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The epididymis, cytoplasmic droplets and male fertility

Trevor G Cooper

The potential of spermatozoa to become motile during post-testicular maturation, and the relationship between the cytoplasmic droplet

and fertilizing capacity are reviewed. Post-testicular maturation of spermatozoa involves the autonomous induction of motility, which

can occur in vivo in testes with occluded excurrent ducts and in vitro in testicular explants, and artefactual changes in morphology that

appear to occur in the testis in vitro. Both modifications may reflect time-dependent oxidation of disulphide bonds of head and tail

proteins. Regulatory volume decrease (RVD), which counters sperm swelling at ejaculation, is discussed in relation to loss of

cytoplasmic droplets and consequences for fertility. It is postulated that: (i) fertile males possess spermatozoa with sufficient

osmolytes to drive RVD at ejaculation, permitting the droplet to round up and pinch off without membrane rupture; and (ii) infertile

males possess spermatozoa with insufficient osmolytes so that RVD is inadequate, the droplet swells and the resulting flagellar

angulation prevents droplet loss. Droplet retention at ejaculation is a harbinger of infertility caused by failure of the spermatozoon to

negotiate the uterotubal junction or mucous and reach the egg. In this hypothesis, the epididymis regulates fertility indirectly by the

extent of osmolyte provision to spermatozoa, which influences RVD and therefore droplet loss. Man is an exception, because ejaculated

human spermatozoa retain their droplets. This may reflect their short midpiece, approximating head length, permitting a swollen

droplet to extend along the entire midpiece; this not only obviates droplet migration and flagellar angulation but also hampers

droplet loss.

Asian Journal of Andrology (2011) 13, 130–138; doi:10.1038/aja.2010.97; published online 15 November 2010

Keywords: epididymis; fertility; infertility; sperm maturation

INTRODUCTION

During passage of mammalian spermatozoa through the epididymal

duct, the functionally incompetent germ cell produced by the testis is

matured and stored. In this time (around 1–2 weeks in most species),

the spermatozoon undergoes many changes that prepare it for achiev-

ing the diverse tasks required of it. At ejaculation, when it is rapidly

expelled from the epididymis through the vas deferens to the world

outside, the spermatozoon undergoes another phase in which it

encounters fluids of the male accessory sex glands, escapes from them

in the vagina, cervix or uterus, depending on species, and interacts

with the oviductal lining before fertilizing the female gamete. Many

mechanisms control the timing of these events, all of which require

adequate responses by the fertilizing spermatozoon, and several of

these have their origins in the epididymis. This paper addresses a

few controversial, novel or still unanswered topics related to the mat-

uration, volume regulation and morphology of spermatozoa.

SPERM MOTILITY AND MORPHOLOGY

Changes occur in the epididymis to what appear to be anatomically

complete spermatozoa shed from the seminiferous tubule. Both sperm

appearance and motion develop into the characteristics of mature

spermatozoa stored in the cauda epididymidis. These developments

occur under the influence of epididymal secretions. If spermiogenesis

is defective, the shed spermatozoon may be unable to respond ade-

quately to the epididymal environment.

Potential for sperm motility in the testis

To monitor the motility of spermatozoa, it is routine to transfer them

to incubation medium containing metabolic substrates and an ionic

environment similar to that found within the female tract. This

mimics the abrupt changes at ejaculation that activates the potentially

motile mature spermatozoa held quiescent in the cauda epididymidis.

In contrast, spermatozoa removed from the testis are usually immo-

tile, and their coordinated ability to move develops in the epididymis

at a location that is species dependent.1 Thus, spermatozoa obtained

by mincing human testicular biopsy are usually immotile, although

motile cells can be obtained from the testis if its excurrent duct system

is blocked.2 This apparent precocious development of motility could

represent the effects of epididymal secretions normally involved in the

development of motility within the epididymis that have back-fluxed

into the testis under the abnormal conditions of ductal occlusion. It is

more likely, however, that spermatozoa have inherently acquired some

motility, independent of the epididymis, as spermatozoa trapped in

epididymal spermatocoeles, which contain no epididymal secretions,3

are poorly motile, although a few can fertilize eggs in vitro.4

Observations made in in vitro fertilization clinics indicate that

increased numbers of progressively motile spermatozoa can be recov-

ered from testicular explants by their mere incubation for up to 3 days in

vitro (Figure 1),5–8 in the complete absence of epididymal secretions.

