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Abstract: Epididymal sperm maturation is the process through which sperm acquire the potential to fertilize the egg. For 

most mammals, studies report that this process is completed before the sperm enter the cauda region of the epididymis; 

however, in some bat species, such as the Mexican big-eared bat (Corynorhinus mexicanus), this does not occur, as the process 

does not end until the sperm are inside the cauda of the epididymis, and thus is associated with a long storage period. 
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1. Introduction 

The sperm are formed in the testes during spermatogenesis, 

but are not yet capable of fertilizing an oocyte as they 

continue to experience structural, physiological and 

biochemical changes or modifications after leaving the 

seminiferous tubules [1]. Later, in the epididymis, the sperm 

undergo a process called epididymal sperm maturation 

through which they acquire a marked increase in motility 

strength, lose the cytoplasmic droplet, increase their surface 

charge, show changes in lipid composition and, in some 

species, experience a massive remodeling of the acrosome 

form [2-10]. Together, all these changes prepare the sperm 

for capacitation and the acrosome reaction, which are 

necessary to obtain the ability to fertilize an oocyte [1, 6, 10-

13]. 

The epididymis is a simple, though somewhat convoluted, 

tubule that can measure from 3-to-80 m depending on the 

species [1, 14]. In most cases, it has three clearly-

differentiated anatomical regions: a) the initial segment, or 

caput, that receives the sperm and testicular fluid from the 

testicular efferent vessels; b) the corpus, which is narrower 

and connects to the final region; and, c) the cauda, which is 

of globular appearance and is responsible for storing the 

sperm until ejaculation [1, 6, 10, 13]. 

One of the most important functional characteristics of the 

epididymis involves secretion of specific proteins. This 

function is spatially-restricted to very specific segments of 

the organ, because each section of the epididymis is further 

divided into intra-regional segments bordered by connective 

tissue septa (CTS) [15]. Accordingly, in addition to providing 

support and stability to the organ itself, the CTS provide the 

microenvironment that the sperm require, given that gene 

expression and protein synthesis differ among the three 

regions [1, 15, 16]. 

It has been reported that sperm maturation takes place 

between the caput and corpus of the epididymis, and that the 

mature sperm are then stored in the cauda until ejaculation 

[10, 17-21]. This idea that the sperm of many mammalian 

species achieve maturity before reaching the caudal region 

emerged over 70 years ago (see Amman and Schanbacher 

[22]); however, recently-discovered morphophysiological 

evidence from the vespertilionid Mexican big-eared bat 

(Corynorhinus mexicanus) strongly suggests that the 

epididymal sperm maturation process requires an unusually 

long time compared to that reported for other mammals, and 

is not completed until the sperm are in the cauda. This 

process also appears to be associated with longer sperm 
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storage time [23]. For these reasons, the objective of the 

present study was to identify the basic aspects of this process 

of epididymal sperm maturation in species of bats that have 

been described as having prolonged sperm storage in the 

epididymis. 

2. Biochemical Basis of Epididymal 

Sperm Maturation 

During maturation, the spermatozoa undergo intracellular 

changes in their calcium concentration, cyclic adenosine 

monophosphate content (cAMP), and tyrosine 

phosphorylation patterns, all of which are essential for the 

development of coordinated movement [20, 24-26]. The 

sperm’s forward movement depends primarily on the 

mitochondrial function [20]; however, in order for the sperm 

to develop the ability to move progressively through the 

epididymis and later recognize the oocyte in the female 

genital tract, they must first go through a protein activation 

process, which is known as tyrosine phosphorylation [27-29]. 

2.1. Tyrosine Phosphorylation 

Protein phosphorylation is a post-translational event that 

allows the cell to control several processes, including growth, 

the cell cycle, cytoskeleton assembly, and the modulation of 

ion transport, which function as adjustment mechanisms of 

biological activity [27-29]. In eukaryotic cells, most 

phosphorylations occur in serine (Ser) and threonine (Thr) 

protein residues and, though to a lesser degree, in those of 

tyrosine (Tyr). In mammalian sperm, it has been possible to 

determine that this occurs in a similar fashion, with a 

phosphorylation ratio of approximately 1000/100/1 for Ser, 

Thr and Tyr, respectively [27, 29]. The phosphorylation 

condition is controlled by the activity of protein kinases and 

phosphatases, where the former add a phosphate group and 

the latter remove it [27-29]. Studies have shown that 

phosphorylation of tyrosine residues is particularly important 

in sperm capacitation [27, 29], and is associated with the 

process of epididymal maturation, where certain 

phosphorylation/dephosphorylation events take place (which 

allow the spermatozoon to turn its function on, or off, like a 

“switch”), involving primarily the sperm flagellum proteins 

that participate in the acquisition of motility and the ability to 

fertilize the oocyte [29, 30]. 

