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ABSTRACT
Background: The Hermes body (HB) previously called the cytoplasmic droplet is a focal distension of the flagellar cytoplasm of

epididymal spermatozoa consisting mainly of isolated flattened Golgi cisternae.

Objective: To define a functional role for the HB of epididymal spermatozoa.

Methods: Isolated fractions of HBs of epididymal spermatozoa were prepared and by quantitative tandem mass spectrometry

revealed 1511 proteins.

Results: The glucose transporter GLUT-3 was the most abundant protein followed by hexokinase 1, which along with the presence

of all glycolytic enzymes suggested a role for the HB in glycolysis. Several TMED/p24 Golgi trafficking proteins were abundant with

TMED7/p27 and TMED2/p24 defining the identity of the flattened cisternae within the HB as Golgi, along with the known Golgi pro-

teins, GBF1, GOLPH3, Man2a1, and ManIIX. The Golgi trafficking protein TMED7/p27 via small 50-nm vesicles emanating from the

Golgi cisternae was proposed to transport GLUT-3 to the plasma membrane for ATP production related to sperm motility. The inter-

nal membranes revealed abundant proteins not only of Golgi cisternae, but also of endoplasmic reticulum and endosomes. COPI

and COPII coats, clathrin, SNAREs, annexins, atlastins, and GTPases were identified for vesicular trafficking and membrane fusion,

in addition to ribosomes, stress proteins for protection, proteasome proteins involved in degradation, and cytoskeletal elements for

migration of the HB along the flagellum. The biogenesis of the HB occurring at step 19 spermatids of the testis just prior to their

release was uncovered as a key step in germ cell differentiation, where several proteins were expressed, some for the first time.

Conclusion: As epididymal spermatozoa undergo remodeling of their protein makeup through selective degradation of sperm pro-

teins during epididymal transit, then remodeling as a consequence of new protein synthesis is not excluded by our observations.

INTRODUCTION: BACKGROUND ON THE FORMATION
AND CONSTITUENTS OF THE HERMES BODY
(CYTOPLASMIC DROPLET)
In 1909, Retzius discovered a small focal distension of cyto-

plasm associated with the sperm flagellum that he coined the

cytoplasmic droplet. Formed in the seminiferous epithelium of

the testis prior to sperm release, the cytoplasmic droplet has

remained an elusive structure ever since its first discovery

(Robaire & Hermo, 1988; Hermo et al., 2010; Cooper, 2011; Ger-

vasi & Visconti, 2017). Remarkably, the cytoplasmic droplet is an

evolutionarily conserved structure unique to epididymal sper-

matozoa, where it has been observed in over 30 vertebrate spe-

cies from fish to primates and humans (Yuan et al., 2013).

In the rat, the cytoplasmic droplet is formed at the last of the

19 steps of spermatid development, a process defined as

spermiogenesis, where it is positioned at the connecting piece

(neck), which anchors the head of the spermatozoa to the flagel-

lum (Fig. 1a–c). During sperm transit through the epididymis,

the droplet moves in a peristaltic-like manner along the mid-

piece of the flagellum, where mitochondria are arranged in a spi-

ral manner, to the annulus, a ring-like structure separating the

midpiece from the principal piece (Fetic et al., 2006; Hermo

et al., 2010). While early studies identified activities of several

classes of enzymes, including lysosomal hydrolases, and inter-

mediate metabolic and glycolytic enzymes in cytoplasmic dro-

plets of spermatozoa (Dott & Dingle, 1968; Moniem & Glover,
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1972; Roberts et al., 1976), their functional implications were not

addressed in any detail.

As revealed by the electron microscope (EM), features of the

cytoplasmic droplet included numerous short flattened mem-

branous profiles, occasional dilated spherical or elongated mem-

branous, and small 50- to 60-nm vesicles (Fig. 2) (Bloom &

Nicander, 1961; Fawcett & Ito, 1965; Hermo et al., 1988, 2010). A

first clue as to the organellar makeup of the cytoplasmic droplet

was deduced when Oko et al. (1993) concluded by EM that the

flattened internal membranous profiles corresponded to intact

Golgi cisternae that detached themselves from the Golgi stack

from steps 15–18 of spermiogenesis to be dispersed throughout

the spermatid’s cytoplasm. At step 19, these Golgi elements con-

gregated into the forming cytoplasmic droplet, as loosely orga-

nized unstacked cisternae. The identification of Golgi cisternae

within droplets was confirmed by noting enrichment in Golgi

marker glycosyltransferases (galactosyltransferase and sialyl-

transferase active to exogenous and endogenous glycoprotein

acceptors), as well as EM immunolabeling for beta 1, 4 galacto-

syltransferase (Oko et al., 1993). Moreno et al. (2000a) further

localized the Golgi proteins, Golgin-95/GM130, Golgin-97, and

Golgin-160 to the cytoplasmic droplets of epididymal spermato-

zoa. However, a full compendium of Golgi proteins of the iso-

lated flattened cisternae of cytoplasmic droplets and their

possible functional significance awaited more comprehensive

techniques.

Remarkably, spermatozoa acquire their maturational features,

that is, motility and fertility as they pass through the epididymis

(Orgebin-Crist, 1969; Robaire & Hermo, 1988; Robaire & Hinton,

2015), an event coincident with the presence of the droplet on

spermatozoa (Hermo et al., 1988, 2010; Cooper, 2011; Gervasi &

Visconti, 2017), suggesting a cause–effect relationship. In this

review, we highlight our data on the protein composition of

organelles of the droplet to define their functional roles in rela-

tion to sperm maturation (Au et al., 2015a,b; Hermo et al., 2018).

In the literature, confusion exists about the cytoplasmic dro-

plet denoting a structure formed by a normal testis, vs. excess

residual cytoplasm denoting a structure found on abnormally

formed spermatozoa liberated from a testis displaying damage

to the seminiferous epithelium (Aitken et al., 1994; Cooper,

2005; Rengan et al., 2012). As a consequence, the term Hermes

body (HB), the winged messenger of the Greek gods, transform-

ing the mortal to the immortal was proposed to remove the

confusion with excess residual cytoplasm (Au et al., 2015a). In

the reproductive context, the presence of the HB along the mid-

piece of spermatozoa during epididymal transit, where sperma-

tozoa mature, would represent a transformation of spermatozoa

from an immotile unfertile to a motile fertile state.