Clinical advantage of this is routinely taken to increase the number of

spermatozoa available for intracytoplasmic sperm injection. The nature
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of this activation of inherent motility has been neither explained

nor investigated, but in the absence of any epididymal tissue, a time-

dependent acquisition of motility potential must be considered. There is

a precedent for this in that ovine rete testicular spermatozoa, when

stored within their native fluid, develop some capacity for movement.9

Changes in motility potential during epididymal transit

Spermatozoa are thought to be largely immotile within the epididymal

canal, which is technically difficult to assess: in the proximal regions as

a consequence of their immaturity, but in the distal regions—once the

capacity for motility has been acquired—it is enforced by low pH, low

concentrations of sodium (Na1) and high concentrations of pot-

assium (K1) or the presence of viscous mucoproteins, again depend-

ing on species.10 Some sperm motility can be observed in undiluted

bovine epididymal luminal contents observed under paraffin oil,11 but

the motility of these distal spermatozoa is fully initiated (the sper-

matozoa become ‘activated’) once they are released from this envir-

onment and placed in medium approximating that of the female tract.

As distal epididymal contents are hypertonic to female tract fluids,12

transfer of mature epididymal spermatozoa to media of composition

mimicking that of female tract fluids will encourage hypotonic swell-

ing. This is currently thought to be countered by volume regulation,

accompanied by entry of external Na1, driving H1 out via the

sodium–hydrogen exchanger. This raises intracellular pH, which acti-

vates axonemal sliding that is inhibited by low pH13 and activates K1

channels that are responsible for hyperactivation.14,15

Immature spermatozoa from the caput epididymidis, with their less

developed axonemal apparatus, will not respond in the same way as

mature cells, and testicular spermatozoa, where the change in K1

gradient and the osmotic challenge are smaller, do not respond to this

medium by being motile. Thus, the immediate environment only

permits the expression of motility in the cells that have developed

sufficiently to be able to respond to the physiological triggers. This

process involves development of the response to Ca21 and cyclic AMP

and downstream signalling systems.13

Apparent changes in sperm head morphology in the testis

An interesting clinical observation that more human testicular sper-

matozoa with normal morphology are seen in testicular biopsies after

72 h in vitro than in the original testicular explants8 (Figure 2a), has

never received the comment it deserves, although this change parallels

the in vitro, epididymal-independent development of progressive

motility. Morphology was examined after the routine seminal proced-

ure of staining fixed, air-dried smears, a process that subjects the

spermatozoa not only to shear forces during smearing but also to

hyperosmotic insults during fluid evaporation and presumed cellular

dehydration before the cells are fixed, rehydrated, stained and

observed. This procedure is known to produce ‘exploded’ post-

acrosomal regions (producing ‘acorn-shaped’ sperm heads) of

unfixed, immature, primate caput epididymidal spermatozoa

(Figure 2b). The fact that these forms are never observed if the cells

are fixed before air drying and staining16 demonstrates that the abnor-

mal sperm heads are artefacts of the air-drying method and do not

reflect the morphology of the living cells within the epididymis.

The abnormal morphologies of unfixed, air-dried human testicular

spermatozoa seen 1 day after excision of the tissue are just those with

the swollen post-acrosomal areas observed in unfixed immature mon-

key spermatozoa. Furthermore, it was these ‘acorn-shaped’ forms that

were no longer observed in the air-dried specimens prepared 72 h after

culture, leading to the conclusion that ‘normal’ forms had somehow

appeared, developed or matured on mere incubation within testicular

tissue.8 A more logical conclusion can be drawn from the observations

that the abnormal human ‘acorn’ sperm head forms observed in

unfixed, air-dried, immature caput epididymidal spermatozoa are

not seen in preparations of unfixed, air-dried, mature human epidi-

dymal spermatozoa.16,17 These observations suggest that the mature

cells develop a maturation-dependent resistance to the forces of air

drying within the epididymis. In the same way, the testicular sper-

matozoa, aged in vitro in the explants, have most likely developed in

Figure 1 The percentage of spermatozoa exhibiting progressive motility (ordin-

ate) at various times (abscissa) after retention within human testicular implants.

Data redrawn from Liu et al.8 with permission.

Figure 2 Montage of micrographs of spermatozoa that display post-acrosomal

expansion (arrows). (a) Testicular spermatozoa from explants (Liu et al.8 with

permission), (b) epididymal spermatozoa (Soler et al.17 with permission) and (c–

e) seminal spermatozoa (Ludwig and Frick24 with permission). The ejaculated

spermatozoa resemble the immature testicular and caput epididymidal sper-

matozoa in air-dried smears, and thus may indicate epididymal dysfunction

(inadequate maturation or unusually rapid epididymal transit). Sperm head

forms: G, ghosts; M, macro; N, normal.
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vitro a similar resistance to cellular distortion from air drying-created

osmotic forces. In both instances, this is probably due to the intracel-

lular oxidation of structural sulphydryl proteins,18,19 which may also

have promoted flagellar stiffness in vitro that would aid the (still unex-

plained) initiation of motility.