However, studies of tyrosine phosphorylation have been 

conducted mainly in species in which the sperm maturation 

process is seen to end before the spermatozoa enter the 

epididymal cauda. In the case of C. mexicanus, it has been 

determined that tyrosine phosphorylation increases in sperm 

obtained from the cauda [31], clearly indicating that the 

sperm maturation process continues there. And this finding, 

in turn, may be related to the time that the sperm are stored in 

the cauda. However, the signaling pathways that allow 

tyrosine phosphorylation require the participation of certain 

molecules, such as cholesterol, calcium (Ca
2+

), bicarbonate 

ions, progesterone, gamma-aminobutyric acid, and reactive 

oxygen species (ROS), among others [29, 32-34]. 

2.2. Involvement of Reactive Oxygen Species (ROS) in 

Sperm Maturation 

Oxygen is essential for all aerobic organisms since it is the 

main source of energy acquired through oxidative 

metabolism. However, oxygen consumption generates 

various derivatives, including active forms of peroxidized 

oxygen metabolites and molecules, which together are known 

as reactive oxygen species (ROS) [34]. The ROS that result 

from the excitation of O2 form singlet oxygen or transfer 1, 2 

or 3 electrons to O2 to form the superoxide anion (.O2-), 

hydrogen peroxide (H2O2), and the hydroxyl radical (.OH-), 

respectively [34, 35]. ROS are not necessarily toxic to the 

cell, for their toxicity depends on their concentration and the 

context in which they are produced [36]. Indeed, we now 

know that ROS are essential to the physiology of sperm in 

relation to such processes as maturation and capacitation [9, 

12, 30, 34, 36-43]. 

Our working group has determined that ROS production in 

the epididymal sperm of C. mexicanus bats may well be 

involved in the sperm maturation process in the cephalic 

epididymis region. Moreover, ROS production persists in 

sperm obtained from the caudal region, suggesting and 

confirming the results reported by Cervantes et al. [23] In 

this mammal, unlike reports on other species, the sperm 

maturation process is completed in the caudal region [44]. In 

addition, ROS production does not depend on the activity of 

an NADPH oxidase which, apparently, is absent or inactive 

[44]. This finding suggests the involvement of cytochrome 

B5 reductase [33, 45]. Therefore, ROS production in the 

epididymal sperm of C. mexicanus could be of mitochondrial 

origin; alternatively, it would be necessary to confirm DUOX 

activity, as reported by Baker et al. [46]. 

Fortunately, the seminal plasma and sperm contain a whole 

battery of ROS scavengers, including such enzymes as 

superoxide dismutase (SOD), catalase (CAT), and glutathione 

peroxidase (GPX), as well as various substances whose 

activity is linked to CAT and SOD, such as α-tocopherol, 

ascorbic acid, glutathione, pyruvate, taurine, hypotaurine, 

and albumin, which imbues them with the ability to regulate 

ROS growth [36, 47-53]). 

There are studies of the participation of the antioxidant 

enzymes CAT, SOD and GPX in C. mexicanus that have 

measured the enzyme activity found in the epididymis, 

including the mechanism that modulates ROS during 

maturation and prolonged sperm storage, two patterns of 

enzymatic activity that appear according to the phase of the 

epididymal reproductive cycle. CAT activity in the 

epididymis is particularly high throughout the reproductive 

cycle, while SOD activity is present during sperm transit 

from the testes to the epididymis, and sperm maturation, but 

is almost completely absent from the cephalic and caudal 

epididymal regions during the storage period [54]. GPX 

activity, meanwhile, is low during the testicular phase but 

high between the different segments of the epididymis (i.e., 

caput, corpus and cauda) during maturation [54]. This 
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activity pattern seems to be specifically controlled and 

differentiated in relation to the compartmentalization of the 

epididymal functions [44]. 

3. Prolonged Sperm Storage in the 

Epididymis 

An unusual reproductive particularity in mammals, which 

has been reported for some bat species, is prolonged gamete 

storage. Though this feature occurs primarily in females in 

the form of delayed ovulation in relation to coupling time, 

cases of prolonged sperm storage have also been identified in 

the males of some species. In these cases, the epididymis 

(especially the caudal region) is the organ responsible for this 

function [55, 56]. 

