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INTRODUCTION

The mammalian epididymis is a dynamic organ endowed with diverse roles concerning the post-
testicular physiological maturation of spermatozoa and their storage before ejaculation. Sperm 
quality control is one such role, which appears to occur during epididymal processing and storage 
to circumvent misshapen, genetically abnormal, or infertile spermatozoa entering the ejaculate 

ABSTRACT
Objectives: The mammalian epididymis is a dynamic organ endowed with diverse roles, including sperm 
quality control, which appears to occur during the epididymal processing and storage to prevent the misshapen 
spermatozoa from being present in the ejaculate in large numbers. This quality control mechanism is capable of 
identifying and removing dead/defective spermatozoa. In this respect, the role of a dense matrix arising from 
epididymal secretory aposomes/epididymosomes and associated disintegration/dissolution of dead/defective 
spermatozoa has been reported. This study was conceived to find if the mechanistic details of the disintegration of 
the parts of the spermatozoa along the length encompass the same or different patterns.

Material and Methods: We used photomicrographs from the experimental rat model induced into defective/
unviable spermatozoa by aflatoxin B1 treatment.

Results: A meticulous screening of the matrix-embedded spermatozoa reflected different courses of disintegration 
of the major parts, namely, head, mid-piece, and flagellum. The disintegration of the head began with swelling of 
the acrosome and its lysis, followed by the gradual disintegration of the nucleus. In the mid-piece, the plasma 
membrane underwent disintegration first, and this was followed by disorganization and disintegration of the 
mitochondrial sheath and, subsequently, the outer dense fibers (ODFs). In the flagellum, neither the plasma 
membrane nor the fibrous sheath (FS) indicated any trace of disintegration initially. Rather, the FS and the plasma 
membrane were lifted off from the ODF-axoneme complex and, subsequently, with the FS remaining intact, the 
ODFs and the axonemal doublets on one side disintegrated, followed by disintegration of the remaining ODFs 
and the axonemal doublets.

Conclusion: In the disintegration process, the spermatozoa’s head, mid-piece, and flagellum follow different 
courses, reflecting on the respective structural compositions.
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in abundance.[1,2] This function of the epididymis has been 
hypothesized since the days of Simeone and Young[3] and 
has more recently been substantiated.[4-6] It is well known 
that many spermatozoa in normal physiological conditions 
are defective and/or unviable,[7] and sperm abnormalities 
in men have received extensive scrutiny.[8] Problems in 
spermatozoa are induced by aberrations in spermatogenesis 
in the testis (primary defects) or by extragonadal organs, 
particularly the epididymis (secondary defects).[9,10] There 
are multiple causes, including toxic insults, that contribute to 
the genesis of spermatozoa with aberrant morphologies and/
or reduced viability ensuing from issues in spermatogenesis, 
spermiogenesis, and/or epididymal processing.[11,12]

It is enunciated that the more proximal parts of the epididymis, 
namely, caput and corpus, have a higher incidence of dead 
and decapitated spermatozoa than the cauda and the ductus 
deferens.[2] According to Orgebin-Crist,[13] the epididymis 
reabsorbs at least 50% of spermatozoa released from the 
testis. These observations imply the existence of a sperm 
quality control mechanism in the mammalian epididymis, as 
a matter of routine, even in normal animals[2] or when sperm 
death signals predominate.[1] This mechanism is capable of 
identifying and removing dead or defective spermatozoa. Men 
who undergo vasectomy also experience the disintegration of 
spermatozoa,[14] and animals that breed seasonally do as well 
after the mating season.[15,16] In this respect, we have reported 
the dense matrix-associated disintegration/dissolution of 
dead/defective spermatozoa.[17] Further, we also traced the 
source of this dense matrix to the epididymal epithelial 
principal cell-derived aposomes and the epididymosomes 
therein.[18] The secretion of the dense material that segregates 
the sperm cargo for complete disintegration and liquefaction 
safeguards the healthy/viable spermatozoa from the onslaught 
by the free radicals. In this context, we developed an interest 
in finding if the mechanistic details of the disintegration 
encompass the same pattern along the entire sperm or if 
the different parts respond differently to the disintegration/
dissolution process. In this investigation, we used the 
photomicrographs from an experimental rat model induced 
into defective/unviable spermatozoa by aflatoxin B1 (AFB1) 
treatment mentioned vide supra,[17,18] to trace the pattern of 
disintegration/dissolution.