Changes in sperm morphology during epididymal transit

Within the epididymis, spermatozoa also undergo changes in their

morphology, notably that of their head and their cytoplasm. When

samples from rats20 and hamsters21 are initially fixed before examina-

tion, and are thus likely to represent the status of spermatozoa in situ at

the time of fixation, a fine tuning of the shape of the sperm head is

reflected in a decline in total sperm head area and change in angle of

curvature of the acrosomal hook. The hook-shaped form of the rodent

sperm head has been implicated in formation of sperm clusters that

aid sperm motion en masse in some species,22 but the sickle-shaped

form could also be instrumental in permitting the single-file move-

ment of individual spermatozoa through the interdigitating epithelial

folds of the uterotubal junction post-coitum, seen in histological sec-

tions from the mouse.23 Maturational changes in the angle of the

acrosomal hook may benefit negotiation of the female tract by the

spermatozoon in those species in which the uterotubal barrier is the

main obstacle to access to the egg.

Computer-aided analysis of human sperm head morphometry has

demonstrated that the length/width ratio of spermatozoa with ‘nor-

mal’ appearance (that is, not ‘exploded’ heads) decreases as spermato-

zoa are taken from more distal regions of the epididymis.17 Unlike the

rodent samples, however, the human spermatozoa were prepared in

the manner routine for human seminal spermatozoa (air drying),

known to induce artefactual swelling of immature sperm heads

(Figure 2b). These apparently ‘maturational’ changes in testicular tis-

sue may, again, not truly reflect physiological changes occurring to

maturing spermatozoa in vivo, but rather be demonstrating a different

response of mature and immature spermatozoa to the physical pro-

cesses to which they have been subjected.

Although these morphological forms are artefacts of sperm prepara-

tion, they may provide useful clinical information, as the presence of

‘acorn-shaped’ sperm heads in semen (Figure 2c–e), which has been

interpreted as reflecting abnormal spermatogenesis,24 may instead be

demonstrating the presence of immature spermatozoa in the cauda,

suggestive either of enhanced epididymal sperm transport or failed

epididymal sperm maturation. In either case, abnormal seminal sperm

morphology may have an epididymal cause and be worthy of extra

study.

CYTOPLASMIC DROPLETS: ORIGIN AND MIGRATION

During normal spermatogenesis, most of the round spermatid’s cyto-

plasm is phagocytosed as ‘residual bodies’ by the Sertoli cell at sper-

miogenesis, and only a small cytoplasmic residue (the ‘cytoplasmic

droplet’) remains applied to the elongated spermatid after release from

the germinal epithelium. A characteristic morphological change to

spermatozoa during epididymal transit is the caudal migration of

the cytoplasmic droplet away from the neck, behind the head, to the

annulus, at the end of the midpiece. This was first reported by

Merton25 for the mouse and subsequently confirmed in other species.

The epididymal location of this migration varies among species,26 but

the physiological significance of it, if any, has yet to be defined. The

plasma membrane overlying the droplet is contiguous with that of the

rest of the cell so that the cytoplasm comes into close circumferential

proximity to the outer mitochondrial membranes once the droplet has

passed caudally. Whether this migration affects the maturational

changes in lipid mobility over the mitochondria27,28 remains to be

elucidated.

Another unknown mechanism is how the droplet migrates. The

proximal droplets of some ovine testicular spermatozoa begin to move

distally during storage in ret testis fluid9 and the unphysiological

stresses of centrifugation cause the neck droplets of caprine and por-

cine testicular spermatozoa to shift caudally;29,30 hence, perhaps the

physical jostling of highly concentrated spermatozoa being moved by

epididymal peristalsis could affect the same end result in vivo.

Spermatozoa are certainly physically sensitive, they can lose droplets

to shearing forces31 and head-to-head contact induces coalescence of

membrane lipids at the site of contact.32 It could also be that this

movement is related to the volume regulation postulated to occur

within the lumen (see below), necessarily centred on this organelle,

the largest volume of cytoplasm the spermatozoon has. In this scen-

ario, the water efflux that occurs during isovolumetric regulation

would occur at the cephalic pole of the droplet and influx of water

and osmolytes in the caudal pole, leading to a gradual caudal ‘creeping’

of the droplet along the midpiece (Figure 3). This speculation requires

differential location of the channels mediating such fluid transport on

Figure 3 Schematic representation of the mode of migration of a cytoplasmic

droplet along the midpiece within the epididymal lumen. Isovolumetric regulation

in response to intraluminal hypertonicity is considered here to involve water efflux

at the cephalic pole of the droplet (large black arrows) and water and osmolyte

influx at the caudal pole (short black arrows). 1: Initial position of droplet near the

neck; 2: water and osmolytes enter the caudal pole of the droplet, extending its

size distally; 3: increased droplet volume promotes water loss from the cephalic

pole of the droplet, restoring its size; 4: The new more distally located droplet

position; 5 and 6 repeat stages 2 and 3 above; 7: an even more distal location of

the droplet. In this way, there would be a gradual distal ‘creeping’ (horizontal grey

arrow) of the droplet from the neck towards the annulus.
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the droplet’s membrane. Changes in cytoskeletal proteins may also be

involved, possibly responding the continual changes in ionic strength

within the droplets.

