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A B S T R A C T  

As spermatozoa move through the human epididy- 
mis they encounter a varied environment with res- 
pect to the proteins with which they come into 
contact. In the proximal epididymis sperm are sub- 
jected to the action of enzymes and exposure to 
proteins involved in membrane modification. In the 
middle region another set of proteins and enzymes 
predominates; those associated with sterol trans- 
port could modify the sperm membrane to permit 
the uptake of GPI-anchored zona binding proteins 
P34H and CD52. More distally sperm encounter 
increasing activities of lytic enzymes, proteins 
involved in both zona binding and oocyte fusion, 
the major maturation antigen CD52, antimicrobial 
activity and decapacitation factors, that help them 
to survive before ejaculation. Adherence of the pro- 
teins to different domains (e.g. anterior acrosome or 
equatorial acrosomal segment) may depend on the 
nature of the protein, the lipid composition of the 
particular membrane and the ionic environment in 
the epididymal lumen. The eventual location on a 
capacitated sperm (acrosomal membrane) or acro- 
some-reacted sperm (equatorial region) may dictate 
their role in, for example, zona-binding (P34H) or 
oocyte-binding (gp20). Both proteins and mem- 
branes may be modified during epididymal transit 
by the enzymes which may add to or remove carbo- 
hydrates and peptides from the sperm surface. 

Key words : sperm maturation, human epididymis, epi- 
didymal proteins. 
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I. INTRODUCTION 

The current success of testicular sperm extraction for over- 
coming childlessness may give the impression that the epi- 
didymis is not necessary for the fertilisation process but 
the falsity of this argument has been expounded (see [7]). 
Scarcity of intact human epididymides and the futility of 
taking biopsies from its single convoluted duct [45] has 
certainly delayed research on this organ in comparison 
with the human testis. Nevertheless, tissue has been used 
from autopsies and accident victims and at operations for 
prostatic carcinoma, radical prostatectomy and transplan- 
tation. The complexity of the human epididymal caput [50] 
and the uncertainly of which regions have been sampled in 
many studies leave the field less clear than it could be. 
Nevertheless, the accumulated data (presented here gra- 
phically and in tabular form) reveal a pattern of maturation 
not unlike that found in other animals that have been stu- 
died more systematically. This review updates the infor- 
mation relating to the changes that occur to spermatozoa 
during maturation in the human epididymis. 

Less is known, even in animals, about the mechanism by 
which the epididymis influences the maturing spermato- 
zoa. The application of molecular biology techniques to 
the human epididymis over the last 10 years has comple- 
mented the earlier work on specific proteins [14, 15]. This 
literature has been reviewed here from which it is evident 
that spermatozoa are subjected to an ever changing envi- 
ronment in the epididymis and come sequentially into 
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contact with proteins that have the potential to modify 
sperm-egg interactions. 

II. S P E R M  M A T U R A T I O N  IN T H E  H U M A N  

E P I D I D Y M I S  

1. Morphology 

Subjecting human epididymal sperm to the same proce- 
dures as ejaculated sperm for morphology results in arte- 
factual swelling of many sperm in the caput region [47, 52] 
but not in the cauda. This maturational changes in the abi- 
lity to resist air drying before fixation and staining was an 
unexpected demonstration of a maturation change that 
seems to affect primate spermatozoa [22]. The percentage 
of 'normal' sperm heads thus increases upon maturation 
(Fig. la), not as a result of removal of abnormal cells but by 
the appearance of a more resistant cell type. The dimen- 
sions of the heads of the non swollen sperm also changes 
upon maturation, and they become smaller (Fig. lb). 

Cell shrinkage may reflect dehydration caused by high 
intraluminal osmotic pressure, but little is known about this 
in man. Haidl et al [25] have suggested that abnormal sperm 
morphology is related to human epididymal dysfunction. 

2. Motility 

Sperm obtained from epididymal spermatocoeles (repre- 
senting testicular fluid trapped within blind-ending efferent 
ducts [9]) are motile, as are those obtained in the caput epi- 
didymidis. The percentage of motile sperm (assessed sub- 
jectively upon release into suitable medium) increases as 
they pass through the epididymis but in the old men exami- 
ned a decrease in motility was observed in the cauda (Fig. 
lc). This is thought to reflect the ageing population of 
sperm stored there that had not been voided in the aged 
patients. Computer aided sperm motion analysis reveals an 
improvement in the velocity and linearity of the sperm 
tracks (Fig. lc). The velocity of the sperm from the corpus 
are as fast as those of ejaculated (caudal) sperm from youn- 
ger men, attesting to the normal functioning of the matura- 
tion process in these patients. 

