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Tales of the Tail and Sperm Head Aches
Changing concepts on the prognostic significance of sperm
pathologies affecting the head, neck and tail

Héctor E Chemes1 and Cristian Alvarez Sedo1,2

This article presents an update on the variable prognostic significance of different sperm pathologies in patients with severe male factor

infertility due to morphology and motility disorders. Severe asthenozoospermia is one of the leading causes of male infertility as

spermatozoa cannot reach the oocyte and/or penetrate normally. Identifying structural causes of sperm immotility was of great concern

before the advent of intracytoplasmic sperm injection (ICSI), because immotility was the limiting factor in the treatment of these

patients. In these cases, in vitro methods are used to identify live spermatozoa or stimulate sperm motility to avoid selection of

non-viable cells. With these advances, fertilization and pregnancy results have improved dramatically. The identification of genetic

phenotypes in asthenozoospermia is important to adequately inform patients of treatment outcomes and risks. The one sperm

characteristic that seriously affects fertility prognosis is teratozoospermia, primarily sperm head and neck anomalies. Defects of

chromatin condensation and acrosomal hypoplasia are the two most common abnormalities in severe teratozoospermia. The

introduction of microscopic methods to select spermatozoa and the development of new ones to evaluate sperm quality before ICSI will

assure that ultrastructural identification of sperm pathologies will not only be of academic interest, but will also be an essential tool to

inform treatment choice. Herein, we review the differential roles played by sperm components in normal fertilization and early embryo

development and explore how assisted reproductive technologies have modified our concepts on the prognostic significance of sperm

pathologies affecting the head, neck, mid-piece and tail.
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INTRODUCTION

Knowledge of the spermatozoon dates back to the seventeenth century

when Anton van Leeuwenhoek first described them in human semen:

‘What I investigate is only what, without sinfully defiling myself, remains as

a residue after conjugal coitus…’. He described a multitude of ‘animalculi

seminis (little animals in semen) less than a millionth the size of a coarse

grain of sand and with thin, undulating transparent tails’ (Leeuwenhoek

to William Brouncker, November 1677). His observations were reported

in a letter to the Royal Society of London, to which he eventually was to

become a fellow. In another letter dated 12 June 1716, he wrote this very

clever account of what enthusiastic observations and the writing of

papers mean for scientists up to this day: ‘my work, which I have done

for a long time, was not pursued in order to gain the praise I now enjoy, but

chiefly from a craving after knowledge, which I notice resides in me more

than in most other men. And therewithal, whenever I found anything

remarkable, I found it my duty to put down my discovery in paper, so that

all ingenious people may be informed thereof ’. Leeuwenhoek went on to

document his discovery with very detailed drawings that depict with

unusual detail the main characteristics of spermatozoa and a striking

morphologic heterogeneity that, beyond the accuracy of his observa-

tions, is the first rendition of what we now call teratozoospermia

(Figure 1).

The very concept of teratozoospermia is something that needs to be

revisited because it is based on the identification of atypical sperm

shapes but does not recognize the cellular basis of their functional

incompetence.1,2 Sperm pathology is the discipline of characterizing

structural and functional deficiencies in abnormal spermatozoa.3 The

question could be asked: ‘what is wrong with wrong sperm shape?

What hides behind a head-shape change in amorphous or tapering

spermatozoa? In other words, what is it that impairs sperm function

in morphologically abnormal sperm? Is it just abnormal shape or is there

something wrong with specific sperm components?’ … ‘Ultrastructural

evaluation of teratozoospermia coupled with immunocytochemistry

and molecular techniques have allowed a precise characterization of

sperm abnormalities including their structural molecular and func-

tional aspects. This approach goes beyond descriptive morphology of

the appearance of spermatozoa’.3 The main idea is to shed new light

into the physiopathology of sperm abnormalities based in the study of
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the striking structural and chemical modifications that spermatid orga-

nelles and chromatin suffer during spermiogenesis.

The advent of intracytoplasmic sperm injection (ICSI) has revolu-

tionized the field of assisted reproductive technologies and removed

formerly challenging barriers for the treatment of patients with severe

male factor infertility. Before the introduction of ICSI, sperm immo-

tility and tail abnormalities seriously compromised the sperm ability

to reach and fertilize the oocyte. As we will see, sperm microinjection

techniques have demonstrated that, once the spermatozoon is within

the oocyte cytoplasm, the tail does not play a significant role in

fertilization. The one sperm characteristic that remains seriously

affecting fertility prognosis is teratozoospermia, primarily sperm

head and neck anomalies. In the present article, we will review the

differential roles played by different sperm components in normal

fertilization and early embryo development and explore how current

assisted reproductive technologies have modified our concepts on

the prognostic significance of sperm pathologies affecting the head,

neck, mid-piece and tail.