ISOLATION AND CHARACTERIZATION OF THE PROTEIN
MAKEUP OF THE HERMES BODY AND TESTIS GOLGI
FRACTIONS
In order to determine a functional role for the HB of spermato-

zoa, subcellular fractions of isolated HBs from adult rat caput

epididymal spermatozoa were characterized by quantitative tan-

dem mass spectrometry (Au et al., 2015a). Concomitantly, the

spherical compact Golgi apparatus characteristic of germ cells

was isolated from whole testis homogenates (Au et al., 2015b).

In this way, we could compare if the protein composition of the

Golgi cisternae of the HB was comparable to that of germ cells of

the testis. Protein abundances were estimated from spectral

counting (redundant peptides) with a comparison of the pro-

teins characterized in each of the n = 3 separate isolates of both

the testis Golgi fractions with those of HB isolated from epididy-

mal spermatozoa (Au et al., 2015a,b). Proteins were subdivided

into 22 functional categories as described by Gilchrist et al.

(2006), and from the 1511 and 1381 proteins identified in the iso-

lated HB and testis Golgi fractions, respectively, a selection of

proteins was chosen and analyzed with antibodies to reveal by

light microscope (LM) immunohistochemical (IHC) and

immunofluorescence (IF) their localization to the Golgi appara-

tus of germ cells of the testis, including the step 19 spermatids

when the HB is forming, as well as the HB of epididymal sperma-

tozoa of in situ epididymal tissue sections.

Characterization of the isolated fractions by EM revealed iso-

lated HBs with morphological features similar to those observed

in vivo. The same applied for the isolated testis Golgi fractions

that clearly demonstrated the isolation of the Golgi apparatus of

germ cells but not Sertoli or Leydig cells (Au et al., 2015a,b). To

keep in tune with the current literature, the term Golgi ribbon

will be used to describe the overall 3D configuration of the Golgi

stacks of cisternae and their interconnecting tubular extensions

that serve to bridge them together. The term was first introduced

by Rambourg & Clermont (1990) and is now used universally by

the majority of scientists including Nobel Prize winner, James

Rothman, for example (Bottanelli et al., 2017).

(a) (b) (c)

Figure 1 LM-IHC (a, b) and LM-IF (c) of stage VIII of the cycle of the seminiferous epithelium of the testis at the time of sperm release into the lumen reveal-

ing immunoreactivity in forming HBs of step 19 spermatids for (a) anti-hexokinase 1 and (b) anti-atlastin 3 (circles) and for (c) anti-hexokinase 1 (white

arrowheads). IF, immunofluorescence; IHC, immunohistochemical; LM, light microscope; Lu, lumen; SE, seminiferous epithelium.
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SWEETING UP THE SPERMATOZOA BY GLYCOLYSIS
The most abundant protein out of the 1511 proteins detected

in the isolated HB was glucose transporter 3 (GLUT-3) (SOLUTE

CARRIER FAMILY 2, FACILITATED GLUCOSE TRANSPORTER

MEMBER 3) identified in the Plasma Membrane category (Au

et al., 2015a). Other plasma membrane proteins present on the

sperm surface as demonstrated by different investigators were

noted in the HB. These included aquaporin 7 (Hermo et al.,

2008), TEX-101 (Sleight et al., 2005), angiotensin-converting

enzyme (Yotsumoto et al., 1984), PH-20 (Cherr et al., 2001),

dipeptidase 3 (Yoshitake et al., 2011), mannose receptor (Car-

dona-Maya et al., 2011), ABC1 member 17 (Morales et al., 2012),

folate binding protein (Holm et al., 1999), the highly abundant

sodium–potassium ATPase subunit alpha 4 (Jimenez et al.,

2011), and several ADAM family members (Han et al., 2009;

Ikawa et al., 2011). These proteins corroborated the finding by

EM of the plasma membrane attached to the HB of our isolated

fractions (Au et al., 2015a).

The second most abundant protein of the isolated HB frac-

tion was hexokinase 1 (Hex1) categorized in the Metabolism

category. Along with GLUT-3, the finding of Hex1 provided

the first clue as to the function of this elusive structure in

providing ATP via glycolysis to spermatozoa. This conjecture

was further supported by the characterization of proteins of

the entire glycolytic pathway to the isolated HB by pro-

teomics and also by in situ LM-IHC and IF visualization of

GLUT-3 (Fig. 3a,b), Hex1 (Fig. 3c), and sperm-specific lactate

dehydrogenase C (Fig. 3d) to the HB of epididymal spermato-

zoa (Au et al., 2015a).

Previous proteomics studies on whole spermatozoa (Chauvin

et al., 2012; Chocu et al., 2012; Baker et al., 2013) uncovered

GLUT-3 and other glycolytic metabolic enzymes as prominent.

In humans, 436 of the 1056 proteins found in spermatozoa

belonged to various metabolic pathways, with glycolytic proteins

being the highest expressed (Baker & Aitken, 2009). In the

mouse, a proteomic analysis of cauda epididymal spermatozoa

revealed proteins involved in ATP production promoting sperm

functions such as motility (Ijiri et al., 2011).

In a proteomic analysis performed specifically on the HB of

mouse epididymal spermatozoa, Yuan et al. (2013) identified

105 proteins, 71 (68%) of which were enzymes involved in energy

metabolism, while we defined 1511 proteins in the rat of which

GLUT-3 and Hex1 were the first and second most abundant pro-

teins (Au et al., 2015a). ATP generation has long been estab-

lished as a requirement for sperm motility, and the findings of

glycolytic enzymes in the HB support a function for its role in

initiating sperm motility, an idea also been suggested by Xu

et al. (2013). Early studies performed on epididymal duct ligated

animals revealed that spermatozoa retained in the caput region

for an extended period were capable of moving (Bedford, 1967;

Orgebin-Crist, 1967). Furthermore, it has been stated by Orge-

bin-Crist (1969) that ‘by aging alone the development of full

motility of the sperm is possible regardless of their position in

the male genital tract, but this is not true of full fertilizing abil-

ity’, a function that we propose may be attributed to the HB of

spermatozoa.