Initiation of motility may be a time-dependent phenome- 
non, rather than a result of epididymal secretions, since 
sperm recovered from the testis and caput are only motile 
after ductal occlusion [30, 38] and sperm obtained by testi- 
cular biopsy become motile upon incubation [13]. 

3. Sperm zona binding 

The first results on the binding of human epididymal to 
human zona pellucida did not detect differences in binding 
capacity [10, 20] (Fig. ld). This was most likely due to the 
non-physiological conditions employed (low temperature 
to reduce the velocity of the more mature cells in order to 
remove bias towards them by a greater number of sperm- 
egg collisions) since use of accepted capacitation condi- 

tions reveals a marked difference between caput sperm, that 
are unable to bind to the zona, and ejaculated (cauda) sper- 
matozoa that can (Fig. ld). 

Epididymal proteins have been implicated in the binding of 
sperm to the zona pellucida (see Table 1). 

4. Acrosome reaction 

The zona pellucida stimulates the spermatozoon to undergo 
the acrosome reaction (a fusion of the plasma membrane 
and the outer acrosomal membrane and eventual loss of 
these vesicles formed). In the absence of large numbers of 
human zonae, a calcium ionophore has been used to chal- 
lenge sperm to undergo the acrosome reaction. The percen- 
tage of spontaneously acrosome reacted human epididymal 
sperm is high but similar in all epididymal regions (Fig. le). 
Upon challenge with ionophore, however, the response of 
cauda cells is greater than that of corpus cells and caput 
sperm do not respond at all (Fig. 1 e). Clearly a change in 
the response of the ceils to calcium influx occurs upon 
maturation that results in their being able to acrosome react. 

Epididymal sterol binding and lipid binding proteins (see 
Table 1) are capable of making membranes more fluid, 
which is a prerequisite for acrosomal vesiculation. Human 
epididymal dysfunction has been associated with abnormal- 
ly high sperm membrane rigidity [54]. 

5. Acrosin content 

The proteolytic enzyme acrosin within the acrosome is libe- 
rated and the bound enzyme exposed on the inner acrosome 
membrane after the acrosome reaction. The amount of acro- 
sin in the head has been measured from the area of a gela- 
tin film that is digested by the enzyme released from sperm 
dried on the film (Fig. If). A smaller area of digestion is 
found around more mature sperm heads [26], but this may 
indicate a shift from soluble to bound acrosin rather than a 
loss of enzyme or reduction in activity. 

6. Sperm vitellus binding and fusion 

Capacitated and acrosome-reacted spermatozoa are able to 
bind to and eventually fuse with the vitelline membrane 
after their passage through the zona. Using the ethically 
acceptable, species-insensitive zona-free hamster oocyte as 
surrogate, capacitated human epididymal spermatozoa dis- 
play an increasing ability to penetrate eggs (Fig. lg). These 
results may partly be explained by the increased incidence 
of acrosome reacted sperm in the mature population, but 
still a difference between the response of corpus and cauda 
sperm, which can acrosome react, is evident. 

As noted above (see 4) epididymal secretions may be invol- 
ved in modulating plasma membrane fluidity. 

7. Chromatin condensation 

The condensation of chromatin that occurs during epididy- 
real maturation has been monitored indirectly by the exclu- 
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Figure 1: Maturation of sperm in the human epididymis. Various functional parameters (ordinate) are plotted for sperm obtained from dif- 
ferent epididymal regions (abscissa): (a) normal forms [47]; (b) sperm head morphometry [47]; (e) motility and kinematics [51]; (d) sperm- 
zona binding [10, 39]; (e) acrosome reactions [52]; GO acrosin content [26]; (g) sperm-egg fusion [401; (h) chromation condensation [23, 
26] ; (i) fertilisation after epididymovasostomy [19, 46]; (j) fertilisation in vitro [41]. 
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Table 1 : Human testicular and epididymal proteins suggested to be involved in human sperm-zona binding~penetration and motility. 
Name (Pseudonyms, orthologues, activity) 
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increased; 8, not present; ?, unknown; 1 ~ primary; 2 ~ secondary; 
Ac, acrosome; ARed, acrosome reacted sperm; Capt, capacitated 
sperm; Cap, caput; Cau, cauda; Cor, corpus; E, epididymis; Ed, 
efferent ducts; Ejac, ejaculated sperm; Ep, epididymal region not 
stated; Eq, equatorial; H, whole head; IAM, inner acrosomal mem- 
brane; Mp, midpiece; N, neck; PA, post-acrosomal; T, tail; T, testis; 
Vas, vas deferens; y, present, region not given. 
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sion of dyes that bind to nucleoproteins (aniline blue binds 
to the remaining histones) or desoxyribonucleic acid itself 
(acridine orange fluoresces red with single stranded and 
green with double stranded DNA). With both methods a 
decrease in the accessibility of the dye is interpreted as an 
increase in the extent of chromatin condensation (Fig. lh). 

