the ability to bypass key physiological mechanisms
required for acrosomal exocytosis (Buffone et al., 2014).

The presence of dynamin isoforms within human spermatozoa has
previously been recorded among the inventories arising from large
scale proteomic profiling studies of fertile donors (Wang et al., 2013;
Amaral et al., 2014). Indeed, these studies have revealed that human
sperm harbour dynamin 2 and 3, in addition to the dynamin-like iso-
forms such as dynamin 1 like protein, dynamin-like 120 kDa protein
S1. However, to the best of our knowledge, our study represents the
first to confirm the presence of the three canonical dynamin isoforms
and report their spatial expression profiles in the human testis, epi-
didymis and ejaculated spermatozoa. Our findings raise the prospect
that this family of mechanoenzymes may fulfil diverse, yet evolutionary
conserved roles in the support of male germ cell development and
function. Notwithstanding this possibility, we also observed some vari-
ation in the expression patterns of dynamin isoforms anticipated on
the basis of previous observations in rodent models.

One particular curiosity was our inability to detect appreciable
levels of dynamin 1 in human testis sections despite the relatively
strong labelling of the protein in ejaculated spermatozoa (confirmed by
both immunofluorescence and immunoblotting). Among the possible
explanations for this observation is that DNM1 is either unmasked, or
alternatively, uniquely acquired during the post-testicular maturation
of spermatozoa. Arguing against the former explanation is the fact that
we were unable to detect DNM1 in testis sections despite the applica-
tion of a variety of antigen retrieval steps that have previously been
successfully implemented in the mouse (Zhou et al., 2017). Further,
transcript and protein expression data sourced from public databases
(Gene Expression Omnibus profile and the European Bioinformatics
Institute) also indicate that DNM1 is not expressed in the human

Figure 6 Immunofluorescence detection of cyclin dependent
kinases (CDK1 and CDK5) in human spermatozoa. (A) Immunolabel-
ling of human spermatozoa with anti-CDK1 antibodies revealed the
strong labelling of the protein within the acrosomal and mid-piece
domains. (B) Equivalent immunolabelling with anti-CDK5 antibodies
demonstrated a restricted pattern of localization within the mid-piece
of the flagellum and no accompanying head labelling. (A and B) The
specificity of antibody labelling was confirmed through the inclusion of
negative controls (Neg) in which antibody buffer was substituted for
the primary antibody. Three biological replicates were conducted and
representative images are shown.
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testes. On the other hand, the tenet that DNM1 may be transferred
to maturing spermatozoa draws on a wealth of evidence that the
sperm proteome is substantially modified during their transit of the
epididymis (Dacheux et al., 2006, 2016; Sullivan and Mieusset, 2016).
One of the principle mechanisms implicated in this form of intercellular
communication is the interaction formed between spermatozoa and a
population of extracellular vesicles, known as epididymosomes, which
are secreted into the epididymal lumen (Sullivan, 2015). In support of
this mechanism, we detected DNM1 in whole seminal fluid as well as
an extracellular vesicle fraction isolated from this material. While the
validity of this model of DNM1 acquisition awaits further investigation,
the labelling of the protein in the peri-acrosomal domain of ejaculated
spermatozoa suggests that it may work in tandem with DNM2, which
occupies a similar location, to regulate the release of the acrosomal
contents during a progesterone-induced acrosome reaction. Such
functional redundancy is a relatively common feature of dynamin
expression in somatic cells (Altschuler et al., 1998), and is also com-
mensurate with the overall importance of the acrosome reaction in
terms of securing successful fertilization.

Notwithstanding the potential for overlapping function between
DNM1 and DNM2, our collective data lead us to conclude that
DNM2 is likely to fulfil the dominant role in terms of both male germ
cell development and function. Indeed, the conditional ablation of this
ancestral form of the enzyme, which is most closely related to the
dynamin-like proteins detected in lower organisms (Chircop et al.,
2011), leads to a complete arrest of early germ cell development
(Redgrove et al., 2016). In contrast, the loss of DNM1 at a similar stage
of germ cell development had no discernible effect on either germ cell
development or the fertility of the null males (Redgrove et al., 2016). It
is also noted that during latter phases of germ cell development, the
DNM2 protein co-localizes with PNA at a time when Golgi-derived
vesicles begin to fuse to form a single large secretory vesicle that even-
tually gives rise to the acrosome (Kierszenbaum et al., 2003). This
agrees with data implicating DNM2 as a key regulator of newly formed
vesicles and post-Golgi vesicle exocytosis in various somatic cell types
(Jones et al., 1998; Kreitzer et al., 2000; Grimmer et al., 2005; Kessels
et al., 2006; Jaiswal et al., 2009). On the basis of similar patterns of
localization in human testis, it is tempting to suggest that DNM2 may

Figure 7 Analysis of CDK1/dynamin 1 and CDK1/dynamin 2 interaction in human spermatozoa. PLAs were applied to investigate the putative
interaction between CDK1/DNM1 and CDK1/DNM2 in the anterior region of the human sperm head. This assay generates punctate red fluorescent
signals when the targeted pair of proteins reside within a maximum of 40 nm from each other. A threshold of ≥3 red fluorescent spots within the
sperm head was set for recording of positive PLA labelling. For clarity, cells were counterstained with the nuclear stain, DAPI. (A) Representative PLA
images demonstrating that CDK1 resides in close proximity to DNM2, but not DNM1, in the anterior region of the sperm head. (B) The specificity of
this interaction was confirmed through the use of antibodies targeting IZUMO1, a protein that is not expected to be a substrate of CDK1. (C) Data
from this assay were quantified by recording the percentage of PLA positive spermatozoa, with 100 cells being examined per sample. Experiments
were conducted on five biological replicates and the results are presented as the means ± S.E.M. *P < 0.05 compared to progesterone treatment
(CDK1/DNM2).
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fulfil an equivalent role in our species. In a similar vein, the expression
of DNM2 detected within the epididymal epithelium suggests that the
protein may also exert an influence over the secretion of proteins into
the epididymal lumen and, in so doing, influence the maturation of
spermatozoa (Zhou et al., 2017).