As mitochondria are abundant in the midpiece of the sperm

flagellum, where they are tightly apposed and spiral in a helical

Figure 2 EM of the HB of epididymal spermatozoa. Numerous flattened cisternae (C) with a concave (curved arrow) or straight cross-sectional profile are

evident. Most are separated from each other but occasionally some reveal irregular stacking (arrow). The edges of some cisternae come into close contact

with each other, as well as with the plasma membrane (large arrowheads). Dilated spherical or elongated vacuoles (asterisks) are noted. Small 35-nm parti-

cles are evident in the HB as well as within the epididymal lumen (small arrowheads). Mag: 40,8009. Inset: 35-nm particles (arrowheads) and curved cister-

nae (C) are dispersed within the epididymal lumen between the microvilli (Mv) of principal cells. Mag: 24,5709. Modified from Hermo et al. (1988). EM,

electron microscope; HB, Hermes body; Lu, lumen.
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manner, oxidative phosphorylation has also been suggested to

be the major source of ATP production for spermatozoa of differ-

ent species (Beyler et al., 1985; Bunch et al., 1998; Storey, 2008).

However, glycolytic enzymes are present in the midpiece or

fibrous sheath of the flagellum, and while mice deficient in them

revealed reduced ATP levels, impairment of sperm motility, and

infertility, mitochondrial oxygen consumption was unchanged

(Boer et al., 1987; Eddy et al., 2003; Mukai & Okuno, 2004; Welch

et al., 2006; Miki, 2007; Tanii et al., 2007; Vemuganti et al.,

2010). Additional data from other investigators are supportive of

the findings that both oxidative phosphorylation and glycolysis

are important for ATP production in humans and the stallion

(Piomboni et al., 2012; du Plessis et al., 2015; Davila et al., 2016).

PROMINENT PROTEINS OF THE UNKNOWN CATEGORY
OF THE ISOLATED TESTIS GOLGI FRACTIONS DO NOT
RESIDE WITHIN THE HERMES BODY
Of the total of 1318 proteins uncovered from the isolated testis

Golgi fractions (Au et al., 2015b), unexpectedly, the most abun-

dant protein was classified as a protein of unknown function

annotated by UniProtKB/Swiss-Prot as GLYCOSYLTRANSFER-

ASE 54 DOMAIN-CONTAINING PROTEIN (GL54D), and one

which was undetectable in isolated HB fractions (Au et al.,

2015a). GL54D transcripts were identified in the testis of mam-

malian species (Chalmel et al., 2007), but expression of the pro-

tein had not been localized to any specific cell type or organelle

of its inhabitant cells. Antibodies raised to a specific peptide

sequence (Au et al., 2015b) revealed that GL54D localized exclu-

sively to the Golgi apparatus of germ cells (Fig. 4a). Expression

first appeared in pachytene spermatocytes (stage VII) and

extended up till step 16 spermatids. However, GL54D was not a

constituent protein of the Golgi cisternae of the HB of epididy-

mal spermatozoa (Fig. 4b) (Au et al., 2015a,b). Interestingly, the

onset of expression of GL54D matched precisely with that of

GLUT-3, suggesting that GL54D may be a client for GLUT-3 (Au

et al., 2015b). The trajectory of expression of GL54D is depicted

in a schematic diagram utilizing 30 germ cells evolving during

the course of spermatogenesis (Fig. 5).

In addition, several members of the transmembrane super-

family 9 (TM9SF) family of proteins were abundant by pro-

teomics in the testis Golgi fraction and placed in the Unknown

category. Localization of TM9SF3 revealed it to be a Golgi inte-

gral membrane protein uncovered for the first time as a Golgi

marker not only to germ cells but also with a ubiquitous expres-

sion in many other cell types, including the Golgi apparatus of

epididymal principal cells (Fig. 4c), and Sertoli and Leydig cells

(Au et al., 2015b). In the testis, TM9SF3 was expressed in the

Golgi apparatus from spermatogonia to step 16 spermatids

(Fig. 5) but not in epididymal spermatozoa (Fig. 4c).

TMED/P24 FAMILY MEMBERS ARE GOLGI MARKERS OF
GERM CELLS AND THE HERMES BODY
Classified in the Traffic category, the well-known Golgi

TMED/p24 (transmembrane emp24 domain) family of Golgi

(GOLD domain) membrane proteins was highly abundant with

six different TMED/p24 members characterized in the testis

Golgi fraction (TMED2, TMED3, TMED4, TMED7, TMED9, and

TMED10), of which five were concentrated in the HB of epi-

didymal spermatozoa (Au et al., 2015b). The TMED/p24 pro-

teins regulate trafficking and budding of transport vesicles and

lipid makeup of Golgi-derived carriers (Stamnes et al., 1995;

Lavoie et al., 1999; Zakariyah et al., 2012) and associate with

COPI and COPII coatomer (Dominguez et al., 1998; Bremser

et al., 1999).

One family member, TMED7 (TMED7/p27), was of near equal

abundance in the HB and testis Golgi fractions (Au et al., 2015a,

b). It localized to the spherical Golgi apparatus of all germ cells

up to step 15 spermatids (Fig. 6a), with reactivity becoming

(a)

(c)

(b)

(d)

Figure 3 LM-IHC (a, c, d) and LM-IF (b) of the

initial segment of the epididymis revealing

immunoreactivity in the HBs of spermatozoa (ar-

rowheads) in the lumen for anti-GLUT-3 (a, b),

anti-hexokinase 1 (c), and anti-lactate dehydro-

genase C (d). (a and d) Note the synchronized

appearance of sperm heads oriented over the

stereocilia of the epithelial cells, while the tails of

spermatozoa are aligned in unison in the lumen.

B, basal cell; E, epithelium; HB, Hermes body; IF,

immunofluorescence; IHC, immunohistochemi-

cal; IT, intertubular space; LM, light microscope;

Lu, lumen.
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diffuse in steps 16–18 spermatids as the Golgi apparatus disas-

sembled, but prominent in the forming HB (Fig. 6b) and HB of

epididymal spermatozoa (Fig. 6c).

Another TMED family member, TMED4 (TMED4/p25),

localized to the Golgi apparatus of most germ cells. However,

immunoreactivity was undetected in steps 16–19 spermatids

(Fig. 6d) as well as the HB of epididymal spermatozoa.

Remarkably, TMED2 (TMED2/p24) localized exclusively to the

forming HB and that of epididymal spermatozoa (Au et al.,

2015b). The trajectory of these three TMED family members

during the course of germ cell differentiation is depicted in

Fig. 7.

In the Traffic category, the Golgi lectin VIP36 was prominent

by proteomics in the testis Golgi fraction, as were syntaxin 5 and

VPS35, known proteins of the endocytic arm of membrane traf-

ficking. Other well-known Golgi trafficking proteins included

ERGIC53, KDEL receptor, Golph1, and RER1 all abundant in the

testis Golgi fractions (Au et al., 2015b). The distribution of these

proteins during spermatogenesis and the presence in the HB

have as yet to be determined.