Chromatin condensation reflects oxidation of sulphydryl 
groups of protamines [3] but nothing is known of any 
human enzymes involved. 

8. Fertilising ability in vivo and in vitro 

Ethical standards dictate that the only studies on the fertili- 
sing capacity of sperm obtained from the human epididymis 
are made on infertile men. In these studies epididymovaso- 
stomy is performed on azoospermic men with epididymal 
occlusion. The site of anastomosis of the vas to the epidi- 
dymis occurs above the site of occlusion so that different 
extents of the epididymis are bypassed. It is observed that 
the more of the epididymis the sperm have passed through 
before entering the vas deferens, the higher the pregnancy 
rate (Fig. li). Assisted reproduction techniques have per- 
mitted pregnancies to be initiated by IVF of sperm removed 
from different regions of an occluded epididymis. It has 
demonstrated that both fertilisation and pregnancy rates are 
higher, the longer the length of epididymis the spermatozoa 
have encountered (Fig. l j). 

The longer the epididymal passage, the greater the chance 
of interaction with epididymal secretions. 

I I I .  E P I D I D Y M A L  P R O T E I N S  I N V O L V E D  IN 

S P E R M  M A T U R A T I O N  

Several techniques have been applied to the study of epidi- 
dymal proteins that may be involved in the maturation and 
storage of spermatozoa. The earlier work on proteins invol- 
ved the raising of polyclonal or monoclonal antibodies 
against human ejaculated spermatozoa [2, 4], because coa- 
ting proteins should be adherent to them; against proteins 
eluted from the ejaculated sperm surface [48], because elu- 
ted sperm proteins can promote zona binding [29]; and 
against human seminal fluid proteins (e.g. [31]), because 
secreted epididymal sperm-coating proteins are found in 
seminal plasma. Antibodies against known proteins from 
other human organs suspected of being involved (e.g. fibro- 
nectin or clusterin) have been employed, and the activity of 
enzymes measured in homogenates [43] or by enzyme his- 
tochemistry [49]. 

More recently, molecular biology techniques such as clo- 
ning from gene-specific probes and differential library 
screening have been applied to the epididymis (see [33]) 
and revealed transcripts of genes that are expressed solely 
in the epididymis. Oligonucleotide sequence data and the 
consensus amino acid composition of these proteins have 

revealed surprising identities between proteins with diffe- 
rent functions. The nucleotide sequence of one epididymal 
secretion involved in sperm-zona binding (P34H) identifies 
it as a member of the short-chain dehydrogenase/reductase 
family of proteins and it has carbonyl reductase activity. 
Another epididymal protein involved in sperm-zona bin- 
ding (SOB3: [24]) has the identical sequence as a human 
epididymal cationic anti-microbial protein (hCAP-18: 
[37]). 

(Some confusion in this field is sown by the publication by 
Agerberth et al [1] who identified the hCAP-18 gene in the 
human testis. In fact, the authors used commercial filters 
that are preloaded with mRNA from various human organs. 
It is known (from the presence of a purely epididymal 
secretion HE5 in the 'testis' field of such arrays [C. 
Kirchhoff, personal communication]) that such samples 
often contain mRNA from 'total scrotal contents' and thus 
contain epididymal tissue in addition. In the case of hCAP- 
18/SOB3, antibodies do not detect the protein in the testis, 
making it a true epididymal secretion.) 

One major maturation antigen of the human epididymis 
(CD52) has been discovered by several groups and called 
variously H6-3C4 antigen [32], HE5 [34], GZS-1 [28], 
SAGA-1 [11], S19 antigen [36] and gp20 [17, 18] (see 
[121). 