The possibility that such functional conservation extends to the con-
trol of mature human spermatozoa is supported by selective pharma-
cological inhibition, which led to a significant reduction in the ability of
these cells to complete an acrosome reaction. However, in seeking to
discern the relative importance of DNM1 and DNM2 in this response,
it is notable that the dynamin inhibitors employed in this study target
both isoforms with equivalent efficacy owing to their selective inhibition
of the GTPase activity of these enzymes (Macia et al., 2006; McCluskey
et al., 2013). Despite this, the importance of DNM2 is underscored by
the dramatic underrepresentation of this isoform, but not DNM1, in
the subpopulation of poor quality spermatozoa recovered from healthy
donors following density gradient centrifugation. Importantly, the
apparent loss of DNM2 was correlated with reduced ability of these

cells to complete a progesterone-induced acrosome reaction. The fact
that these cells retained the competence to complete a calcium iono-
phore induced acrosome reaction, which is relatively forgiving of the
functional status of the cell, indicates that this was not associated with
compromised structural integrity of the acrosomal vesicle. While such
findings would clearly benefit from further validation across an
expanded cohort of patients with zona pellucida penetration defects,
they nevertheless support the importance of the DNM2 in governing
the acrosomal responsiveness of human spermatozoa.

An important caveat to this interpretation is that the putative import-
ance of progesterone as a physiologically relevant stimulus to prime
human spermatozoa for induction of acrosomal exocytosis remains the
subject of active debate (Buffone et al., 2014). Recent evidence mounts
a compelling case in favour of this hypothesis by revealing that proges-
terone can interact either directly (Lishko et al., 2011; Strünker et al.,
2011), or indirectly with CATSPER channels in human spermatozoa
(Miller et al., 2016). In the latter model, it is suggested that progesterone
binds to abhydrolase domain containing 2 (ABHD2). This lipid hydrolase

Figure 8 Pharmacological inhibition of CDK1 reduces dynamin phosphorylation and the ability of human spermatozoa to acrosome react. (A)
Immunoblotting of lysates prepared from human spermatozoa incubated with CDK1 inhibitor (10 μM) revealed a reduction in the progesterone stimu-
lated phosphorylation of DNM1-778/DNM2-764 residues compared to that cells treated with the vehicle alone (DMSO). Blots were stripped and re-
probed with anti-DNM2 antibody to confirm equivalent levels of DNM2 in each sample. (B) The intensity of DNM1-778/DNM2-764 labelling was
quantified by Image J and normalized to DNM2 levels. (C) Immunofluorescent labelling of spermatozoa confirmed that the reduction in DNM1-778/
DNM2-764 phosphorylation was restricted to the anterior (acrosomal) region of the sperm head (coinciding with the location of CDK1). (D) CDK1
inhibition also led to a significant reduction (P < 0.01) in the number of acrosome reacted cells following treatment with progesterone when compared
to the vehicle only control (DMSO). All experiments were conducted on five biological replicates and the results are presented as the means ± S.E.M.
***P < 0.001; ****P < 0.0001 compared to DMSO vehicle control.
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is highly expressed in human spermatozoa where it is responsible for the
degradation of endocannabinoid 2-arachidonoylglycerol (2AG), and
hence its depletion from the plasma membrane. Since 2AG inhibits
CATSPER, its progesterone-dependent removal (Miller et al., 2016)
serves to modulate intracellular calcium levels as necessitated for the
induction of acrosomal exocytosis (Beltrán et al., 2016). However, the
fact that both CATSPER channels and ABHD2 are restricted to the fla-
gellum of human spermatozoa (Lishko et al., 2011; Strünker et al., 2011;
Miller et al., 2016) raises the question of whether the CATSPER initiated
calcium fluxes could be propagated to the anterior region of the sperm
head. Tentative support for this model rests with the demonstration
that mouse spermatozoa challenged with solubilised ZP proteins
responded via the propagation of a CATSPER-dependent calcium wave
that progressed from the flagellum toward the head (Ren and Xia,
2010). An alternative possibility is that progesterone could induce acro-
somal exocytosis via interaction with progesterone receptors (Aquila
and De Amicis, 2014) that are known to be located in the mid-piece/
neck region of human spermatozoa (Thomas et al., 2009). A further
consideration is the prospect that the spermatozoa of different species
may respond differently to progesterone stimulus. For instance, unlike
their human counterparts, the CATPSER harbored by mouse spermato-
zoa is reportedly refractory to progesterone stimulus. Similarly, 2AG is
removed from the plasma membrane of mouse spermatozoa prior to
their completion of epididymal transit (Miller et al., 2016). Despite this,
mouse spermatozoa do retain the capacity to respond to progesterone
through induction of an acrosome reaction (Osman et al., 1989).