MATERIAL AND METHODS

The animal study has been reported[17,18], and the Institutional 
Animal Ethics Committee approved the experiment. Briefly, 
male Wistar strain 90-day-old rats were raised from a stock 
obtained from the Indian Institute of Science, Bangalore, 
India, and fed on an aflatoxin-free pellet diet from Sai 
Durga Feeds and Foods, Bangalore, India, and water 
ad libitum. AFB1 was purchased from Sigma Chemical 
Company (St Louis, MO, USA). The toxin was dissolved 

in a minimum volume of ethanol and then diluted in olive 
oil. The preparation was administered to 10 rats at a daily 
dose of 20 μg/kg body weight for 55  days, the length of 
one spermatogenic cycle.[19] The route of administration 
was intramuscular.[17,18,20,21] An equal number of control rats 
were treated with the vehicle. After being perfused with 
Karnovsky’s[22] fluid, thin slices of the various segments of 
epididymis were collected from control and treated rats and 
fixed in 2.5% glutaraldehyde in cacodylate buffer followed 
by post-fixation in 1% osmium tetroxide.[23] The tissue 
slices were thoroughly washed in the buffer, dehydrated in 
ethanol, cleared in propylene oxide, and embedded in thin 
viscosity resin (Araldite CY212, SPI-Chem, Switzerland). 
Toluidine blue-O was used to stain the semi-thin sections 
(1 μm thick) cut in a Leica (Jena, Germany) ultramicrotome 
for examination in a Carl Zeiss (Jena, Germany) research 
microscope. A CCD camera (Sony, Tokyo, Japan) equipped 
with the Axiovision (Carl Zeiss, Germany) software was used 
to capture photomicrographs. From the semithin sections, 
the regions of interest were selected and cut into ultrathin 
sections using the same microtome. Uranyl acetate (6%) and 
lead citrate (0.1%) were used to stain the ultrathin sections 
for analysis, adopting a transmission electron microscope 
(Phillips 201C; Amsterdam, the Netherlands). Special 
attention was given to sperm that were embedded in a dense 
matrix and underwent dissolution and/or disintegration.[17,18]

RESULTS

The lumen of the ductus epididymidis of aflatoxin-treated 
rats contained spermatozoa with varied abnormalities, 
as reported earlier.[20,21,24] These misshapen spermatozoa 
were found entangled in a dense matrix, resulting from the 
aposomes that contained the epididymosomes in the lumen 
of caput epididymidis onwards. These spermatozoa were in 
different phases of disintegration and/or dissolution.[17,18] A 
meticulous screening of the matrix-embedded spermatozoa 
reflected different courses of disintegration of the major parts 
of the spermatozoa, namely, head, mid-piece, and flagellum.

In the head, the earliest change was swelling of the 
acrosome, resulting in the appearance of a wider than 
normal perinuclear space [Figure  1a-c]. This was followed 
by the collapse of the acrosome, exposing the nucleus 
[Figure 1d and e]. Subsequently, the homogenous electron-
dense nucleus became heterogeneous, with the introduction 
of clear spaces due to the disintegration of chromatin in a 
gradual manner [Figure  1f-i]. Thus, the disintegration of 
the head began with swelling of the acrosome and its lysis, 
followed by gradual disintegration of the nucleus.