Table 1 lists the proteins identified to date as secretions of 
the human epididymis that may be involved in the acquisi- 
tion of fertilising capacity of epididymal spermatozoa. 
Their names, pseudonyms, molecular weight, pI, proven 
functions and suspected role in fertilisation are given. 
Where given, the site of expression of the gene and protein 
in the organ are presented, as well as the extent of expres- 
sion, and the location in the epididymis where sperm are 
first coated by the secretion and the site of the sperm where 
the antigen is located. 

1. Solely testicular proteins 

Testicular proteins involved in sperm-egg contact are also 
listed for completeness. They are inherent components of 
sperm before they leave the testis and are thought to func- 
tion in zona binding and fusion with the oocyte. 

2. Testicular and epididymal proteins 

Other proteins are expressed in both the testis and epididy- 
mis. The epididymal regions listed are those described in 
the papers cited, although as the human caput contains both 
a common epididymal duct and many efferent ducts [50] 
the term 'caput' will include efferent ducts. Of those solely 
in the caput region, clusterin binds to lipids that are expo- 
sed on dead spermatozoa. Of efferent duct proteins also 
secreted more distally in the corpus epididymidis, one is a 
protease inhibitor (Eppin) and three (SOB 1, ARP and fibro- 
nectin) are involved in fusion with the vitellus. A role in 
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egg fusion is deduced from the reduced number of sperm 
penetrating zona-free hamster oocytes after treatment of 
sperm with antibodies to the protein and showing that zona 
binding, motility and the acrosome reaction are not affected 
by the antibody. Steric hindrance by the antibody to an adja- 
cent sperm site truly involved in binding is a concern and 
sometimes the smaller Fab Ig fragments are used. A loca- 
tion on the equatorial region of the acrosome (the site of 
sperm-egg contact) is usually consistent with a function in 
sperm-egg fusion. This is not always the case, however, and 
one sperm coating protein eluted by high ionic strength is 
located over the acrosomal region [48] and yet its antibody 
prevents sperm-egg fusion not sperm-zona binding [44]. 
This may be because the protein relocates to the equatorial 
segment during capacitation, which is the case for 
gp20/CD52 [16]. 

The location in the epididymis of several proteins also pre- 
sent in the testis (PDGS, a lipocalin) is not accurately given. 
In most cases it can be assumed, and in others it is clear 
from histological sections, that the corpus epididymidis was 
examined, however this does not necessarily imply that the 
protein is absent from other areas, since they may not have 
been examined or it may not be present (as in the case of 
BCAVD: [27]). Expression of serpin (involved in zona bin- 
ding and vitellus fusion) and trypsinogen (a precursor for a 
proteolytic enzyme/zona binding protein) is found more 
distally in the cauda epididymidis as well. 

3. Solely epididymal proteins 

As for the proteins above, some are expressed solely the 
caput (or efferent ducts) and throughout the duct. HE6 (a 
suspected epithelial transporter) is solely located in the 
caput but the reports of a caput expression of proteins C and 
S, proteases involved in immune suppression, may reflect 
the fact that only tissue from CAVB patients was examined 
where no more distal tissue is present, so these proteins may 
be present in more distal regions of normal epididymides. 

Proteins involved in zona binding (3B2F antigen) and vitel- 
lus fusion (SOB2) are found throughout the epididymis but 
a regional gradation of expression/activity of other epididy- 
mal proteins is evident. The activities of the enzymes NAG 
[3-glucosidase and [3-galactosidase are higher in the ED than 
the more distal regions of epididymis and vas deferens. The 
expression of HE2 (vitellus fusion/antimicrobial activity) 
and galactosyl transferase activity are also greater in the 
caput region. 

On the other hand, ~-fucosidase, ct-mannosidase and [3-glu- 
curonidase are more active in the epididymis than efferent 
ducts or vas. The corpus epididymidis similarly displays 
higher expression than the caput or cauda of P34H (zona 
binding). For HE 1 (a sterol binding protein) and the novel 
HE3, a biphasic expression is present with expression 

higher in the vas deferens than the cauda. For products that 
are liberated into the lumen, the significance of localised 
expression in the corpus is not clear, since the product 
would move with the spermatozoa distally and mix with 
them there. Indeed, for secretions P34H [5] and HE5/CD52 
[53] there are higher amounts of protein on sperm from the 
cauda than corpus despite the lower gene expression in the 
cauda. 