Irrespective of the pathways employed, our data emphasize the
importance of downstream events tied to progesterone stimulus via
the demonstration that dynamin phosphorylation can promote the
induction of acrosomal exocytosis in the spermatozoa both humans
and mice. Indeed, in our hands progesterone challenge led to an
increase in phosphorylation of DNM1 Ser-778/DNM2 Ser-764 in
human spermatozoa. The consequences of the phosphorylation of
these dynamin residues has been studied extensively in the context of
membrane remodelling and vesicle scission in somatic cells. In neural
tissue, replacement of DNM1 and DNM3 with DNM1 dephospho- or
phospho-mimetic mutations can either accelerate or decelerate the
endocytotic process (Armbruster et al., 2013). Similarly, DNM2 phos-
phorylation in endothelial cells has proven to be essential for scission
of caveolae (Shajahan et al., 2004). In our own studies, we have previ-
ously reported a substantive increase in dynamin phosphorylation in
the peri-acrosomal region of mouse spermatozoa following progester-
one challenge (Reid et al., 2012). On the basis of these data we
hypothesized that dynamin phosphorylation may slow the rate of
expansion and/or stabilize the formation of fusion pores between the
outer acrosomal membrane and plasma membrane thereby prolong-
ing the exocytosis process consistent with the protracted kinetics of
this unique secretory process. Our data from this study suggest that
dynamin phosphorylation may also play a pivotal role in the modula-
tion of its function in human spermatozoa. Further work is now
needed to reconcile the differences in progesterone action in the
spermatozoa of these two species.

In order to initiate these studies, we sought to identify the kinase
responsible for dynamin phosphorylation, with our data revealing that
CDK1 is a likely candidate in the phosphorylation of DNM2, but not
DNM1, within the acrosomal region of progesterone stimulated sperm-
atozoa. This result is consistent with independent studies identifying

CDK1 as the principle kinase responsible for DNM2 phosphorylation in
somatic cells and in mouse germ cells (Chircop et al., 2011; Ferguson and
De Camilli, 2012; Redgrove et al., 2016). While we sought to confirm
the CDK1/DNM2 interaction using reciprocal co-immunoprecipitation,
regrettably this interaction proved recalcitrant to this strategy irrespective
of whether CDK1 or DNM2 were used as the bait. Among the possible
explanations, we consider that the transient nature of the kinase/sub-
strate interaction, which is typically measured in milliseconds, precluded
the capture of this event. Nevertheless, we did confirm that CDK1 co-
localizes with DNM2 in the anterior region of the sperm head and that
the selective inhibition of this kinase suppressed the ability of these cells
to respond to progesterone challenge in terms of both DNM2 phosphor-
ylation (at Ser-764) and acrosomal exocytosis. In accounting for these
findings, it is noteworthy that dynamin phosphorylation is known to regu-
late the enzymes GTPase activity and hence the scission of vesicles in
neuronal tissues (Robinson et al., 1993). These findings encourage specu-
lation of a causative link between the suppression of DNM2 Ser-764
phosphorylation and the GTPase-dependent conformational change in
the protein that putatively regulates acrosomal exocytosis. However, we
are cognizant that CDK1 has the potential to phosphorylate multiple sub-
strates (Ubersax et al., 2003) and we remain uncertain what, if any, role
(s) these additional targets have in the regulation of sperm function; thus,
these data must be interpreted with caution.

In summary, the collective findings described in this, and our preced-
ing studies of dynamin function, lead us to propose that this family of
mechanoenzymes may hold conserved roles in the regulation of several
aspects of male fertility. Chief among these are the support of acrosome
formation during germ cell development and the regulated exocytotic
release of the acrosomal contents that precedes fertilization. Such activ-
ity appears to be intimately tied to the phosphorylation status of the
protein, with our current study identifying CDK1 as a key regulatory
kinase in the phosphorylation of DNM2. Our study has also provided
evidence that the underrepresentation of DNM2 is associated with
poor quality spermatozoa that fail to complete acrosomal exocytosis.
Although the causative nature of these phenomenon awaits further
investigation, this study stimulates further research into the potential of
dynamin as a novel molecular target to assist with diagnosis of male
infertility and the establishment of discrete criteria for the stratification
of infertility patients into appropriate therapeutic options.
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online.
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Chapter 5: Supplementary material 

Supplementary Figure S1 Examination of the specificity of anti-dynamin 2 
antibody localisation patterns. Representative immunofluorescence images 
indicate that DNM2 is (A) localised to the developing sperm acrosome in testicular 
tissue (arrowheads), and to the (B) corresponding anterior region of the mature 
sperm head (arrowheads). (A and B) Both of these localisation patterns were 
abolished following pre-absorption of the antibody with excess immunizing peptide 
(+IP). (B) In contrast an additional focus of mid-piece labelling that was detected in 
mature spermatozoa persisted despite the pre-absorption of the anti-DNM2 antibody 
with immunizing peptide, suggesting that this is non-specific. (A) DAPI and (A and 
B) PNA were used to counterstain cells to and detect nuclei (blue) and acrosome, 
respectively. For clarity, the peripheral structure of seminiferous tubules are outlined 
with dotted lines. 