(a) (b) (c)

Figure 4 LM-IF (a) of the seminiferous epithelium of the testis at stage IV of the cycle revealing immunoreactivity for anti-GL54D antibody. Reactions are

noted over the Golgi apparatus of early round (small arrowheads) and late elongated (large arrowheads) spermatids. (b) LM-IHC of the initial segment

revealing no reaction over epididymal spermatozoa with anti-GL54D antibody. (c) LM-IF reveals intense reactivity over the Golgi apparatus (G) of principal

cells for anti-TM9SF3 antibody, but none over spermatozoa in the lumen. E, epithelium; IF, immunofluorescence; IHC, immunohistochemical; IT, intertubu-

lar space; LM, light microscope; Lu, lumen; SE, seminiferous epithelium.

Figure 5 Wheel depicting 30 representative

germ cell types as they undergo differentiation

during spermatogenesis. Illustrated are the

mitotic spermatogonia: types A, intermediate

(In), and B; and spermatocytes undergoing

meiosis: preleptotene (PL), leptotene (L), zygo-

tene (Z), pachytene (P), diplotene (Di), and sec-

ondary spermatocytes (II). Spermatids evolve

through 19 steps of spermiogenesis that can be

subdivided into acrosome formation (1–7),
post-acrosome events (8–18), and Hermes body

(cytoplasmic droplet) formation (step 19). The

expression of different Golgi proteins through-

out spermatogenesis is indicated for each pro-

tein by a different color.
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GOLGI PROTEINS OF THE TETHERING DOCK AND
FUSION CATEGORY
GRASP55 and GPP34 (now renamed GOLPH3, GOLgi

PHosphoprotein 3) were examples of proteins in the Tethering

Dock and Fusion category that were prominent by proteomics in

the testis Golgi fraction (Au et al., 2015b). GRASP55 (Golgi

reassembly protein) has been implicated in the stacking of Golgi

cisternae, unconventional protein secretion, and Golgi ribbon

formation (Zhang & Wang, 2015; Rabouille & Linstedt, 2016; Bek-

ier et al., 2017). GOLPH3 also has a well-defined role in the regu-

lation of Golgi ribbon structure and is essential for vesicular

trafficking from the Golgi to the plasma membrane (Buschman

et al., 2015; Bergeron et al., 2017).

In the testis, expression of GRASP55 and GOLPH3 first

appeared after meiosis with immunoreactivity localized to the

Golgi apparatus of steps 1–7 and the developing acrosome. Curi-

ously, expression of GRASP55 by LM-IHC was negligible in the

forming (Fig. 8a) and HB of epididymal spermatozoa (Fig. 8b)

when the Golgi cisternae were unstacked, which also coincided

with the absence of TM9SF3. However, GOLPH3 expression,

while absent from steps 8–18, was evident during HB formation

(Fig. 5) and in the HB of epididymal spermatozoa (Au et al.,

2015a,b).

Other abundant proteins in the Tethering Dock and Fusion

category (Au et al., 2015b) included Giantin (GOLGB1), Golgin-

95/GM130, and Golgin-97, previously localized to the Golgi

apparatus of germ cells (Moreno et al., 2000a,b; Ramalho-Santos

et al., 2001), with Golgin-95/GM130, Golgin-97, and Golgin-160

localized to the HB of epididymal spermatozoa (Moreno et al.,

2000a).

GOLPH1 and Golgin-84 were noted in the testis Golgi frac-

tion, along with the TATA element regulatory factor 1 (also

known as TMF/ARA160), which despite its name is a known

Golgi-resident protein (Miller et al., 2013). Known Golgi

SNAREs and AAA proteins (NSF, P97) were also abundant as

was annexin A6, with all being localized to the HB of sperma-

tozoa (Au et al., 2015a,b).

GOLGI PROTEINS OF THE GTPASE CATEGORY
The guanine nucleotide exchange factor GBF1 was evident by

proteomics and assigned to the GTPase category (Au et al.,

2015b). By LM-IHC, it localized to the Golgi apparatus of sper-

matocytes during meiosis and early spermatids from steps 1–7

spermatids including the acrosome, and while undetectable

from steps 8–18, expression returned at step 19 spermatids

(Fig. 5) with localization also noted in the HB of epididymal

spermatozoa (Fig. 8c).

GTPases of the Rab family (about 70 in human) are key reg-

ulators of intracellular transport, and membrane tethering and

trafficking in eukaryotic cells, with almost one third associat-

ing with membranes of the Golgi complex (Goud et al., 2018;

Mima, 2018). GTPases such as Rab 1, 2, and 6 were identified

by proteomics in the isolated HB fractions (Au et al., 2015b)

and are all known Golgi Rabs (Gilchrist et al., 2006), with some

previously identified in germ cells (Ramalho-Santos et al.,

2001).

(a) (b)

(c) (d)

Figure 6 LM-IF (a) and LM-IHC (b, d) of the seminiferous epithelium of the testis, and LM-IHC (c) of the initial segment of the epididymis. In (a), the spheri-

cal Golgi apparatus of germ cells at stage XII of the cycle is immunoreactive for anti-TMED7/p27, including pachytene spermatocytes (P) and late step 12

spermatids (arrowheads). In (b), the Golgi apparatus of step 8 spermatids (arrowheads) and pachytene spermatocytes (P) are reactive as are the forming

HBs of step 19 spermatids (circles). In (c), the HBs (arrowheads) of spermatozoa in the lumen are reactive. In (d), the Golgi apparatus of pachytene sperma-

tocytes (P) and step 8 spermatids (arrowheads) are reactive for anti-TMED4/p25, but the forming HBs of step 19 spermatids are completely unreactive (cir-

cle). E, epithelium; HB, Hermes body; IF, immunofluorescence; IHC, immunohistochemical; LM, light microscope ; Lu, lumen; SE, seminiferous epithelium.
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DEFINING MAN2a1, MANIIX, AND LAMAN EXPRESSION
IN GERM CELLS OF THE TESTIS AND HERMES BODY OF
EPIDIDYMAL SPERMATOZOA
Golgi glycan modifying enzymes were well represented by pro-

teomics in isolated testis Golgi fractions (Au et al., 2015b). These

included well-known Golgi mannosidases (Man) ManIIX,

Man2a1, and LAMAN. Man2a1 is a universal Golgi marker, while

ManIIX is a male germ cell-specific mannosidase (Igdoura et al.,

1999; Ramalho-Santos et al., 2001). LAMAN, also known as

Man2B1, is a ubiquitous lysosomal alpha-mannosidase that

cleaves alpha-mannosidase linkages in glycans (Sun & Wolfe,

2001).