NUCLEAR CHANGES DURING SPERMIOGENESIS

The head of mature spermatozoa is the result of spermiogenesis, a

complex differentiation process, during which the larger, round and

predominantly euchromatic nuclei of early spermatids evolve to the

smaller, oval-spatulate, heterochromatic head of mature sperm.

Decrease in nuclear size is due to chemical and architectural modifica-

tions of DNA–protein complexes that lead to chromatin condensation,

while the reshaping of the head is the result of cytoplasmic forces exerted

by microtubules of the manchette and development of the acrosome.

The organization of DNA and nuclear proteins undergo remarkable

modifications during spermiogenesis. In early round spermatids,

DNA is mainly associated with nuclear histones, globular proteins that

form an octamer (the ‘core’ particle) encircled by a 146-base pair DNA

filament resulting in a structure resembling ‘beads in a string’. The

process of chromatin condensation is the consequence of spatial

macromolecular modifications derived from the replacement of

histones first by transition proteins and ultimately by nuclear pro-

tamines. This produces a radically different nucleoprotein structure

with protamines lodged in minor DNA grooves, which allows for

a tight parallel association of protamine and DNA molecules and

further DNA stabilization by crosslinking of disulphide bonds4,5

(Figure 2). This is the molecular basis of chromatin condensation, a

process that is clearly observed during spermiogenesis as the transition

from a fine granularity of the chromatin in early steps to increasing

degrees of aggregation into coarser and closer granules that eventually

reach the homogeneous quality of chromatin seen in mature sperm

that ‘effectively renders chromatin invulnerable to most external influ-

ences’4 (Figure 2). During this process, there are smaller areas of the

nucleus (0.1–0.2 mm) that remain uncondensed and manifesting a fine

granulofilamentous substructure. While this process is taking place,

pores move caudally and concentrate in the redundant nuclear envel-

ope that demarcates the clear nuclear pocket around the sperm neck.

Polyubiquitinated proteins have been found in the nucleus of rat

spermatids and human spermatozoa, and proteasomes are present

in the small uncondensed chromatin regions and nuclear pocket area.6

In normal cells, proteasomes are proteolytic macromolecular com-

plexes that digest Polyubiquitinated proteins. Their fluctuations dur-

ing spermiogenesis are synchronized with the turnover of DNA

associated proteins and therefore play an important role in chromatin

condensation and remodeling by degrading nuclear histones and

transitional proteins that are being replaced by newly arrived nuclear

protamines. According to these authors, ‘the nuclear pocket might be

the degradation site for temporarily functioning proteins generated dur-

ing condensation of chromatin in late spermatids’. Other components,

such as the SPAN-X protein have also been localized in nuclear

‘vacuoles’ and the redundant nuclear envelope of human spermato-

zoa.7 These observations indicate that proteolysis of disposable pro-

teins by the ubiquitin-proteasome system is actively operational in

non-condensed areas of the chromatin and caudal pocket area allow-

ing the exit of proteolytic residues from the nucleus through the caudal

pore rich area of the redundant nuclear envelope.

SPERM HEAD ANOMALIES

Only a few sperm pathologies are associated with characteristic

changes in morphology of spermatozoa. The lack of an acrosome

Figure 1 First drawing of mammalian spermatozoa by A. van Leeuwenhoek

(around 1677) that inspired this description by C. Huygens (1678). ‘…They

are formed of a transparent substance, their movements are very brisk and

their shape is similar to that of frogs before their limbs are formed.’ Note the

clear identification of heads, mid-pieces and tails and the remarkable morpho-

logic heterogeneity of sperm heads.

Figure 2 The upper four panels depict progressive stages in chromatin con-

densation during spermiogenesis (a: round spermatid, b: elongating spermatid,

c: almost mature spermatid). Mature spermatozoa (d) have complete condensa-

tion, clear small uncondensed areas (asterisk) and the nuclear pocket (NP) near

the neck region. Bars51 mm. The two bottom drawings illustrate the relationship

of DNA strands to histones (light blue, e) or protamines (red, f). Note the closer

packing of DNA–protamine complexes.
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usually determines the round shape of the sperm nucleus, insufficient

centrosomal function results in acephalic spermatozoa or tail implan-

tations not aligned with the sperm axis, and dysplastic development of

the tail cytoskeleton leads to the short, thick and irregular flagella of

dysplasia of the fibrous sheath.8,9 However, in most teratozoosper-

mias, there is no direct relationship between defined sperm anomalies

and characteristic sperm shapes. This is particularly so for ‘amorph-

ous’, ‘tapered’ or ‘pyriform’ heads, whose presence does not identify

the underlying anomaly. It is in these cases when a thorough diagnosis

is necessary, because identifying the sperm defect may suggest strat-

egies to improve reproductive outcome. Many chromatin and acro-

somal anomalies fall within this category.