The question of prolonged sperm storage in bats has been 

addressed since 1860, and this phenomenon has been 

identified in at least 43 species [55-59]. One of the first 

studies to show that the sperm of bats is capable of 

fertilization even after a prolonged storage period was 

conducted by Wimsatt and Folk in the 1940s (cited by 

Crichton [55]). Today we know that some bats of the 

Vespertilionidae and Rhinolophidae families show a temporal 

asynchrony in the development and functioning of the male 

reproductive organs [60]. Specifically, the development of 

the testes and the process of spermatogenesis take place 

mainly in the summer months, while the maximum 

development of the epididymis and accessory sex glands, the 

expression of libido, and mating, do not occur until the 

autumn [56, 61-64]. This asynchrony results in an unusually 

long period of sperm storage in the epididymis, which may 

extend for several months after the testes have completely 

regressed [55]. Indeed, the sperm in the epididymis of some 

bat species are stored for months, but remain viable for 4-to-

10 months, depending on the species and environmental 

conditions [65-67]. 

It was long considered that the phenomenon of prolonged 

sperm storage in bats was limited to species living in 

temperate and cold zones, and was attributable to the low 

ambient temperatures that, in turn, caused a decrease in the 

availability of the insects that constitute the principal source 

of food for those animals. As a result, those bats experienced 

prolonged periods of adaptive hypothermia that extended 

throughout the winter season [61, 68, 69]. However, later 

studies of bats from warmer climes where this phenomenon 

is also present indicated that prolonged storage is not related 

to low ambient temperatures [56, 60], though it is important 

to clarify that the species reported actually inhabit temperate 

environments because they live at high altitudes. Currently, 

there are reports that provide additional support for this view, 

since they have found regulating mechanisms that maintain 

sperm structurally and functionally viable during prolonged 

storage periods due to certain morphophysiological aspects 

that depend on the epididymal environment [66, 67]. 

Bats that have prolonged sperm storage typically enter into 

a state of lethargy early in the winter season. In this condition, 

individuals drastically reduce their metabolic functions and 

body temperature, which leads to a decrease in cellular 

activity and in several central functions related to 

reproductive processes, such as hormone production and the 

ability of target organs to respond to hormonal stimulation 

[70]. With regards to this interesting phenomenon, there are 

two important parameters that must be taken into account; 

the first is the time that the sperm remain in storage; the 

second is the conservation of such characteristics as viability, 

integrity, and the ability to perform forward movement and 

achieve effective fertilization. One proposal to explain how 

the sperm of hibernating bat species remain structurally and 

functionally viable for long periods in the caudal region of 

the epididymis was advanced by Crichton et al. [66], who 

determined that the epididymal fluid obtained from 

micropunctures of the caudal region maintain high levels of 

osmolarity as the storage season progresses, a condition that 

may favor long-term storage. Those authors [66, 67] further 

reported a close relation among the epididymal epithelial 

cells of the pallid bat (Antrozous pallidus), the northern long-

eared bat (Myotis septentrionalis), and the little brown bat 

(Myotis lucifugus), all of which form what may be called a 

blood-epididymal barrier, particularly during the period of 

sperm storage. 

This phenomenon, together with the generation of a 

hyperosmolar environment in the lumen of the epididymal 

tubule, was suggested as the conditions that could cause a 

certain degree of dehydration of some spermatozoa and, 

therefore, their immobilization. Here, the cell quiescence due 

to reduced respiration would conserve energy and preserve 

viability by preventing the onset of progressive movement by 

the spermatozoids. Hence, lowering the osmolarity of the 

epididymal lumen allows the sperm to completely recover 

their motility and, as a result, their fertilization capacity. 

However, the effect of the hyperosmolar environment on 

sperm physiology remains to be tested with further studies. 

A subsequent study by the same research group 

hypothesized that the plasma membrane of the sperm of the 

vespertilionid bat Myotis velifer apparently has greater 

resistance to factors such as detergents for example that are 

known to destabilize the sperm membrane of other mammals. 

At the conclusion of their experiments, however, they 

determined that there was no difference in terms of 

membrane resistance to the agents they tested. Therefore, 

long-term sperm survival could not be attributed to the high 

resistance of the plasma membrane [71]. 

4. Maturation and Prolonged Storage in 

Mexican Big-Eared Bats 

(Corynorhinus mexicanus) 

Another proposal to consider relates long-term sperm 

storage to the epididymal maturation process. In the case of 

the vespertilionid Mexican big-eared bat, in addition to being 

a species that manifests asynchrony in the development of 

the male’s sexual functions [56, 61-64], it also maintains the 
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sperm in the epididymis for up to 5 months after the testes 

have fully regressed [60]. 