POST-EPIDIDYMAL EVENTS

Seminal emission in some species is rapid (for example, horse, bull and

man) meaning that spermatozoa from the distal cauda epididymis and

vas deferens are mixed with accessory gland secretions within seconds.

In other species, ejaculation takes place over 20–30 min (for example,

boar and dog). Either way, the spermatozoa soon come into contact

with a different fluid for the second time in the female tract. In the

female tract, the first (sperm- and prostatic secretion-rich) portion of

the human ejaculate comes into contact with the mid-cycle cervical

mucus extending into the vaginal cavity.33 The rest forms an intrava-

ginal pool, from which spermatozoa are released as liquefaction

occurs. In the laboratory, however, the entire seminal volume ejacu-

lated is collected into one vessel, and the usually temporally separable

fractions are collected together and analysed only after liquefaction has

occurred and the sample thoroughly mixed. This has repercussions for

the interpretation of experiments on human spermatozoa (see below).

Sperm volume regulation: the fluid environment

Spermatozoa are stored in the distal epididymis, highly concentrated

in a high osmolality, high K1, low ionic strength, low Na1 and low pH

fluid. On ejaculation, they experience a reversal of most of these con-

ditions as they enter high ionic strength fluids of low osmolality, low

K1 and high Na1, together with additional components from the

accessory sex glands. In mice, seminal vesicle fluid is iso-osmolal with

blood,12 that is, hypotonic with respect to epididymal contents.34 This

means that cauda epididymidal spermatozoa are suddenly confronted

at ejaculation with a drastic decrease in osmolality, initially in the

accessory gland fluids, which expel them from the male tract, and later

in the hypotonic female tract fluid. This would lead to an influx of

water and cell swelling if this process were not countered by the reg-

ulatory volume decrease (RVD). RVD has been demonstrated to occur

under physiological hypotonic stress in cauda epididymidal and eja-

culated spermatozoa from several species.35

Sperm volume regulation: sperm fragility

The increasing osmosensitivity of spermatozoa and the fragility of

their flagellar membranes as they migrate through the epididymis of

rams,36,37 rats38 and kangaroos39 implies a need for volume regulation

if osmotic rupture of the cell is to be avoided. Caput spermatozoa from

the bull40 are able to regulate volume, but an improvement in osmo-

lyte handling is observed on epididymal maturation in this species, a

change that can be effected by incubation with epididymal proteins.41

Similar observations in the rat42 suggest that the maturational process

occurs more proximally in the epididymides of this species than in

others.

Osmolytes and sperm volume regulation

Although osmolyte levels have not been measured in immature (caput

epididymidal) spermatozoa from the monkey and mouse, which are

unable to perform RVD,43,44 there are lower amounts of intracellular

myo-inositol and glutamate in mature (cauda epididymidal) sper-

matozoa from infertile c-ros knockout (KO) mice, which are unable

to control their volume, than those in the fertile heterozygous males,

which can.45 These observations are consistent with a role for organic

osmolytes in regulating volume in mature sperm cells. The fact

that high concentrations of these osmolytes prevent sperm RVD in

hypotonic media45 suggests that they do serve that role in the mouse.

In man, the concentration of organic osmolytes in vas deferens fluid is

lower than that in rodents (but still at ,5 mmol l21, a thousand times

higher than that in blood) and K1 is a major cation.46 It is noteworthy

that raised extracellular K1 is able to prevent RVD in human sper-

matozoa47 and K1 efflux has been monitored during RVD of bovine

spermatozoa.48

Source of sperm osmolytes: the epididymis?

It has been suggested that the epididymis is involved in loading sper-

matozoa with these osmolytes by the process of regulatory volume

increase.26 In this hypothesis, permeant osmolytes (and obliged cell

water) are taken up to increase cell volume in the face of hypertonicity-

induced cell shrinkage due to impermeant osmolytes such as glycer-

ophosphocholine. In rodents, organic osmolytes are major constituents

of epididymal fluid in the cauda,49 with millimolar concentrations

(1000-fold higher than those in blood) of glycerophosphocholine,

L-carnitine, myo-inositol and D-glutamate, some or all of which could

act as osmolyte reserves for maturing spermatozoa. Certainly there are

higher intracellular levels of L-carnitine and D-glutamate in porcine

cauda epididymidal spermatozoa than those from the caput.50,51 The

uptake of carnitine into epididymal spermatozoa from the mouse has

been demonstrated, and sperm expression of the organic cation (and

carnitine) transporters OCTN2 and OCTN3 increases on maturation.52

They are localized in the principal- and midpiece, respectively, but no

mention of the droplets was made.