Nevertheless, proteins expressed along the entire duct but 
in higher amounts in the more distal regions would provide 
more secretion per sperm than others and may be involved 
in storage of sperm in the cauda. A sperm coating protein 
involved in egg fusion, the enzyme c~-glucosidase and the 
antimicrobial hCAP-18 all provide such distal gradients of 
secretion. Other proteins are found solely in the corpus and 
cauda (the protease GP-83, GP-39 [vitellus fusion]) or 
cauda alone (HE4, HE12), the latter thought to be decapa- 
citation factors that keep sperm quiescent until ejaculation. 

4. Interaction of proteins with spermatozoa 

Epididymal proteins held electrostatically to the sperm sur- 
face can be eluted with high ionic strength medium and 
include sperm coating protein [44] and ARP [35]. The for- 
mer was implicated in sperm-egg fusion because antibodies 
to it blocked penetration of human sperm into zona-free 
hamster eggs. By contrast, ARP was easily eluted from the 
sperm surface and was not considered to function in sperm- 
egg fusion in the way that the rodent equivalent (Protein 
D/E [AEG]) does in the rat [42]. Recent studies, however, 
have indicated that some ARP remains on the sperm equa- 
torial region after high salt extraction and that antibodies 
against ARP block sperm-egg penetration [6]. By analogy 
with the rat epididymis (about which most is known in this 
regard) it is possible that the ionic strength within the 
human epididymal canal is low, because of high concentra- 
tions of uncharged organic solutes, and this would keep 
these proteins on the sperm [8]. 

At least two epididymal secretions (CD52 and P34H) are to 
held by glycerophoshoinositol anchors to the sperm mem- 
brane. These anchor the protein to the membrane of the epi- 
didymal cell that sheds vesicular 'epididymosomes' into 
the lumen. In both cases transfer to sperm is mediated by 
such vesicles [21, 53]. P34H protein remains on the sperm 
head until the acrosome reaction, when its role in zona bin- 
ding is complete [5]. 

IV. SUMMARY 

In addition to proteins on sperm as they enter the duct, addi- 
tional proteins are added, sometimes the same as testicular 
proteins (in the case of clusterin different isoforms) but 
more often different, epididymal specific secretions. As 
sperm move through the human epididymis they encounter 
a varied and varying environment with respect to the pro- 

7 ............... 



teins with which they come into contact. In the proximal 
epididymis sperm are subjected to the action of certain 
enzymes and exposure to proteins involved in membrane 
modification and sperm-egg fusion. In the middle region 
another set of enzymes become active and proteins predo- 
minate, associated with sterol transport (HE1) that could 
modify the membrane in such as way as to permit the upta- 
ke of GPI-anchored zona binding protein P34H. More dis- 
tally sperm encounter increasing gradients of glucosidase 
and protease, proteins involved in both zona binding and 
oocyte fusion, the major maturation antigen CD52, antimi- 
crobial activity and decapacitation factors, that help them to 
survive before ejaculation. Despite the difficulties in asses- 
sing the precise epididymal regions from which mRNA and 
proteins have been detected and discrepancies between 
reports of the same proteins, Figure 2 attempts to provide a 
broad picture of regional variations in the location of pro- 
teins in the epithelium. Sperm will come into contact with 
these secretions at these sites and more distally. 

Adherence of the proteins to different domains (plasma 

membrane over the acrosome or equatorial acrosomal seg- 
ment) may depend on the nature of the protein, the lipid 
composition of the particular membrane and the ionic and 
environment in which the sperm finds itself. The eventual 
location on a capacitated sperm (acrosomal membrane) or 
acrosome-reacted sperm (equatorial region) may dictate 
their role in, for example, zona-binding (P34H) or oocyte- 
binding (gp20) (Fig. 3). Both the proteins and the sperm 
membranes may be modified during epididymal transit by 
the range of enzyme activities to which sperm are subjected 
in different epididymal regions (e.g. glycosyltransferases, 
glycosidases and proteases) and which may add to or remo- 
ve carbohydrates and peptides from the sperm surface. The 
activity of proteases are in turn being modified by protease 
inhibitors liberated from the epithelium and attached to 
spermatozoa. 
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Figure 2 : Schematic representation of the location (epididymal regions are approximate) of genes expressing secreted human epididymal 
proteins (for abbreviations see legend to Table 1). 
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Figure 3 : Schematic representation (not to scale) of the location of intrinsic (testicular) and extrinsic (secreted, epididymal) proteins on 
different membranes of the human sperm head with proposed functions in fertilisation. 
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