Supplementary Figure S2 Detection of dynamin 1 in the human epididymis. (A) The 
localisation of DNM1 (arrows) was examined in human epididymal sections by sequential 
labelling with anti-DNM1 antibody and propidium iodide (PI, red). Epithelial cells lining 
the epididymal duct and spermatozoa within the epididymal lumen were found to both 
display DNM1 labelling. Representative negative control (Neg, secondary antibody only) 
images are included to demonstrate the specificity of antibody labelling. ep, epithelial 
cells; sp, sperm; int, interstitium; l, lumen. (B) Immunoblotting was also employed to 
detection the presence of DNM1 in whole seminal fluid as well as an extracellular vesicle 
fraction isolated from seminal fluid via Optiprep density gradient centrifugation. 

Supplementary Figure S3 
Immunogold labelling of dynamin 2 
in head of human spermatozoa. 
Electron microscopy was used in 
conjunction with immunogold 
secondary antibody to investigate the 
ultrastructural localisation of DNM2 
in the acrosomal domain of human 
spermatozoa. No equivalent labelling 
was observed in the negative control 
samples (Neg) probed with secondary 
antibody only. 



Supplementary Figure S4 Optimisation of a robust, progesterone-
induced acrosome reaction assay via manipulation of the pH (6.4 - 
7.8) of the BWW incubation medium. (A) Acrosome reaction rates 
were found to be consistently elevated in BWW with an adjusted pH of 
7.00 - 7.05; thus, these condition were applied for all subsequent 
acrosome reaction assays. (B) Representative images illustrative of the 
PNA labelling criteria used to determine acrosome status; a complete 
absence PNA labelling, or restriction of PNA labelling to the equatorial 
domain, was used define acrosome reacted sperm cells. Three biological 
replicates were conducted.  



Supplementary Figure S5 Effect of pharmacological inhibitors on sperm 
motility. (A and B) Of all the pharmacological inhibitors used in this study, only 
Dyngo 4a (10 µM) was found to have a significant negative impact on human 
sperm motility (P < 0.05) compared to DMSO vehicle control. Importantly, this 
reduction in motility was not accompanied by an equivalent reduction in cell 
vitality, which remained above 75% in all treatment groups. ≥ 5 biological 
replicates were conducted and quantification of results are presented as the means 
± S.E.M. *, P < 0.05.  



Supplementary Figure S6 Analysis of CDK1/dynamin 1 and 
CDK1/dynamin 2 interaction in human spermatozoa. Representative cell 
population images were shown.  



Supplementary Figure S7 Confirmation that anti-DNM1-Ser778 antibody also 
recognises phosphorylated DNM2-Ser764. An immunoprecipitation strategy with anti-
DNM2 antibody was used to pull-down DNM2 from sperm lysates. Captured protein were 
eluted from protein G beads and immunoblotting was used to detect DNM2 and DNM2-
Ser764 by anti DNM2 and DNM1-Ser778 antibodies. Alongside with elution are 
antibody-only control (Ab control), bead-only control (Bead control), progesterone treated 
sperm lysate (Input) and precleared control (Preclear), Mouse brain lysate was used as 
positive control to indicate the location of the band.  

Supplementary Figure S8 Colocalisation of CDK1 and phospho-DNM1-778/DNM2-
764 in capacitated populations of human spermatozoa treated with progesterone. 
Representative immunofluorescence images depicting spermatozoa positively labelled 
with anti-CDK1 (red) and anti-phospho-DNM1-778/DNM2-764 antibodies. Co-
localisation of the target antigens was detected in the anterior region of the sperm head 
(arrows) and the neck/mid-piece of the flagellum. 



Supplementary Figure S9 Colocalisation of phospho-DNM1-778/DNM2-764 and PNA 
in capacitated populations of human spermatozoa treated with progesterone. 
Representative immunofluorescence images depicting spermatozoa positively labelled with 
PNA in the acrosomal region.  These acrosome intact cells were also positively labelled 
with anti-DNM1-778/DNM2-764 antibodies (arrow). In contrast, the loss of acrosomal 
contents (denoted by an absence of PNA labelling, arrow heads) was accompanied by a 
reduction/loss of anti-DNM1-778/DNM2-764 antibody labelling within this domain. 
Negative control: secondary antibody only.  



Antibody Final concentration1 Company Catalogue No. Batch No. 
Concentrat
ion (stock) 