By LM-IHC, Man2a1 and LAMAN revealed localizations to

steps 1–7 spermatids with both the Golgi and the acrosome

being reactive. However, while both were unreactive from

steps 8–18, reactivity returned at step 19 spermatids (Fig. 5).

ManIIX also revealed intense expression in the Golgi appara-

tus and acrosome from steps 1–7 spermatids; however,

expression reappeared from steps 15–19 (Fig. 5). While the

three were not prominent by proteomics in the HB of epi-

didymal spermatozoa, they did reveal reactivity by our LM-

IHC localizations (Fig. 8d).

Golgi located complex sugar modifications on glycoproteins

are essential for germ cell differentiation (Batista et al., 2012).

The sequence-related ManIIX and Man2a1 proteins likely have

functions related to alpha-mannosidase trimming of high man-

nose containing N-linked oligosaccharides (Moremen, 2002).

The lack of detection of both of these proteins from steps 8–14

suggests a diminution in Golgi mannosidase activity that in turn

would be linked to major changes in N-glycosylation of proteins

accounting for the complex glycoproteins differentially

expressed during spermatogenesis (Huang & Stanley, 2010;

Batista et al., 2012). The finding of ManIIX expression from steps

15–19 likely heralds a return of complex sugar modifications on

N-linked glycoproteins, with its expression being essential for

spermatogenesis and male fertility (Fukuda & Akama, 2003).

GOLGI PROTEINS OF STEP 19 SPERMATIDS
The proteomic and localization studies of the testis Golgi frac-

tion revealed that the flattened cisternal membranes of the

forming HB at step 19 spermatids show marked differences in

their Golgi protein composition from the Golgi apparatus of

germ cells evolving during spermatogenesis, with some Golgi

localized proteins not entering the HB, that is, GL54D, TMED4/

Figure 7 Wheel depicting 30 representative

germ cell types as they undergo differentiation

during spermatogenesis. The expression of three

of the TMED/p24 family of proteins, as deter-

mined from LM-IHC, is indicated for each

protein by a different color. IHC, immunohisto-

chemical; LM, light microscope.
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p25, TM9SF3, and GRASP55, while others such as TMED7/p27,

TMED2/p24, GBF1, GPP34, Man2a1, ManIIX, and LAMAN did

(Fig. 5). Although a stacked Golgi ribbon is no longer detectable

at step 19, these proteins define the flattened membranous ele-

ments that congregate into the forming HB as Golgi elements.

Such Golgi cisternae may function independent of a stacked

configuration, and this may be analogous to that postulated for

yeast-flattened cisternae (Losev et al., 2006; Papanikou & Glick,

2009). Thus, the HB of epididymal spermatozoa appears to have

evolved a system of unique flattened membranous cisternae

unlike the conventional stacked Golgi ribbon to carry out speci-

fic functions that may be attributed in part to sperm maturation

(Au et al., 2015a,b; Hermo et al., 2018).

FUNCTION OF THE GOLGI CISTERNAE IN RELATION TO
THE SIZE OF THE HERMES BODY AND ENHANCING
GLYCOLYSIS
By EM, a consistent observation of the HB of epididymal sper-

matozoa was the presence of numerous small 50- to 60-nm vesi-

cles that appeared to bud off the Golgi cisternae predominantly

from their midregions. EM observations of cryo-fixed in situ epi-

didymal spermatozoa using anti-TMED7/p27 and GLUT-3 anti-

bodies revealed that with the former, gold particles localized in

greater numbers over the flattened Golgi cisternae than over the

plasma membrane, while the reverse was the case for GLUT-3

(Au et al., 2015b). Thus, as a trafficking Golgi protein TEMD7/

p27 may deliver GLUT-3 to the surface of the HB.

Indeed, a quantitative analysis of the forming HB vs. that of

epididymal spermatozoa using anti-atlastin 3 antibody (Fig. 9)

revealed that the mean transverse diameter (at its largest axis) of

the former was 2.914 lm with a standard deviation of �0.160.

The mean transverse diameter of HBs measured in the initial

segment of the epididymis was 3.558 lm with a standard devia-

tion of �0.348. An unpaired t test at the 95% confidence interval

revealed that the difference was statistically significant (p-

value < 0.0001).

Hence, a proposed function for TMED7/p27 may be to traffic

Golgi-derived vesicles to the cell surface of the HBs for enlarging

its size. The additional plasma membrane created by the fusion

of Golgi-derived vesicles with the cell surface would not only

increase the size of the HB but in turn could add more GLUT-3

for purposes of augmenting uptake of glucose for increased ATP

production for initiation of sperm motility which occurs in the

proximal region of the epididymal duct.

MOVEMENT OF THE HERMES BODY ALONG SPERM
FLAGELLUM DURING EPIDIDYMAL TRANSIT
One of the earlier findings for the HB was that it moves in a

peristaltic-like manner along the midpiece of the flagellum from

the neck to the annulus as spermatozoa pass through the epi-

didymal duct (Cooper; Sadacca et al., 2013; Hermo et al., 2010).

In addition, the internal organellar membranes rotate in a vortex

manner around the axoneme and mitochondrial sheath as the

HB slides along the flagellum (Hermo et al., 2010).

Movement of the HB along the midpiece varies between spe-

cies. Peristaltic motions of the smooth muscle, myoid cells, posi-

tioned as several concentric layers at the outer wall of

epididymal tubules (Oliveira et al., 2016), have been suggested

(a)

(c)

(b)

(d)

Figure 8 LM-IHC (a) of the seminiferous epithelium of the testis at stage VIII revealing immunoreactivity for anti-GRASP55 in the Golgi apparatus and acro-

some of step 8 spermatids (arrowheads) but none in the forming HB of step 19 spermatids (circle). (b-d) Initial segment of the epididymis immunostained

with anti-GRASP55 (b), anti-GBF1 (c), and anti-Man2a1 (d). In (b), only a faint reaction is seen over the HBs of epididymal spermatozoa, while in (c, d), the

HBs of spermatozoa are highly immunoreactive (arrowheads). E, epithelium; HB, Hermes body; IHC, immunohistochemical; LM, light microscope; Lu,

lumen; SE, seminiferous epithelium.