Site of RVD channels: the cytoplasmic droplets

The cytoplasmic droplet is one site of osmolytes channels involved in

RVD. In the mouse, K1 channels, Cl2 channels and K1–Cl2 cotran-

sporters, and in man K1 and Cl2 channels, have been located there, at

the neck and along the midpiece.35 Recently, water channels have been

detected on the cytoplasmic droplet in mice,53 rats54 and around mid-

piece membranes in man.55 These channels would become operative

when spermatozoa are subjected to hypotonicity at ejaculation.

Cytoplasmic droplets: post-ejaculatory loss and fertility

Despite widespread statements to the contrary,56 the cytoplasmic

droplet of spermatozoa in most species is not lost within the epididy-

mis.25 Observations on freshly fixed luminal contents confirm this in

rats,57 mice58 and other species.26 Although it is true that the whole

droplet is removed by epithelial phagocytosis in the opossum,59 and

the contents of ruptured droplets are phagocytosed in rats,60 in most

species (but not in man; see below) the droplet remains until ejacu-

lation.61–63 The fact that very few ejaculated spermatozoa have drop-

lets in rams, boars, bulls and goats64–68 suggests that they are removed

around the time of ejaculation. Merton25 showed that uterine sper-

matozoa in the mouse lacked droplets and Yeung et al.23 showed that

flagella of uterine spermatozoa from fertile males are straight, whereas

the uterine spermatozoa from infertile c-ros KO males are angulated at

the site of the retained droplet.

Cytoplasmic droplets: post-ejaculatory retention and infertility

The fact that droplet loss at ejaculation is necessary for fertility is

suggested by the association of subfertility or infertility in certain

transgenic infertile male mouse models in which flagellar angulation

occurs at the site of the retained droplet.12,69,70 The retention of cyto-

plasmic droplets on ejaculated spermatozoa is also associated with

infertility in bulls71,72 and boars.73,74 Interestingly, these species are

among others (stallions, goats and dogs) that exhibit the Dag defect, a
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flagellar angulation characteristic of seminal spermatozoa from these

infertile males.12,75 Flagellar angulation occurs at the site of the cyto-

plasmic droplet, as it does in the infertile mice, proving that the eja-

culated spermatozoa had retained their droplets. The infertility of

spermatozoa with droplets has been suggested to reflect poor adher-

ence to the zona pellucida (cows72) and the oviductal epithelium

(sows76,77). As spermatozoa with retroflected flagella swim ‘back-

wards’ (head against the direction of travel78), it is equally likely that

their passage through mucus or the uterotubal junction is hampered

and the oocyte is never reached, as is the case for the c-ros KO mice.23

Human spermatozoa are a special case and are discussed separately

below. (It is interesting to note that some ovine testicular spermatozoa

angulate at the mid-/prinicipal-piece junction when subjected to cold

shock in their native rete testis fluid, although the droplet is still at the

neck.9 This may reflect a structural weakness at that site, as no overt

hypotonic stress is involved and RVD mechanisms are temperature

independent.)

SPECULATION ON A RELATIONSHIP BETWEEN CYTOPLASMIC

DROPLET LOSS AND RVD

If droplets are involved in loading and unloading spermatozoa with

osmolytes, and the osmolytes are related to fertility, two related ques-

tions have to be answered: why are the droplets lost at ejaculation and

why is their retention associated with infertility?

Consequences of droplet loss and retention for spermatozoa in the

female tract

The distribution of osmolytes within spermatozoa and their droplets

has not been addressed, but if osmolytes are accumulated within the

cytoplasm in the droplet, its loss at ejaculation would deprive sper-

matozoa of the driving force for volume regulation. This would put in

jeopardy any cell experiencing a hypotonic insult requiring an osmo-

lyte-related RVD response. On the other hand, removal of the droplets

would eliminate the high osmolality associated with the osmolytes and

thus reduce any osmotic entry of water faced in the female tract, so that

RVD would not necessarily be invoked. (Epididymal spermatozoa,

with their retained droplets, when inseminated into the female tract

would lose their droplets in the same manner as ejaculated spermato-

zoa when transferred to hypotonic inseminating medium.) On the

other hand, the retention of an osmolyte-enriched droplet after ejacu-

lation would encourage osmotic water entry from hypotonic female

tract fluids, leading to swelling, unless rapidly countered by RVD. This

would result in either flagellar bending or droplet rupture, depending

on the stiffness of the flagellum, and either response would prevent

sperm migration within the female tract.