Primary antibodies IF IB EM         

Dynamin 1 20 µg/ml 1 µg/ml NA Abcam ab108458 GR107528-1 1 mg/ml 

Dynamin 2 4 µg/ml NA 2 µg/ml  Santa Cruz sc-6400 #L0712 0.2 mg/ml 

Dynamin 2 NA 0.27 µg/ml NA Thermo PA5-19800 #QK2113152 0.27 mg/ml 

Dynamin 3 3 µg/ml 0.15 µg/ml NA Proteintech 14737-1-AP NA 0.15 mg/ml 

Dynamin pSer778  57.8 µg/ml 5.78 µg/ml NA Thermo PA1-4621 QJ2096151 5.78 mg/ml 

CDC2 (CDK1) 4 µg/ml NA NA Santa Cruz sc-54 K1915 0.2 mg/ml 

CDK5 4 µg/ml NA NA Santa Cruz sc-173 A2513 0.2 mg/ml 

IZUMO1 4 µg/ml NA NA Santa Cruz sc-79543 #B1309 0.2 mg/ml  

α-Tubulin  NA 1.9 µg/ml  NA Sigma T5168 103M4773V 5.7 mg/ml 

Secondary antibodies 

Anti rabbit Alexa Fluor 594 5 µg/ml NA NA Thermo A11012 1608464 2 mg/ml 

Anti rabbit Alexa Fluor 488 5 µg/ml NA NA Thermo A11008 1678787 2 mg/ml 

Anti goat Alexa Fluor 594 5 µg/ml NA NA Thermo A11058 1180089 2 mg/ml 

Anti sheep Alexa Fluor 488 5 µg/ml NA NA Thermo A11015 1567206 2 mg/ml 

Anti mouse Alexa Fluor 594 5 µg/ml  NA NA Thermo A11005 1219862 2 mg/ml 

Anti rabbit HRP NA 0.13 µg/ml  NA Millipore DC03L NA 0.13 mg/ml 

Anti mouse HRP  NA 0.1 µg/ml NA Santa Cruz  sc-2005 B1616 0.4 mg/ml 

Anti sheep HRP NA 2 µg/ml  NA Abcam Ab6747 GR238704-1 2 mg/ml 

Gold label anti Goat 10 nm   NA NA NA Sigma G5402 SLBP7446V NA 

PLA probe anti-Mouse PLUS NA NA NA Sigma PUO92001 A43902/1 NA 

PLA probe anti-Goat MINUS NA NA NA Sigma PUO92006 A43108/1 NA 

PLA probe anti-Rabbit PLUS NA NA NA Sigma PUO92002 A51303/1 NA 

PLA probe anti-Mouse MINUS NA NA NA Sigma PUO92004 A32705 NA 

Supplemental Table S1 Details of antibodies used throughout this study 

1 IF, immunofluorescence; IB, immunoblot; EM, electron microscopy, NA, not applicable / not available   



Checklist for acceptability of studies based on human semen analysis 

Patients 

•  × For clinical studies: The patient population (e.g. patients, volunteers, students) has been declared in 

the manuscript, together with the recruitment method and inclusion and exclusion criteria. If the study 

concerns couples being investigated for infertility then the following must be specified in the manuscript: 

fertility status of female partner; and primary, secondary or other level of investigation of the man. 

•  × If used in the manuscript, the term ‘male factor’ must be completely defined.   

General aspects 

•  × Patients were instructed to maintain 2–7 days of sexual abstinence before collecting a sample for 

investigation.  ≥ 2 days 

•  × Patients were informed about the importance of reporting any missed early ejaculate fractions, and 

men's answers were noted on the laboratory form.  Verbal confirmation 

•  × For specimens not collected at the laboratory, patients were instructed to avoid cooling or heating of 

the semen sample during transport to the laboratory.  

•  × Samples were kept at 37°C before initiation of and during the analysis in case of sperm motility 

assessment.  

•  □ For samples collected adjacent to the laboratory, analysis was initiated after completion of 

liquefaction and within 30 min after ejaculation.  Analysis was commenced within 1 h after ejaculation 

•  □ Liquefaction was first checked within 30 min after ejaculation.  Liquefaction was checked within 1 h 

after ejaculation 

•  × Volume was determined either by weighing or using a wide-bore volumetric pipette. 

•  × Viscosity was measured using either a wide-bore pipette or a glass rod. Wide-bore pipette 

•  × All staff members who performed the analyses have been trained in basic semen analysis (ESHRE 

Basic Semen Analysis Course—or equivalent—and further in-house training) and participate regularly in 

internal quality control.  

•  × If more than one method can be recommended for a particular characteristic (e.g. to measure 

volume), only one should be used in a given study.  

Sperm concentration assessment 

•  × Semen aliquot to be diluted for sperm concentration assessment was taken with a positive 

displacement pipette (i.e. a ‘PCR pipette’) using a recommended diluent (state which diluent: 0.37% 

paraformaldehyde, 0.6M NaHCO3 in Milli-Q dH2O).  



•  × Only standard dilutions were used (1:50, 1:20, or 1:10). 1:20 

•  × Sperm concentration was assessed using haemocytometers with improved Neubauer ruling. 

•  × Haemocytometers were allowed to rest for 10–15 min in a humid chamber to allow sedimentation 

of the suspended spermatozoa onto the counting grid before counting.   

•  × Sperm counting was done using phase contrast microscope optics (200–400×). 

•  × Comparisons were made between duplicate counts, and counts re-done when the difference 

exceeded the acceptance limits.   

•  □ Typically at least 200 spermatozoa were counted in each of the duplicate assessments. ≥ 100 

Sperm motility assessment  

•  × Motility assessments were performed at 37°C ± 0.5°C. 

•  × Motility assessments were done using phase contrast microscope optics (200–400×).  

•  □ Sperm motility was classified using a four-category scheme: rapid progressive, slow progressive, 

non-progressive, and immotile (World Health Organization, 1999; Björndahl et al., 2010; Barratt et al., 

2011).  

•  × Motility assessments were done in duplicate and compared; counts were re-done on new 

preparations when the difference between duplicates exceeded the acceptance limits.  

•  × The wet preparation was made with a drop of _10__ µl and a _22_ × _22_ mm coverslip to give a 

depth of __~20_ µm (must be at least 10 µm, but not too deep so as to allow spermatozoa to move freely 

in and out of focus; typically ca. 20 µm).  

•  □ At least 200 spermatozoa were assessed in each duplicate motility count. ≥ 100 

•  × At least 5 microscope fields of view were examined in each duplicate count.  

Sperm vitality assessment 

•  × A validated supravital staining, appropriate to the type of microscope optics utilized, was used to 

assess sperm vitality. 

•  □ At least 200 spermatozoa were evaluated in each sample. ≥ 100 

•  □ Assessments were done under high magnification (×1000–1250) using a 100× high resolution oil 

immersion objective and bright field microscope optics (Köhler illumination). 40 × objective; × 400 

magnification  

Sperm morphology assessment  

•  × Tygerberg Strict Criteria were used for the evaluation of human sperm morphology. 