© 2019 American Society of Andrology and European Academy of Andrology Andrology, 2019, 7, 566–580 573

FUNCTIONS OF SPERM CYTOPLASMIC DROPLET ANDROLOGY



for some species, as the application of repeated or sustained

centrifugal force mimics this function (Cooper, 2005).

In our proteomic data of the isolated HB, actin gamma 1 was

the most abundant protein in the Cytoskeleton category. Myo-

sins (myosin 1B, myosin VB, myosin ID, myosin IIIB) were also

highly enriched in the HB. Phalloidin staining for filamentous

actin visualized its colocalization along with GLUT-3 to the HB,

which along with myosin represent candidates to regulate its

movement along the flagellum. Tubulin beta 5 and tubulin alpha

1C were also prominent (Au et al., 2015a). Other prominent

cytoskeletal proteins, localized previously to spermatozoa,

include spectrin (De Cesaris et al., 1989), BASP1 (NAP22) (Mose-

vitsky & Silicheva, 2011), and the motility enhancing protein gel-

solin (Finkelstein et al., 2013). If we consider that the Golgi

cisternae provide plasma membrane and GLUT-3 to the HB,

then movement of the HB along the entire midpiece of the flag-

ellum would ensure a sufficient amount of ATP for sperm

motility.

PROTEINS CATEGORIZED IN THE PROTEIN SYNTHESIS
AND FOLDING CATEGORY
The finding by EM of elongated dilated membranous profiles

suggested the presence of elements of the endoplasmic reticu-

lum (ER) in the HB (Hermo et al., 1988, 2010). Categorized in the

Protein Synthesis and Folding category, several ER proteins were

noted including those that regulate the quality control of glyco-

protein folding. These include BIP (an ER HSP70 family member

also known as glucose-regulated protein 78 or HSPA5), ERP57,

UGGT (the 170-kDa UDP-glucose:glycoprotein glucosyltrans-

ferase), the diglucose lectin malectin, and the monoglucose lec-

tin chaperone calnexin (Fig. 10a). All of these proteins were

noted by proteomics and visualized by LM-IHC (Au et al.,

2015a).

Proteins involved in ER curvature and tubulation were also

noted by proteomics and represented by atlastin 1, 2, and 3 and

reticulon 1 and 3. Membranous tubules are shaped by the reticu-

lons, whereas their fusion into a network is brought about by

(a) (b)

Figure 9 (a) LM-IHC of the seminiferous epithelium at stage VIII depicting the forming HBs (arrowheads) at step 19 spermatids and (b) epididymal sperma-

tozoa of the initial segment (IS) strongly immunoreactive for anti-atlastin 3. E, epithelium; HB, Hermes body; IHC, immunohistochemical; LM, light micro-

scope; Lu, lumen; SE, seminiferous epithelium.

(a) (b)

(c) (d)

Figure 10 LM-IHC of the initial segment of the

epididymis immunoreactive for (a) anti-cal-

nexin, (b) anti-atlastin 3, (c) anti-peroxiredoxin

1, and (d) anti-ubiquitin. Each figure depicts

reactivity over the HBs of spermatozoa (arrow-

heads). Note the synchronized appearance of

sperm heads oriented over the stereocilia of the

epithelial cells, while the tails of spermatozoa

are aligned in unison in the lumen (a–d). E,

epithelium; HB, Hermes body; IHC, immunohis-

tochemical; LM, light microscope; Lu, lumen.
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membrane-bound GTPases that include the atlastins, which

were visualized by LM-IHC (Fig. 10b) suggesting a role in the HB

(Au et al., 2015a).

The isolated HB revealed 68 different ribosomal proteins char-

acterized by quantitative proteomics. Protein synthesis elonga-

tion factors for polypeptide biosynthesis were also characterized

(Au et al., 2015a). These included the abundant ribosome-asso-

ciated ELONGATION FACTOR 1 ALPHA 1 (EF1A1), also known

to be an actin cross-linking protein (Mateyak & Kinzy, 2010) and

EF2 (Au et al., 2015a). While suggestive of protein biosynthesis

and consistent with observations by Chauvin et al. (2012) on an

mRNA translational apparatus in spermatozoa, neither their nor

our observations warrant as yet a paradigm shift. This will await

the conclusive demonstration of in situ mRNA translation by

polysomes of sperm-specific proteins as predicted in our study

(Au et al., 2015a).

COP COATS, CLATHRIN, SNARES, ANNEXINS, AAA+
PROTEINS, AND GTPASES FUNCTION IN VESICULAR
TRAFFICKING ANDMEMBRANE FUSION IN THE HERMES
BODY
Categorized in the Coat category, all seven subunits of

COPI coatomer were found by proteomics in the HB, with

b-COP visualized (Au et al., 2015a). COP1-coated vesicles

mediate trafficking from the Golgi to the ER (Brandizzi &

Barlowe, 2013) and the recycling of vesicle-containing glyco-

syltransferases between the cisternae of the Golgi ribbon to

maintain their proper steady-state localization (Liu et al.,

2018). Anterograde trafficking COPII coatomer subunits were

lower in abundance but readily localized as noted for the

GTPase-activating protein, sec23 (Au et al., 2015a), a coat

component of COPII vesicles.

The coat protein CLATHRIN HEAVY CHAIN (CHC) and the

clathrin adaptors AP1 (CLATHRIN ADAPTIN-1) and AP2 (CLA-

THRIN ADAPTIN-2) were characterized by proteomics and LM-

IHC in the HB of spermatozoa (Au et al., 2015a). Our localization

of clathrin heavy chain to the HB of spermatozoa confirms that

of an earlier study (Domagala et al., 2011).

Abundant SNAREs represented by NSF and its associated

alpha-SNAP were characterized in the Tethering Docking and

Fusion category of the isolated HB fractions suggesting an active

role of the HB in membrane fusion and vesicular budding (Au

et al., 2015a).

Annexin A1 and annexin A6 proteins that bind to phospho-

lipid bilayers in the presence of calcium have a multitude of

cellular functions including vesiculation and membrane repair

and curvature (Creutz et al., 2012; Boye et al., 2018); annexins

were prominent and immunolocalized in the HB (Au et al.,

2015a).

The endosome to Golgi R SNARE, VAMP 3 (Vesicle Associated

Membrane Protein 3, also known as cellubrevin), and the Q-

SNARE, syntaxin 13, were suggestive of endosomes in the HB of

epididymal spermatozoa (Au et al., 2015a).