Studies of the weight, histology and morphometric 

variation of the epididymal tubule of C. mexicanus revealed 

that in addition to the asynchrony of the male’s sexual 

functions, an apparent asynchrony among epididymal regions 

also occurs (caput-cauda), as the caput presents growth peaks 

in September (due to the presence of sperm), while the cauda 

peaks in October (90.3x10
6
). Observations revealed that, 

anatomically-speaking, the caput of the epididymis is smaller 

in size than the cauda, a situation that indicates a clear 

asynchrony of one month between the development of these 

two regions [60, 72, 73]. 

Sometime later, Cervantes et al. [23] conducted a study in 

which they analyzed separately the three regions of the 

epididymis (caput, corpus and cauda) of C. mexicanus. They 

determined that spermatozoa levels in the corpus and caput 

never exceeded 30×106, while data for the cauda showed a 

level of 77.2×106. Sperm were no longer observed in the 

cephalic region in early October, nor in the body at the end of 

that month, when sperm concentrations in the cauda were 

high. In addition, the presence of the cytoplasmic droplet was 

high in the sperm obtained from the caudal region in 

September (19.7%), but showed a steady decrease until 

yielding zero values in late October (1.7). 

Upon testing the maturational status of the sperm cells of 

C. mexicanus obtained from the three different regions of the 

epididymis by analyzing sperm capacitation and the in vitro 

acrosome reaction, those researchers found that the 

capacitation values from early September were 6% for the 

corpus and 16% for the cauda, but that they increased in 

October to 19.4% and 33.2%, respectively. In the case of the 

acrosome reaction for the same time period, the initial values 

found were 7.6% and 12.0% for the body and tail, 

respectively, with a subsequent increase to 22.2% and 32.3%, 

respectively. These results led them to conclude that the 

cauda region was not simply a sperm reservoir [74], but that 

in this species it is the region where sperm maturation may 

be completed, quite independent of the function of the testes. 

These findings are most interesting when we recall that the 

epididymis is  androgen-dependent, and that the testicles of 

these bats have undergone complete involution, so it would 

seem that they have no additional effect on the epididymis 

[60] and that the complete differentiation of the 

spermatozoids could not take place there [1]. 

In order to strengthen support for the proposal that in C. 

mexicanus sperm maturation ends in the caudal region, 

Rodríguez-Tobon et al. [73] conducted studies of the 

morphology and ultrastructure of the spermatozoa of this 

species. They found a high frequency of cytoplasmic droplet 

in the middle section of the spermatozoa. In addition to 

identifying morphological changes in the different cell types 

of the epididymis of C. mexicanus, they also observed that 

both principal and clear cells are present in all three 

epididymal regions [73], and are related to the process of 

sperm maturation, since those cells are characterized by their 

highly-developed endocytic and secretory machinery and, 

moreover, show structural and functional differences in each 

region of the epididymis [1, 75]. 

Therefore, the presence of principal and clear cells 

throughout the epididymal tubule is evidence that the 

maturation process continues from the moment the sperm 

enter the head region of the epididymal tubule in late August, 

until such time as the storage period in the caudal region ends; 

a period that is necessary to complete the process of sperm 

maturation [73]. 

5. Conclusions and Prospects for 

Epididymal Sperm Maturation in C. 

mexicanus 

Several authors have explored the mechanisms by which 

sperm reach maturity in the epididymis, however recent 

studies of the C. mexicanus bat have opened a new 

perspective to consider in relation to epididymal maturation. 

The fact that in this species sperm maturation is completed in 

the caudal epididymis region and is related to prolonged 

storage times leads to new considerations, given that this 

species is also characterized by temporal asynchrony in the 

development and functioning of the male’s reproductive 

organs. 

Studying the wide variety of proteins that may be secreted 

by the epithelial tissue of the epididymal tubule is essential to 

achieving a better understanding of the maturation process, 

since many of these proteins propitiate changes in the 

movement of the flagella and the subsequent recognition of 

the oocyte. Research into how proteins are incorporated into 

the spermatozoids is also essential, especially the possible 

role of the epididimosomes as elements in the pathway that 

transports them from the epididymal tissue. 

Analyzing the parameters of motility using a computerized 

system (Computer-Assisted Sperm Analysis, or CASA) and 

gaining a better understanding of the various components and 

regions that integrate the sperm plasma membrane along the 

epididymal duct as the spermatozoids pass through the 

various organs of the male genital tract, will allow us to 

determine the functional status of the cells at each stage. 

Finally, reports in the literature affirm that the ROS in sperm 

allow the activation of proteins involved in flagellar 

movement, but additional studies are required in order to 

ascertain exactly what occurs in bat species characterized by 

long storage periods of the spermatozoids in the caudal 

region of the epididymis. 
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