In the mid-piece, the earliest change was the disintegration 
of the plasma membrane, and is very conspicuous compared 
to the control [Figure 2a and b]. This was followed by 
disorganization of the mitochondrial sheath, with the 
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latter becoming disintegrated starting from one weak point 
[Figure 2a-d]. The outer dense fibers (ODFs) took to either 
of the two following courses. First, they were disorganized 
and lost their connection with the axoneme [Figure  2e]. 
Subsequently, the ODFs underwent slow disintegration such 
that in some sections, there was no trace of ODFs on one 
side, but those on the other side were intact. Thereafter, the 
disintegration continued in an irregular pattern with respect 
to the ODFs [Figure  2f]. Second, it was interesting to see 

sperm mid-piece sections without any trace of the plasma 
membrane, mitochondrial sheath, and even axoneme in 
some cases, leaving only the ODFs intact [Figure 2g-i], which 
also subsequently disintegrated [Figure  2j-l]. With further 
disintegration, the sections were not revealing identity as 
belonging to sperm mid-piece.

In the flagellum, neither the plasma membrane nor fibrous 
sheath (FS) indicated any trace of disintegration initially. 
Rather, the FS and the plasma membrane were lifted off from 
the ODFs-axoneme complex [Figure 3a and b]. Subsequently, 
with the FS remaining intact, the ODFs and the axonemal 
doublets on one side disintegrated [Figure  3c and d], and 
later, the remaining ODFs and the axonemal doublets also 
disintegrated [Figure  3e], as a result of which the principal 
piece in transverse sections (TSs) appeared as empty vesicles 
[Figure  3f]. In some TSs of spermatozoa, the ODFs on one 
side were missing, but such missing ODFs were found outside 
the FS, that is, between the FS and sperm plasma membrane 
[Figure 3f]. These are not to be mistaken for matrix-embedded 
spermatozoa. These are spermatozoa, the flagellum of which 
was folded, and the folds were fused such that it looks as if 
there were two axonemes in a common cytoplasm [Figure 3g 
and h]. These correspond to spermatozoa in which the ODFs 
were extruded, as reported earlier.[24]

DISCUSSION

This study reveals that while the dead/defective spermatozoa 
undergo disintegration and liquefaction while being 
entangled in a dense material of epididymal lumen, the 
head, mid-piece, and flagellum of the spermatozoa take 
different courses in the disintegration process. As regards the 
sequence of dissolution of spermatozoa, to the best of our 
knowledge, none of the earlier authors traced it to the stage 
in this study. In the head, the earliest response was seen in 
the acrosome, which initially swells and then collapses such 
that the perinuclear theca is disposed of. Once exposed, the 
nucleus should be responding to the DNases and proteinases 
resulting in complete disintegration of the nucleus. 
According to Jones[1], disposing of the condensed sperm 
head is more difficult. Trypsinization (to cause decapitation 
and dissolution of the perinuclear theca) in the presence of a 
reducing agent, such as dithiothreitol, is an efficient method 
to decondensed sperm heads in vitro. It is conceivable that 
sperm heads might start to decondense and degrade in the 
presence of active proteinases and DNases if enough reducing 
activity (such as glutathione) is present in the epididymal 
fluid, and over a few days or weeks, they would eventually 
disappear.[1] In favor of this conjecture, active DNase and a 
variety of other nucleolytic enzymes were observed in bull, 
boar, rabbit, and rat epididymis.[1,25] Perhaps, Jones[1] is 
justified in stating that disposal of the resistant sperm head, 
mitochondria, FS, and ODFs would be a problem.

Figure  1: (a) Transmission electron micrograph (TEM) of 
longitudinal section of control sperm head. (b–i), TEM of matrix-
embedded spermatozoa. (b) Longitudinal Section (LS) of the head; 
(c) Transverse section of the head (asterisks indicate swelling of 
acrosome and widening of perinuclear space). (d and e) show 
collapse of acrosome and exposure of the nucleus (arrowheads). 
(f-i) Show gradual disintegration of the sperm nucleus (asterisks 
indicate empty spaces in the nucleus). Scale bar a, b 1.5 μm, c 0.9 
μm, d 0.8 μm, e–i 0.6 μm.
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In the mid-piece, the plasma membrane appears to 
be easily susceptible to the disintegration process, 
thus exposing the mitochondrial sheath, which then 
succumbs to the disintegration. The axoneme is the last to 
disintegrate, indicating the resistance of the ODFs to the 
lytic process. In the flagellum, the plasma membrane easily 