From this viewpoint, droplet retention could become a liability,

enforcing flagellar angulation, whereas droplet loss would maintain

a straight flagellum and enable the progressive motility that permits

sperm progress through the uterotubal junction or cervical mucus.

From both of these viewpoints, it would be advantageous for sper-

matozoa to lose their droplets; indeed, elimination of the droplet at

ejaculation would be prognostic for fertility and its retention dia-

gnostic for infertility.

Site of loss of the droplets: in the male

Any removal of the droplet before, or at the time of, entry into the

female tract, would occur to the droplet-bearing spermatozoa in the

epididymis, vas deferens and ampulla on experiencing the hypotonic

challenge of accessory gland fluids at ejaculation. In the mouse, female

tract fluids are about the same osmolality as that of the seminal

vesicles,12 so that the major osmotic insult to epididymal spermatozoa

must occur at ejaculation.

It is speculated here that this osmotic insult is the cause of droplet

removal; this is a slightly different interpretation of the data from that

previously considered. Hitherto, a low sperm osmolyte load was con-

sidered to cause infertility, because inadequate RVD had led to flagellar

angulation at the site of the droplet. An alternative view is raised here

that inadequate RVD itself hinders droplet loss and, conversely, a high

osmolyte content is necessary for droplet removal at ejaculation; it

follows that the role of the epididymis in osmolyte loading is that of

preparing the spermatozoa to lose their droplets rather than counter-

acting the consequences of retaining it. Epididymal dysfunction, assoc-

iated with poor osmolyte loading of spermatozoa, would then be a

direct cause of male infertility by preventing timely droplet loss. The

flagellar angulation of post-coital uterine spermatozoa from c-ros KO

mice23 is a clear demonstration of droplet retention, and these sper-

matozoa are known to be swollen79 and to contain less osmolytes than

those of heterozygous-type fertile males with straight sperm flagella.45

Cytoplasmic droplets: possible mechanisms of loss

The above speculation also addresses the vexing question of how the

droplet is lost, as it could be intimately associated with sperm volume

regulation. In the bull, seminal vesicle fluid can release droplets from

testicular, mature and immature epididymal spermatozoa.80–82 In

porcine semen, some spermatozoa do have droplets, but a higher

percentage is found in semen from semino-vesiculectomized males,

suggesting a role for accessory gland secretions in droplet loss.61,62 A

haemolytic phospholipid-binding protein has been identified in the

bovine ampulla and seminal vesicles, but not in epididymal fluid,

which can liberate droplets from mature and immature spermatozoa

from several species.82,83

Loss of the droplet must occur with a perfect resealing of the sperm’s

membrane at the site whence it is lost, or the loss of intracellular

components necessary for sperm function (for example, ATP) would

occur and immotility would result. A perfect seal is more likely if the

droplet assumes a spherical shape, as this presents a minimal area at

the site of constriction where droplet discharge occurs (Figure 4a).

Discharge could be aided by any phospholipid-binding or other pro-

teins in the ejaculate that modulate membrane fluidity. If osmotic

entry of water into the droplet is not sufficiently countered by RVD,

even a small amount of swelling may induce flagellar angulation, such

that the contact area of droplets to the flagellum would be enlarged and

loss of the droplet would be hampered (Figure 4b).

Such flagellar angulation would occur in the caudal spermatozoa

from species with flexible flagella, such as the mouse79 and bull.78 In

contrast, rat caudal spermatozoa are resistant to hypotonic flagellar

bending, and droplets rupture in usual media26 unless softened by

treatment with the penetrating disulphydryl bond-reducing agent

dithiothreitol.84 Although freshly collected immature rat caput sper-

matozoa angulate easily when swollen, forming ‘hairpin’ and ‘pigtail’

bends,38 they lose their flexibility on ageing in vitro when they manage

only partial angulation under hypotonic conditions, as do hamster

spermatozoa.85 Flagellar oxidation in vitro is most likely the cause of

this resistance to bending, and this naturally happens within the epi-

didymis, so that cauda sperm display a rigid flagellum that favours

spherical droplets84 and hence would promote droplet loss.