Alterations in chromatin condensation are the most frequent

nuclear pathology in severe teratozoospermia. They are not assoc-

iated with a particular sperm head shape and even though particu-

larly frequent in ‘amorphous’ spermatozoa, they can also be seen

with many other head configurations, including oval sperm heads.

When observed with the electron microscope they appear as big (1–

3 mm) electron lucent areas or ‘lacunar’ defects of irregular shapes,

sharply delimited from normally compacted chromatin and not

limited by a membrane.3,10–13 Their contents are finely granular

or fibrillar with some denser granular areas probably corresponding

to more condensed chromatin (Figure 3). Lacunae indicate serious

defects in chromatin structure and function. It was earlier suggested

that they may correspond to apoptotic changes, but no correlation

with chromatin fragmentation has been reported in later studies.14–16

Deficiencies in the process of histone removal, diminution or

absence of nuclear protamine P2 or alterations in the P1–P2 ratio

have been reported in infertile men, but their possible relation with

nuclear lacunae here described has not been documented (reviewed

in Ref. 21).17–20 Diminution of the P1/P2 ratio has been reported in

patients with diminished in vitro fertilization performance.22 Even

though extensive studies have been conducted searching for prot-

amine gene mutations as a cause of male infertility the results have so

far been scarce.5 Diminished fertility potential has been described

in mice with targeted disruption of Camk4 and transition pro-

tein 1 genes or in transgenic models expressing heterologous avian

protamines.23–25

As seen before, the ubiquitin proteasome system has an important

role in the physiological removal of proteins during the histone–

protamine transition. Proteolysis probably takes place in small uncon-

densed chromatin areas and the nuclear pocket of normal spermatozoa.6

We propose that the larger lacunae of abnormal chromatin condensa-

tion here described are their pathological counterparts, probably result-

ing from increased proteolysis of histones and transition proteins by an

overactive or disregulated ubiquitin proteasome system. The frequent

connections between chromatin lacunae and unusually large nuclear

pockets (Figure 3) tend to confirm this suggestion, since the nuclear

pocket is a proteolytic center and the exit site from which protein

residues leave the nucleus.

Infertile patients carrying lacunar defects of chromatin condensa-

tion have diminished fertilization rates, abnormal early embryonic

development or increased pregnancy loss during the first trimes-

ter.11–13 Chromatin lacunae are probably equivalent to the nuclear

‘vacuoles’ described using high magnification by Bartoov et al.26–28

However, the term ‘vacuoles’ is probably incorrect, since most nuclear

lacunae are not membrane-bound. Methods of sperm selection at high

magnification to avoid the microinjection of ‘vacuolated’ sperma-

tozoa have resulted in conflicting reports. Higher embryo quality,

implantation and pregnancy rates have been reported by some groups,

but these results were not confirmed in other communications

(Table 1). Sperm chromatin deficiencies are one of the most import-

ant causes of fertility failure in humans and it is advisable to investigate

them in all patients with high percentages of abnormal spermatozoa.

Lack and insufficient acrosomal development are two head anom-

alies compromising fertility. They originate from abnormalities of the

acrosome, a Golgi-derived sperm organelle that covers the anterior

two-thirds of the sperm nucleus and is involved in sperm penetration

and oocyte activation. Spermatozoa without acrosomes frequently

display spherical nuclei, hence the denomination of globozoospermia.

The alterations that result in round acrosomeless nuclei are closely

related to malfunction of the Sertoli cell F-actin hoops that embrace

spermatid nuclei and of the acrosome–acroplaxome–manchette com-

plex, all structures that model sperm head shape.29 An association

between lack of acrosome and round heads is not always found

because it is possible to find either acrosomeless spermatozoa with

oval heads or round-headed sperm with small acrosomes (Figure 4).

Globozoospermia was one of the first sperm pathologies to be recog-

nized (reviewed in Ref. 3).30–35 Studies on testicular biopsies have

demonstrated that they derive from an abnormal development of

Golgi proacrosomic vesicles that fail to attach and or spread over

the spermatid nucleus. As the result, unattached acrosomes are absent

from mature spermatozoa because they are eliminated within residual

bodies before sperm release (Alvarez Sedo et al., in preparation). We

now believe this to be the most common mechanism to explain the

origin of acrosomeless spermatozoa, and not acrosomal ‘aplasia’ or

‘agenesis’ (absent formation) as we and other authors had previously

proposed.3,10,11,36 The reason for this lack of attachment probably lies

in abnormalities of the perinuclear theca, a cytoskeletal protein com-

plex of Golgi origin that directs acrosomal attachment and expansion

over the nucleus.37,38 Perinuclear theca proteins are located under

the acrosome in normal spermatozoa and are diminished and/or

Figure 3 Chromatin and acrosomal anomalies. The six panels depict spermato-

zoa with abnormal morphology and serious defects of chromatin condensation

(nuclear lacunae). Nuclei show big areas of rarefaction with uncondensed chro-

matin of granular and fibrillar substructure (c). Some denser spots probably

represent more condensed chromatin. Nuclear pockets (NP) are prominent

(d) and show continuity with uncondensed chromatin (asterisks, e and f).