gives way, but the FS and the ODFs appear to be tough, and 
between the two, the FS appears to be tougher. Thus, this 
study incidentally reflects on the physical and biochemical 
nature of the various region-specific cellular organelles 
of the sperm with special reference to the response to the 
disintegration.

Figure 2: (a) Transmission electron micrograph (TEM) of Transverse section (TS) of mid-piece of 
control sperm. (b–l) TEM of mid-piece of matrix-embedded spermatozoa in disintegration, showing 
the tentative sequence of changes. (g–l) Suggests that outer dense fibers are rather resistant to 
disintegration. Scale bar a–e 0.3 μm, f 0.4 μm, g-l 0.25 μm.
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Figure 3: (a) Transmission electron micrograph (TEM) of Transverse section (TS) of principal piece of control 
sperm. (b–h) TEM of TS of principal piece of flagellum of matrix-embedded spermatozoa in disintegration. 
(b) fibrous sheath (FS) is lifted off (arrowheads) from the axoneme-outer dense fiber (ODF) complex; (c) one 
such spermatozoon magnified (asterisks show disintegrating ODFs); (d) complete disintegration of the ODFs 
on one side (asterisks); (e) complete disintegration of the ODFs on both sides; (f) complete disintegration of 
the ODFs and axoneme indicating that FS is more resistant to the disintegration. (g and h) TEM of sperm 
flagellum, which is folded and fused, could be mistaken for matrix-embedded spermatozoa. Note the intact 
plasma membranes (arrowhead). Scale bar a, 0.6 μm, b, d, f–h, 0.8 μm, c, e, 0.4 μm.

Koyanagi and Nishiyama[26] studied the disintegration of 
spermatozoa in the infundibular sperm-host glands of the 
fowl 15 days after artificial insemination. According to these 
authors, the plasma membrane of spermatozoa becomes 
obscure at an early stage of disintegration. The acrosome and 
nucleus of the head set out the disintegration process, and 
then the mitochondria of the middle piece and, finally, the 
principal piece-axial-filament complex and FS will undergo 
the disintegration. Although the specifics could be different, 
the sequence mentioned is in good agreement with our 
observation.

It is reported that the normal mammalian epididymis 
is an organ particularly rich in acid hydrolases such 
as β-galactosidase, N-acetyl-β-D-glucosaminidase, 
α-mannosidase, β-glucuronidase, aryl sulfatase, besides 
the DNases and other nucleolytic enzymes, consistent with 
a developed lysosomal apparatus for the disintegration 
of sperm proteins and DNA and are not functional to 
any substantial level just because of the predominance of 

the survival signals.[1,27] These enzymes may modify the 
spermatozoa as they pass through the epididymis or even 
disintegrate the spermatozoa.[28] Further, Jones[1] postulated 
that the perturbations that take place within the epididymal 
lumen following androgen depletion and collateral regression 
of the epithelium can activate death pathways that eventually 
lead to disintegration and dissolution of spermatozoa, as in 
the case of male animals with a seasonal reproductive cycle. 
The solubilization of several organelles, including the sperm 
head, mitochondria, FS, and ODFs, would be facilitated by 
the activation of these proteinases and hydrolases in the 
luminal fluid as a result of changes in pH and ionic strength 
due to the perturbations. For instance, during toxicity, like 
with that of AFB1 in the present study, the testosterone level 
is significantly lower[29,30] and might have contributed to the 
triggering of death signal and consequent elevated expression 
of these lytic enzymes.