Note: Another classification could be used for scientific studies with specific aims if the classification is 

described or referenced. Depending on the aim of the study, the evaluation of particular abnormal forms 

might be useful. Reference: WHO laboratory manual for human semen analysis with no staining being 

applied. 

•  □ Abnormalities are recorded for all four regions of the spermatozoon (head, neck/midpiece, tail and 

cytoplasmic residue) and the Teratozoospermia Index or ‘TZI’ was calculated (Björndahl et al., 

2010; Barratt et al., 2011).  

•  □ If the laboratory claims to use Tygerberg Strict Criteria for the evaluation of human sperm 

morphology, then the laboratory must participate in an external quality assurance scheme to verify that its 

assessments comply with these criteria. 

•  □ The Papanicolaou staining method adapted for the assessment of human sperm morphology was 

used. For specific aims other staining methods could be used, but must then be declared and explained. 

•  □ At least 200 spermatozoa were assessed in each ejaculate. ≥ 100 

•  □ Assessments were done under high magnification (×1000–1250) using a 100× high resolution oil 

immersion objective and bright field microscope optics (Köhler illumination). 40 × objective; × 400 

magnification  

Other findings 

•  × The presence of abnormal clumping (aggregates and agglutinates) was recorded. 

•  × Abnormal viscosity was recorded.   

•  × The presence of inflammatory cells was recorded and reported if more than 1 million/ml. 

•  □ For the purpose of classifying infertility status (World Health Organization, 2010), antisperm 

antibodies were examined with a validated screening test (state which method was used: 

________________).  

Analysing data 

•  × The actual duration of sexual abstinence (in ‘hours’ or ‘days’) was recorded for each sample and 

included in the data reported in the manuscript. ≥ 2 days 

•  × As a minimum in clinical studies, semen volume, sperm concentration, total number of 

spermatozoa/ejaculate, and abstinence time are given to reflect sperm production and output; only samples 

identified as having been collected completely can be included in the study.  

•  × Confounding factors have been considered for statistical analysis: e.g. abstinence time and age, to 

evidence secular or geographical variations in sperm concentration or sperm count.  



•  □ If appropriate, optional biochemical markers for prostatic, seminal vesicular and epididymal 

secretions were analysed and reported both as concentration and total amount.  

•  □ Signs of active infection/inflammation were noted and considered in the analysis of data in the 

study (e.g. inflammatory cells, impaired sperm motility, possibly also antisperm antibodies and reduction 

of secretory contributions). 
 



CHAPTER 6: FINAL DISCUSSION AND FUTURE 
RESEARCH DIRECTIONS 

 
The functional development of mammalian sperm is an exceptionally complex process that is 

initiated with the testes but overtly influenced by their subsequent exposure to the extrinsic 

milieu within both the male and female reproductive tracts. While a focus for studies of 

sperm function has been identifying the proteomic components responsible for promoting 

their motility and ability to interact with the oocyte, comparatively less is known about the 

regulatory mechanisms responsible for creation of the epididymal microenvironment or those 

that allow efficient transferral of proteins and other macromolecular cargo to the maturing 

cell. Improved understanding in this area has potential benefits in terms of informing novel 

approaches for fertility intervention. Accordingly, my PhD project has focused on dynamin, a 

protein family with well-characterized roles in the control of membrane trafficking events. 

Indeed, the overarching hypothesis that was tested is that the dynamin family of enzymes 

regulate multiple aspects of sperm maturation and function.  

During my candidature, I firstly characterized the localization of three dynamin 

isoforms in the mouse epididymis (Chapter 3). Our data suggest that, instead of overlapping 

localization, each isoform displays unique patterns of distribution. Notably, dynamin 2 

strongly co-localizes with the Golgi apparatus of principal cells within zones 2 to 5 (i.e. the 

caput segment) of the epididymis. Such a finding is of interest as this epididymal segment is 

not only most active in terms of protein secretion, but it also coincides with the region in 

which sperm acquire the potential to display forward progressive motility and to recognize 

the zona pellucida [1-3]. Implicating dynamin in these processes, we were able to 

demonstrate that pharmacological inhibition of dynamin led to reduced protein secretion by 

an in vitro caput epididymal cell line. There are a number of potential strategies to build on 

these observations and further explore the functionality of dynamin in regulating the 

epididymal microenvironment in vivo. Chief among these would be the use of a conditional 

knockout strategy to selectively ablate the dynamin 2 gene in the principal epithelial cells of 

the caput epididymis. Ideally, this knockout mouse model would incorporate the use of 

Cre/lox recombination driven by a Lcn5 promotor [4], which directs the segment-specific 

expression of Cre recombinase in caput epididymis of transgenic mice. An additional 

important property of the Lcn5 promoter is that it has a relatively late onset of expression, 
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Figure 1: Examination of the effect of GW4869 on the ability 
of mECap18 cells to secrete epididymosomes. An equivalent 
number of mECap18 cells were seeded into flasks containing 
FBS free culture medium supplemented with either GW4869 (5 
µM or 10 µM) or the DMSO vehicle for 24 h. After treatment, an 
equivalent volume of conditioned medium was collected from 
each treatment group and prepared for exosome isolation. 
Enriched populations of epididymosomes were lysed and 
resolved on SDS-PAGE gels in preparation for immunoblotting 
with anti-FLOT1 antibody (epididymosome marker; arrow) to 
compare the relative amount of exosomes isolated under 
different culturing conditions.   

thus making it an ideal choice to reduce the likelihood of unwanted developmental defects 

brought about by elimination of dynamin 2 during epididymal differentiation [4]. Access to 

the Lcn5-Cre transgenic mice has been approved by Prof Zhang and studies are currently 

being planned to utilize this model to directly address the question of whether dynamin 2 is 

involved in regulating the caput epididymal environment and its downstream effects on 

sperm functionality. 