The most abundant GTPase was IQGAP known to coordi-

nate actin polymerization and microtubule formation

(Watanabe et al., 2004); it may be needed for the known

propulsion of the HB along the midpiece of flagellum

(Hermo et al., 2010; Cooper, 2011). The most abundant Rab

of the GTPase category was Rab 14 (Au et al., 2015a) known

to be involved in the trafficking and internalization of the

GLUT-3 paralog, GLUT-4, in other cell types (Sadacca et al.,

2013).

Taken together, the abundance and localization of these mem-

brane fusion and trafficking proteins are consistent with GLUT-3

trafficking by TMED7/p27 to regulate glucose uptake and glycol-

ysis for ATP production and initiation of sperm motility. A study

on human spermatozoa has also demonstrated proteins associ-

ated with energy metabolism, protein folding/degradation, vesi-

cle trafficking, and the cytoskeleton (Amaral et al., 2014).

CHOLESTEROL REMOVAL AND GOLGI CISTERNAE OF
THE HERMES BODY
A striking morphological feature of the HB is the preponder-

ance of flattened cisternae largely unstacked but with an

extreme curvature at their edges (Fig. 2). The membrane curva-

ture and tubulation proteins, such as atlastins (Figs 1b & 9b) and

reticulons, localized to the HB and, as such, may be implicated

in these processes A further feature of the flattened cisternae is

the close proximity of their curved edges to each other but also

with that of the plasma membrane (Fig. 2) (Oko et al., 1993; Au

et al., 2015a). Such close appositions may be relevant to lipid

remodeling of epididymal spermatozoa especially for cholesterol

removal (Helle et al., 2013), which is essential for sperm fertility

(Saez et al., 2011).

THE HERMES BODY COMPARTMENTALIZES STRESS
RESPONSE PROTEINS
Intracellular antioxidant proteins are involved in protecting

spermatozoa against oxidative stress (Robaire et al., 2006;

Hermo et al., 2010; Moore et al., 2010). By proteomics, several

antioxidant enzymes especially glutathione S-transferases

(GSTs) were abundant and classified in the Detoxification cate-

gory. Several of these have been localized previously to HBs (Veri

et al., 1994; Papp et al., 1995). Moreover, 18 different heat-shock

proteins as protective against stress, characterized in the Protein

Synthesis and Folding category (Au et al., 2015a), were also

noted in the HB as also identified in whole spermatozoa (Naaby-

Hansen & Herr, 2010). This includes the germ cell-specific

HSP70.2 protein localized to the HB of epididymal spermatozoa,

and HSP70.3 and HSP86 identified by proteomics. The HSP70

ER luminal protein, GRP170, was also abundant by proteomics

and localized (Au et al., 2015a).

Peroxiredoxins 1, 3, and 6, functioning as thiol reductases up-

regulated by oxidative stress, have been noted in spermatozoa

(O’Flaherty & de Souza, 2011). They were classified in the Meta-

bolism category and were abundant by proteomics and localized

by LM-IHC to the HB (e.g., peroxiredoxin 1, Fig. 10c). Glu-

tathione peroxidase and transglutaminase were prominent by

proteomics (Au et al., 2015a). Hence, the HB of spermatozoa is

undoubtedly related to protecting spermatozoa from oxidative

stress as has been shown for whole spermatozoa (Aitken et al.,

2014).

SELECTIVE PROTEIN LOSS IN THE HERMES BODY:
PROTEASOMES AND PROTEINS INVOLVED IN
DEGRADATION
Proteasome constituents and ubiquitin-conjugating enzymes

categorized in the Proteasome category were abundant in the

HB, such as the known germ cell ubiquitin ligase cullin3 and the

stress response sperm ubiquitin ligase. All ATP-dependent
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protein degradation constituents including P97 involved in the

presentation of misfolded secretory proteins to the proteasome

and the 20S proteasome were evident in the HB by proteomics

and LM-IHC (Au et al., 2015a). Their presence suggests a role for

the abundance of glycolytic enzymes in the HB, that is, to gener-

ate ATP for protein degradation. Proteasome subunits and ubiq-

uitin-conjugating enzymes have been characterized in a

proteomic study of whole epididymal spermatozoa (Chauvin

et al., 2012). Localization studies of ubiquitin–proteasome path-

way and 15-lipoxygenase (15LOX) (Fischer et al., 2005; Moore

et al., 2010; Sutovsky, 2011) confirmed their presence in the HB

in situ for sperm maturation (Hou & Yang, 2013). Although ubiq-

uitin modifications were not searched for in the mass spectra, a

monospecific anti-ubiquitin antibody revealed a strong reaction

for the antigen in the HB (Fig. 10d).

The concentration of all subunits of the proteasome, the

ATPase P97, the highly abundant known germ cell ubiquitin

ligase cullin3, and the stress response sperm ubiquitin ligase

would explain the selective and progressive loss of 12 of the 43

proteins of the HB as spermatozoa proceeded from the initial

segment to the cauda epididymis (Au et al., 2015a). We noted

that one of the proteins lost during spermatozoa transit was

HSP70.2, as demonstrated previously (Ijiri et al., 2011). In a

study on the hamster, five proteins were shown to increase,

while 11 decreased in intensity in cauda epididymal spermato-

zoa. Some of the five proteins, which increased in intensity, were

related to sperm metabolism and ATP production during epi-

didymal maturation (Kameshwari et al., 2010). Those that

decreased could have been the result of the ubiquitin–protea-

some pathway in spermatozoa as evidenced in our study.

STEP 19 SPERMATIDS: FORMATION OF THE HERMES
BODY
While the proteomic data characterized proteins to the HB of

epididymal spermatozoa, a striking observation was made when

these proteins were analyzed as they evolved during the course

of germ cell differentiation. Indeed, a resurgence of protein

expression occurred at step 19 spermatids, with reactivity high-

lighting the forming HB, as noted for the Golgi proteins GBF1,

GPP34, Man2a1, and LAMAN (Fig. 5). In addition, TMED2/p24

was expressed solely during formation of the HB at step 19 sper-

matids (Au et al., 2015a). Non-Golgi proteins, only expressed at

step 19 spermatids of the testis, included annexins A1, AP1, and

AP2, malectin, atlastin 2, syntaxin 13, tubulin, and peroxiredox-

ins 1 and 6 (Au et al., 2015a). This has been also noted for several

GSTs that became expressed solely at step 19 (Papp et al., 1995).