Human cytoplasmic droplets: failure of migration and loss

The relationship of the droplet to fertility in man differs from that in

other species, but species differences have to be distinguished from
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those emanating from their different origins and different pre-

examination treatments. Human epididymal spermatozoa, which

possess droplets,86 are rarely available and the ejaculate is the major

source of spermatozoa. Although the non-liquefied ejaculate can be

examined for sperm motility and fixed for morphology,87 the non-

uniform islands of motile spermatozoa between digesting seminal

clots are difficult to analyse, and the rubbery mass of fixed seminal

protein makes it impossible to assess morphology of large numbers of

spermatozoa without difficulty. It is therefore routine to assess mot-

ility and morphology after liquefaction,88 although the smearing

(‘feathering’) of semen, followed by air drying before fixing and stain-

ing, introduces the morphological artefacts discussed above. As ejacu-

lated spermatozoa experience rising osmolality during liquefaction

after a sudden decrease at ejaculation,89 the gradual osmotic changes

to which the spermatozoa have been subjected by the time of exam-

ination differ markedly from the rapid changes confronting epididy-

mal spermatozoa examined soon after collection. In addition to these

procedural differences, human spermatozoa differ from those of other

mammals in three ways that may be related to volume regulation.

First, the cytoplasmic droplets on normal spermatozoa (not to be

confused with excess residual cytoplasm of abnormal cells) are not

normally shed at ejaculation.61 When human spermiogenesis is abnor-

mal, the cytoplasm of the round spermatid is not fully removed and an

abnormal spermatozoon is shed from the germinal epithelium; it tra-

vels through the epididymis and appears in the human ejaculate as a

spermatozoon with ‘excess residual cytoplasm’.88 It is important to be

aware of the distinction between excess residual cytoplasm, which

survives air drying, and cytoplasmic droplets, which do not,61 when

interpreting human sperm morphology in semen smears or in wet

preparations. In man, excess residual cytoplasm harbours reactive

oxygen species that can damage sperm membrane lipids, proteins

and DNA, and can disrupt sperm function, as shown by the asso-

ciation of their presence in human semen with human infertility.61,62

Second, the presence of droplets on human ejaculated spermatozoa

does not appear to be disadvantageous, because they are present on

living (motile) cells in semen,90 culture medium,87,91,92 cervical

mucus93 and spermatozoa recovered from the upper tract, as judged

from the cytoplasmic swelling observed on the few spermatozoa

depicted after recovery from the Pouch of Douglas post-coitum.94

They do not interfere with motility, as they are found on a higher

percentage of motile than that of immotile spermatozoa,87,90 and they

do not hinder sperm migration through surrogate mucus.90 As the

droplets house osmolyte and water channels35,53 they are most likely to

be the site of volume regulation, as in other species. Spermatozoa from

fathers and normozoospermic men perform more effective volume

regulation that those from infertile patients, as a greater proportion

of the cytoplasmic volume partakes in the process.90,95

Third, the cytoplasmic droplet does not appear to migrate along the

midpiece, because both testicular and ejaculated human spermatozoa

have a cytoplasmic droplet behind the head (Figure 5a). The length

of the human sperm midpiece (,4.0 mm96 approximates that of

the sperm head (,4.5 mm). Microscopical observations of living

spermatozoa in culture medium by phase contrast, differential inter-

ference and X-ray microscopy (Figure 5b–j), and fortunate ultrami-

crographs of well-fixed human ejaculated spermatozoa within

semen97 (Figure 5k), all demonstrate that a swollen droplet is able to

extend the length of the midpiece. For other species (for example, cat,

dog, ram and horse) with spermatozoa of similar tail and head dimen-

sions as those of man, the midpiece is considerably longer than the

head,62,63 and in these species droplet migration within the epididymis

is observed.

Human cytoplasmic droplets: speculations on droplet retention

and hyperactivation

The anchoring of the swollen droplet at the neck and the annulus

(Figure 5k) represents an exaggerated condition of what was described

Figure 4 Schematic diagram of a postulated mechanism of loss of the sperm cytoplasmic droplet. Upper panels: rodent spermatozoon with a longer midpiece than

sperm head and relatively small droplet at the annulus (not to scale). (a) With high osmolyte content (dark grey) RVD is adequate to maintain a spherical droplet form

that facilitates its pinching-off (paired arrows). Such straight flagella characterize fertile males, as the spermatozoa can negotiate the uterotubal junction and progress

forward in viscous mucus. (b) With a lower osmolyte content (light grey), RVD is inefficient and an asymmetrical non-spherical form develops that enforces flagellar

angulation. The wide area of contact between flagellum and cytoplasmic membrane (paired arrows) prevents rounding-up, pinching-off and droplet loss. Such swollen

cells characterize infertile males as the spermatozoa swim backwards and cannot negotiate the uterotubal junction or penetrate viscous mucus well. Lower panels:

human spermatozoon with a midpiece as long as the sperm head and relatively large droplet at the neck (not to scale). (c) With lower osmolyte content (light grey), RVD

is less efficient and cytoplasmic swelling enlarges the droplet which extends the length of the midpiece. (d) With high osmolyte content (dark grey), RVD is adequate to

limit the size of the droplet so that it does not extend the length of the midpiece. In (c) and (d), the wide area of contact between flagellum and cytoplasmic membrane