 As a complementary approach, we have also begun to explore the possibility of using 

microinjection methods to directly deliver dynamin inhibitors into the epididymis via the 

efferent ducts. Similar methods are well established for the retrograde transplant of 

spermatogonial stem cells into the testis [5] and have also proven to be applicable for the 

introduction of reagents into the epididymal lumen [6]. An advantage of this approach is that 

it is permissive of direct assessment of the impact of dynamin inhibition on sperm 

functionality; with endpoint analyses focusing on sperm motility and ability to bind to the 

zona pellucida. As an alternative to dynamin inhibition, this strategy could also be used to 

introduce reagents such as N-SMase inhibitor GW4869 into the epididymal lumen and 

thereby focus on the contribution of epididymosomes to sperm functionality [7]. Indeed, the 

GW4869 reagent has been used extensively to inhibit neutral sphingomyelinases, and thus 

exosome production and secretion, in a variety of somatic cells [8, 9]. In proof-of-concept 

pilot studies, we have shown exosome secretion by the mECap18 cell line can be suppressed 

in a dose-dependent manner via pre-treatment with GW4869 (Figure 1). Importantly, our 

unpublished data indicates that the exosomes harvested from the mECap18 cell line possesses 

virtually identical physical properties to those epididymosomes harvested from the caput 

epididymis. Thus, the combination of selective dynamin and exosome inhibition should 



enable us to determine the precise role of membrane trafficking / extracellular vesicles in 

promoting epididymal sperm maturation.   

A fascinating phenomenon that has been witnessed during epididymosome-sperm 

interaction (Chapter 4) is that the lipid rafts are able to selectively relocate dynamin 1 (but not 

dynamin 2) to the post-acrosomal sheath to facilitate the epididymosome cargo uptake. It is 

worth mentioning that these two dynamin isoforms not only share over 80% amino acid 

sequence homology, but also localize to similar domains in mouse spermatozoa [10]. It is 

therefore tempting to speculate that dynamin 1, but not dynamin 2, selectively partitions into 

lipid raft microdomains, which coordinate its delivery to sites of epididymosome interaction 

[11, 12]. Further analysis of lipid raft composition, the mechanistic basis by which they 

sequester specific elements of the sperm proteome and how they respond to mechanosensitive 

stimuli remains as exciting avenues for further research. Such studies will benefit from 

previous independent research [13-15], as well as that of our own group [16], which has 

reported the successful isolation and preliminary characterization of lipid rafts from 

spermatozoa.  

As the ultimate goal of research, we are seeking to translate our understanding of the 

biological function of dynamin and epididymosomes into human sperm models. Due to an 

inability to access sufficient quantities of human epididymal fluid, we are instead beginning 

to purify the exosome population present in human seminal plasma [17]. We acknowledge 

that a limitation of this approach is that seminal exosomes represent mixed population of 

extracellular vesicles originating not only from the epididymis, but also from the prostate and 

seminal vesicles [18]. Nevertheless, seminal exosomes have been implicated in the transfer of 

protein cargo to sperm, which promotes their motility, ability to capacitate, and complete 

acrosomal exocytosis [19]. We now have secured pilot data to confirm that the isolation 

methodology we developed for mouse epididymosomes is suitable for enrichment of human 

seminal exosomes. As shown in Figure 2, we have conducted preliminary characterization of 

these exosomes in accordance with the minimal experimental requirements for the definition 

of extracellular vesicles [20]; with a specific focus on their size, heterogeneity, ultrastructure 

and detection of FLOT1 (a known exosome marker). In comparison to our work on mouse 

epididymosomes, we readily isolated an abundance of exosomes from human seminal 

plasma. Indeed, in a sample of only 100 µL of seminal plasma, we were able to visualize an 

opaque layer corresponding to the partitioning of seminal exosomes within our density 

gradients (Figure 2A). Furthermore, in vitro culturing of these exosomes with human 

ejaculated sperm, revealed the transfer of biotin (membrane impermeable) labeled proteins to 



the head and mid-piece, two sites responsible for sperm-egg interaction and motility, 

respectively (Figure 2G). Excitingly, in vitro culturing of human exosomes with immature 

mouse caput sperm revealed interaction with a conserved domain within the post-acrosomal 

region of the head (data not shown). These data raise the prospect of shared mechanisms of 