Thus, step 19 spermatids appear to be active cells for protein

expression contrary to dogma. This makes the forming HB, a site

of initial expression of proteins during spermatogenesis that had

not been uncovered in any earlier studies and which may serve

an important role in spermatozoa as they leave the seminiferous

tubule lumen and enter the epididymis (Au et al., 2015a). A com-

plete compendium of Golgi and non-Golgi proteins that evolve

in germ cells during the course of spermatogenesis has been

recently investigated (Hermo et al., 2018).

As transcription ceases at the end of acrosome formation by

step 8 (Monesi, 1965), then the differential expression of the

Golgi and non-Golgi proteins after step 8 must necessarily reflect

translational regulation as described for many other proteins

during late spermiogenesis (Hecht, 1990). It is thus suggested

that the translation-controlled pathway for organelle modifica-

tion and morphogenesis of germ cells may be present at step 19

in the formation and eventual function of the HB as it persists

on spermatozoa as they travel through the epididymis.

STEP 19 SPERMATIDS: POSSIBLE FUNCTION OF THE
HERMES BODY
In our analysis of the HB of spermatozoa in the lumen of the

initial segment spermatozoa, we observed that spermatozoa are

often lined up in an orderly synchronized manner with the tips

of their sickle-shaped heads coming into close association with

the stereocilia of the epithelial cells, while their tails flowed into

the lumen parallel to one another (Figs 3a,d & 10a–d).

Considering that the step 19 spermatids are primed with both

Golgi and non-Golgi proteins with some being selectively

expressed at this last step in their development, then it is con-

ceivable that motility, albeit not to its full capacity, is already

taking place immediately after spermatozoa are released from

the seminiferous epithelium accounting for the synchronization

of the sperm heads and flagella. However, full motility potential

required at the time of fertilization would occur as spermatozoa

traverse more distal regions of the duct and acquire secretions

from the epithelial cells (Orgebin-Crist, 1969; Robaire & Hermo,

1988; Cornwall, 2009; Robaire & Hinton, 2015).

FATE OF THE HERMES BODY OF EPIDIDYMAL
SPERMATOZOA
Opinions as to the eventual release and fate of the HB during

epididymal transit vary and have been suggested to be species-

specific. In some species, HBs remain on spermatozoa in the

epididymis and are not released until the time of ejaculation

(Cooper & Yeung, 2003; Cooper, 2005; Xu et al., 2013). In

humans, the HB appears to be retained at the time of fertiliza-

tion (Fetic et al., 2006; Cooper, 2011).

In the rat and monkey, HBs have been suggested to detach

from spermatozoa by the time they reach the cauda epididymis

(Moreno et al., 2000a; Xu et al., 2013). However, in our recent

study on the rat (Au et al., 2015a), we noted that many HBs were

still attached to spermatozoa in the cauda epididymis, contrary

to our original finding, suggesting that many HBs of spermato-

zoa detached in the cauda region (Hermo et al., 1988). This was

also evidenced by the degradation of selective proteins by the

proteasome and ubiquitin system in more proximal regions of

the epididymis, but for the retention of other proteins in the HB

that were still attached to the tails of spermatozoa in the cauda

region (Au et al., 2015a).

Another point of interest that we noted in the HB of spermato-

zoa was the presence of numerous small 35-nm particles

(Fig. 2). Such particles not only resided within the HB but were

also seen in the epididymal lumen amongst the stereocilia of

principal cells as well as within the endocytic organelles of clear

cells (Hermo et al., 1988). Recently, there has been a surge of

interest in extracellular particles and vesicles (ranging in size

from 30 to 1000 nm) derived from different cellular sources. The

first description of such structures, known by a plethora of dif-

ferent names such as exosomes, microvesicles, nanoparticles,

argosomes, oncosomes (Gould & Raposo, 2013; Raposo & Stoor-

vogel, 2013; Cruz et al., 2018; van Niel et al., 2018), goes back to

the 80s (Trams et al., 1981; Harding et al., 1984). They deliver a

broad spectrum of bioactive molecules, including a variety of
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proteins, lipids, and nucleic acids such as mRNAs and small

non-coding RNAs (i.e., miRNAs). The latter travel between cells

and regulate protein expression through post-transcriptional

modulation, thereby inducing cell phenotype changes at a non-

genomic level (Alberti & Cochella, 2017; Gross et al., 2017).

In the epididymis, such structures, termed epididymosomes,

have been shown to be important contributors to sperm matura-

tion in the epididymis by allowing the transfer of new proteins

from epithelial epididymal cells to the sperm surface (Belleannee

et al., 2013; Sullivan & Saez, 2013). Moreover, the surface of the

HB of spermatozoa was covered with vesicle-like structures, sug-

gesting that they were epididymosomes originating from the

epithelium and fusing with the surface of the HB to deliver pro-

teins during epididymal maturation; other vesicles appeared to

be budding from the sperm HB (Paunescu et al., 2014). Based on

our finding of 35-nm particles (epididymosomes) derived from

the fragmenting HB of cauda epididymal spermatozoa (Fig. 2),

we propose that such particles may be released from the HB of

spermatozoa to regulate clear as well as principal cell functions,

a hypothesis that awaits further experimentation.

PROTEINS OF UNKNOWN FUNCTION
In our proteomic analysis of the isolated HB, 215 proteins of

unknown function were characterized. In the isolated testis

Golgi fraction, 240 proteins of unknown function were uncov-

ered with two abundant proteins of unknown function being

identified as new Golgi markers (GL54D and TM9SF3). All of

these unknown proteins (Au et al., 2015a,b) may now be studied

to elucidate their distribution and functions during germ cell dif-

ferentiation and in HB of epididymal spermatozoa.

CONCLUSION
The HB is conserved amongst all mammalian species. The

data from this study indicate that the HB of epididymal sperm

concentrate isolated flattened cisternae defined as Golgi ele-

ments, as well as dilated irregularly shaped membranous profiles

suggestive of being ER and endosomes. By proteomics and LM-

IHC, the HB is a macromolecular structure enriched with Golgi,

endosomal, ER, ribosomal, GTPases, and coat proteins for func-

tions in membrane trafficking, stress proteins for protection and

proteins involved in degradation, and cytoskeletal elements for

migration and a concentration of cytoplasmic proteins for gly-

colysis (Fig. 11).

Taken together with proteins of the biosynthetic secretory

apparatus on whole spermatozoa (Chauvin et al., 2012) and our

own work on the HB (Au et al., 2015a), then far from being a cell

devoid of a translational machinery, epididymal spermatozoa

may eventually be reassessed as in a dynamic state of protein

turnover as proposed for all cells (Schoenheimer, 1942), with full

characterization awaiting future experimentation.
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