During the epididymal sojourn, dead/defective spermatozoa 
pick up the epididymal sperm binding protein 1 (ELSPBP1) 

a b
c

d
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from the epididymosomes,[31,32] which contributes to 
the dense matrix in which the spermatozoa undergo 
disintegration.[18] This allows for the tagging of spermatozoa 
that must eventually be expelled while shielding the live 
spermatozoa from the detrimental consequences of the dead/
defective spermatozoa.[32] Nonetheless, ELSPBP1 is not the 
sole protein that has been linked to defective spermatozoa. 
Among the many epididymosomal proteins known, 
programmed cell death 6, which is encoded by the apoptosis-
linked gene 2, an apoptosis-related gene,[33] is implicated 
in the elimination of defective spermatozoa.[34] Annexin 
V, yet another protein found in the epididymosomes,[34] is 
involved in apoptosis[35] and is concerned with the removal of 
defective spermatozoa.[36] Therefore, epididymosomes being 
a part of the dense matrix where the spermatozoa undergo 
disintegration and liquefaction,[18] these epididymosomal 
proteins, which have an affinity to the defective spermatozoa 
might contribute to their disintegration and liquefaction.

In the epididymis, in addition to the DNase, other 
nucleolytic enzymes and the proteinases mentioned, 
ubiquitin and ubiquitin-C-terminal hydrolase, PGP9.5, are 
also expressed,[37] where ubiquitin appears to be secreted in 
the epididymal lumen.[38] Sutovsky et al.[39] were the first to 
introduce the idea of ubiquitination of sperm autoantigens 
concerning the phagocytosis of dead or defective spermatozoa 
by epididymal epithelium but, subsequently, extended it 
to include spermatozoal disintegration in the epididymal 
lumen.[40] The fidelity of the ubiquitin-proteasome system 
would be used to ensure that only defective spermatozoa are 
ubiquitinated and possibly disintegrated through ubiquitin 
conjugation, most likely through epididymosomes.[4] Altering 
a defective sperm’s surface could also stop the immune 
system from reacting to its defective parts, perhaps shielding 
the reproductive system against autoimmune infertility.[40,41] 
Dot blot analysis by Baska et al.[4] revealed that the caput fluid 
and caput spermatozoa had greater ubiquitin contents than 
the cauda fluid and cauda spermatozoa. When comparing 
the epithelia, the initial segment’s epithelium had the 
greatest ubiquitin content, followed by the caput and cauda 
epithelium.[4] This is in coherence with the appearance of 
the dense material, in which these defective spermatozoa 
undergo disintegration from the caput epididymis onward, 
which is again beefing up the view.

Endogenous proteasomes, acrosomal proteases such as 
acrosin and DNases, in addition to their counterparts in 
the epididymis, are also thought to contribute to the sperm 
disintegration process.[42,43] Furthermore, it is speculated 
that the epididymis can recognize spermatozoa with gross 
deformations as well as those with cryptic defects such 
as DNA fragmentation and that tagging a spermatozoon 
with ubiquitin could mitigate sperm numbers by directly 
activating apoptotic pathways within the sperm cells, making 

defective cells prone to phagocytosis or liquefaction in the 
epididymis, or both.[40] Therefore, the dense material ensuing 
from the epididymosomes could be used as a device to mass-
ubiquitinate the defective spermatozoa while keeping viable 
spermatozoa away from the ubiquitination system. This 
raises the concern as to what would be the fate of the dense 
material once the spermatozoa have completely liquefied. 
Drawing inferences from what Martan[44,45] observed, it may 
be inferred that the dense masses containing the product 
of sperm disintegration and dissolution are sent out in the 
ejaculate or internalization, followed by recycling is another 
possibility.

CONCLUSION

Thus, this study suggests that the epididymis has a sperm 
quality control mechanism through the secretion of a dense 
material that segregates the defective/unviable spermatozoa 
for their complete disintegration and liquefaction involving 
roles for proteinases and nucleases. Further, the spermatozoa’s 
head, mid-piece, and principal piece follow different courses 
in the disintegration process.
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