Figure 2: Assessment of human exosome purity and their ability to interact with human ejaculated 
spermatozoa. Human seminal exosomes were isolated via OptiPrep density gradient ultracentrifugation. A 
total of 12 equal fractions were recovered from the gradient before being subjected to purity assessment. (A) 
After ultracentrifugation, an opaque layer was observed in fraction 10 of the gradient. Each of the 12 fractions 
were subjected to protein quantification (B) and immunoblotting for the exosome marker, FLOT1 (C), 
revealing a dominant band of the appropriate molecular weight (~55kDa) primarily in fraction 10. Thus, 
fraction 10 was further assessed for size heterogeneity via measurement of mean particle size using dynamic 
light scattering (D), with the polydispersion index (PDI) value included atop of the column to indicate the 
homogenous nature of the exosome population (i.e. the lower the PDI value, the more homogenous the 
preparation). (E) Exosomes from fraction 10 were concentrated via binding to aldehyde/sulphate latex beads 
and revealed through the immunofluorescent detection of FLOT1. (F) Transmission electron microscopy 
assessment of the exosome from fraction 10. (G) Human exosomes from fraction 10 were labeled with sulfo-
NHS-LC-biotin before being co-cultured with human ejaculated spermatozoa in vitro for 1 h. After incubation, 
cells were fixed and the transfer of biotinylated exosome protein was revealed by affinity labeling with 
streptavidin conjugated to Alexa Fluor 488. 



epididymosome-sperm interaction existing in both the human and mouse models. While it 

remains uncertain whether the epididymosome cargo that is delivered is influenced by the 

developmental status of the recipient sperm, a deeper understanding of the nature of 

epididymosome-sperm interactions may contribute to realization of the intriguing possibility 

that human seminal exosomes could be harnessed as a delivery vehicle to rescue the 

dysfunctional spermatozoa of infertile individuals. 

Finally in Chapter 5, we extended our research focus into the functionality of mature 

human spermatozoa by assessing factors that regulate acrosomal exocytosis in these cells. 

This event is compulsory to facilitate sperm penetration of the zona pellucida and hence 

fertilization of an oocyte. Indeed, failure to complete an acrosome reaction represents a 

relatively form aetiology among males with idiopathic infertility [21, 22]. Specifically, our 

study explored the localization of dynamin family members in the human spermatozoa 

leading to the identification of both dynamin 1 and 2 in the acrosomal domain. Moreover, we 

demonstrated that pharmacological inhibition of dynamin 1 and dynamin 2 was able to 

significantly reduce the ability of human spermatozoa to undergo acrosome reaction in 

response to a progesterone (physiological) stimulus. As an extension of these findings, we 

also revealed that the poorer quality spermatozoa within an ejaculate have significantly less 

dynamin 2 within their acrosomal domain compared to that of their higher quality 

counterparts. Notably, these poorer quality cells were also characterized by a reduction in 

their ability to complete a progesterone-induced acrosome reaction. These combined findings 

suggest that dynamin 2 may play a dominant role in regulating this unique exocytotic event 

and that, despite occupying a similar domain in human spermatozoa, dynamin 1 is not able to 

compensate for the loss of dynamin 2. In view of these findings, future studies will seek to 

explore whether the dysfunctional spermatozoa of male IVF patients that present with lesions 

in egg penetration/acrosome reaction also have reduced levels of dynamin 2. In pilot studies 

based on two individuals that fit these criteria, we have indeed shown that their spermatozoa 

have an under-representation of dynamin 2 (data not shown), thus encouraging the 

recruitment of additional patients to allow the reliability of this putative biomarker of male 

fertility to be more thoroughly assessed.  

 



 

Concluding remarks:  

The main findings arising from this thesis are summarized in Figure 3, which serves 

to illustrate that, consistent with our overarching hypothesis, dynamin mechanoenzymes do 

play multiple, non-redundant roles in male reproductive biology. This conclusion contrasts 

that of somatic cell literature in which the dynamin isoforms have commonly been shown to 

display overlapping patterns of distribution and the ability to functionally compensate for 

Figure 3: Summary of the main findings arising from this thesis. Chapter 3: Dynamin 2 is localized to the 
Golgi apparatus of the principal cells in the mouse caput epididymis, with a gradient of decreasing expression 
noted between zones 2 -5. Accordingly, pharmacological inhibition of dynamin 2 was able to compromise the 
secretion of a subset of proteins from an in vitro culture of immortalized caput epididymal cells (mECap18). 
Chapter 4: Upon the stimulus driven by the initial adhesion of epididymosomes, endogenous dynamin 1 was 
relocated to the post-acrosomal sheath of mouse spermatozoa, potentially via its association with lipid rafts. This 
location is compatible with a role in facilitating the uptake of the epididymosome cargo. Chapter 5: Dynamin 1 
and dynamin 2 are also detected in the acrosomal domain of mature human spermatozoa, and as such are ideally 
placed to participate in acrosomal exocytosis. In keeping with this notion, pharmacological inhibition of these 
two dynamin isoforms was able to significantly suppress the rates of acrosomal exocytosis stimulated by 
progesterone. In addition, dynamin 2 (but not dynamin 1) was under-represented in poor quality human 
spermatozoa in which the efficacy of acrosomal exocytosis was compromised.  



each other [23]. Such findings suggest that unique protein-protein interaction networks may 

exist within the male reproductive system that are responsible for tightly regulating the 

complex development and maturation of the male gamete. An improved understanding of the 

mechanistic basis of these processes promises to shed light on the aetiology of clinical 

infertility cases. Indeed, independent evidence implicating dynamin in the regulation of male 

fertility has been afforded by studies of the antipsychotic agent, chlorpromazine, which 

disrupts dynamin-dependent endocytotic pathways and results in compromised male fertility; 

a side-effect that has yet to be directly explored [24]. Although further studies are clearly 

needed to resolve the complete spectrum of functional roles that dynamin plays in male 

reproduction, the studies described in this thesis provide the impetus to pursue such goals 

with potential benefits including improved diagnostic and therapeutic options for male 

infertility patients.  
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