(paired arrows) prevents droplet loss, but there is no flagellar bending and spermatozoa still progress forward. RVD, regulatory volume decrease.
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above for the infertile males of species in which droplet loss is the

ejaculatory norm (Figure 4b), and for the same reason: it permits no

spherical shape to form, restraining the droplet physically and pre-

venting it from being pinched off (Figure 4c). This applies equally well

to cells whose droplet does not extend to the end of the midpiece

(Figure 4d). Whatever the extent of cytoplasmic swelling, there is no

angulation or coiling of the human flagellum under physiologically

hypotonic conditions and thus no hydrodynamic hindrance to sperm

function caused by droplet retention. (If the osmotic challenge is far

from physiological, such as that imposed in the hypo-osmotic swelling

test,88 a state for which RVD cannot cope, coiling and other flagellar

contortions are inevitable.)

In humans, prostatic secretions98 and preliquefied semen89 have

about the same osmolality as that of female tract fluids,12 so that, as

also found for the mouse, the major osmotic insult occurs at ejacu-

lation with no further major osmotic challenge awaiting the spermato-

zoa deposited in the female tract. The retained droplet presumably

contains sufficient osmolytes to overcome the anticipated volume

challenges within seminal fluid. Treatment of spermatozoa (for

example, addition of cryoprotectants) may activate RVD and initiate

premature loss of osmolytes12 with consequences for subsequent

sperm functions.99,100

Provided that the human sperm cell has sufficient osmolytes to

regulate its volume, the motility expressed will be forward progressive,

that is, motility of the nature needed for spermatozoa to enter mucus

in the cervix and then swim free of it in the uterus. When human

sperm volume cannot be controlled, whether or not cryoprotectants,

low osmolyte loading or an osmolyte channel blocker is the cause, the

cells swell, forward migration is reduced and hyperactivation-like

motion occurs.47,101 Hyperactivation may be essential for spermato-

zoa to escape from the isthmic reservoir and to penetrate the cumulus

oophorus and zona pellucida, but is inappropriate for spermatozoa

within semen, cervical mucus and the uterus and lower oviduct, where

progressive motion aids their advance.

It can be further speculated that the depletion of regulatory osmo-

lytes is another and additional trigger to hyperactivation. If local con-

ditions within the oviduct do not reflect the composition of the bulk

fluids available for analysis,102 but are hyperosmolal to luminal fluids

in the cryptic locality of epithelial-bound spermatozoa, then the hypo-

osmotic insult arriving with the follicular fluid would be a perfectly

timed final trigger to osmotic swelling. Osmotically driven hyperacti-

vation would only occur in those spermatozoa whose osmolyte reserves

are inadequate for complete RVD as they approach the freshly ovulated

egg. This paradigm raises the possibility that the fertilizing spermato-

zoon selects itself from the palette of spermatozoa arriving in the

oviduct. Some spermatozoa, with too small an initial osmolyte reserve

that is depleted too early, would undergo swelling-induced hyperacti-

vation in semen or mucus and never arrive in the oviduct. Others, with

more of an initial osmolyte reserve, would regulate volume and pro-

gress beyond the site of fertilization before RVD failed and hyperacti-

vation ensued a long time after ovulation. In contrast, the fertilizing

spermatozoon, losing its osmolyte load just at the time when the egg

enters the oviduct, would exhibit hyperactivation at the right time and

be best placed to affect fertilization. Such behaviour requires high

numbers of spermatozoa in the oviduct, each of different osmolyte

loads. The ‘optimal’ sperm osmolyte load would clearly depend on

the life history of the spermatozoon (for example epididymal loading)

as well as the physiological state of the female tract on sperm arrival.

Figure 5 Montage of micrographs of (a) a human testicular spermatozoon (fixed in spermatocoele fluid), (b) human ejaculated spermatozoa (fixed in semen), both in

phase contrast optics, showing the presence of cytoplasmic droplets (arrows) (‘midpiece vesicles’) at the neck and midpiece region (Cooper TG, unpubl. data).

(c–f) Living ejaculated human spermatozoa in semen showing droplets of different size (differential contrast microscopy from Fetic et al.90 with permission), (g–i) in

medium (X-ray microscopy from Chantler and Abraham-Peskir91 with permission), in cervical mucus (j) (phase contrast microscopy from Abraham-Peskir et al.93 with

permission) and a section of a human spermatozoon fixed in seminal plasma (from Smith et al.97 with permission). In (k), note the expanded vesicles that may be part

of the Golgi membranes.56 Droplets are located only on the midpiece and may extend along its entire length.
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