Panels a and b show small acrosomes (acrosomal hypoplasia, arrows). In panels

a and d small acrosomes are detached from nuclei (a and d). Bars51 mm. b is

reproduced with permission from Chemes.12
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unattached to nuclei in acrosomeless spermatozoa (Alvarez Sedo et al.,

in preparation).39

Acrosomal hypoplasia is a frequent component of severe terato-

zoospermia, is readily recognizable with the electron microscope or

after a careful light microscopic examination, and should be diagnosed

because the consequences of insufficient acrosomal function are

sometimes treatable by the use of methods to stimulate Ca11 fluxes

within the oocyte during ICSI (Table 2). We have reported on 35

patients with acrosome developmental anomalies.12 Seven of them

corresponded to acrosomeless spermatozoa (four with the typical glo-

bozoospermic morphology and three with a mixture of round, oval or

amorphous sperm heads). The other 28 patients evidenced different

degrees of acrosomal hypoplasia and some acrosomeless forms. Small

and detached acrosomes with diminished contents characterize

acrosomal hypoplasia (Figure 4). In these cases, perinuclear theca

proteins are also absent, diminished and detached from spermatid

nuclei. Acrosomal hypoplasia and globozoospermia may coexist in

the same semen sample. While globozoospermia is easily identifiable

in semen analysis, acrosomal hypoplasia is largely underdiagnosed and

frequently remains unrecognized in severe teratozoospermia. This

is the reason why it is not possible to estimate the prevalence of this

condition among infertile males.

Absence and hypoplasia of the acrosome combine frequently with

insufficient chromatin condensation or nuclear lacunae, which wor-

sens their fertility potential. Family incidence has been reported in

both entities.34,40 Two very recent publications have identified a fre-

quent homozygous deletion in chromosome 12 in four out of five

infertile brothers and 15 out of 20 other unrelated men, all with glo-

bozoospermia.41,42

Patients suffering from acrosome anomalies are infertile because

spermatozoa are unable to penetrate the oocyte. The introduction of

ICSI was anticipated to offer a solution for these men, but this was not

always the case. Subsequent research pointed to insufficient activity of

perinuclear theca proteins which were found to be involved in trigger-

ing Ca11 oscillations responsible for oocyte activation.43–45 In vitro

activation by electric pulses, oocyte incubation with Ca11 ionophore

or with strontium has been tried with variable success (Table 2).46,47

These conflicting results suggest a more intricate regulation of oocyte

activation and fertilization than previously anticipated and highlight

the complexity of alterations in the basic mechanisms of sperm

functioning.

PATHOLOGIES OF THE SPERM NECK

The neck of spermatozoa is the site of articulation between the head

and tail, and comprises the sperm centriole and connecting piece.

During spermiogenesis, the axoneme of the tail grows from the distal

centriole while the proximal centriole migrates to the caudal pole of

the nucleus and attaches to it. Around the centriolar pair assembles the

complex structure of the connecting piece, a dense protein cylinder

formed by nine longitudinal columns closed cranially by the capit-

ulum that articulates with the sperm nucleus.48,49 At the final stages of

sperm maturation, the distal centriole degenerates and only the prox-

imal one remains at the cranial end of the connecting piece.

After fertilization, the connecting piece disassembles, the proximal

centriole duplicates and recruits pericentriolar material from the

Figure 4 Spermatozoa with round or spheroidal heads. There is one acrosome-

less round nucleus (panel b, bottom), and two spheroidal nuclei with acrosomal

hypoplasia (panels a and b, upper part). The chromatin is normally condensed.

Bars51 mm.

Table 1 Intracytoplasmic sperm injection (ICSI) outcome in patients with defective chromatin condensation (nuclear vacuoles)

Author Treatment Number of oocytes

per cycle

Fertilization

rate (%)

Good

embryos (%)

Implantation

rate (%)

Pregnancy

rate (%)

Miscarriage rate (%)

Bartoov et al.,28 2003 ICSI

IMSI

50

50

65.5

64.5

31

45.2*

9.5

27.9*

30

60*

33

9.0*

Hazout et al.,97 2006 ICSI

IMSI

125

125

65.2

68.1

32.6

42.6

0.8

20.3*

2.4

37.6*

100

15*

Berkovitz et al.,98 2006 ICSI

IMSI

80

80

69.1

67.4

25.7

38.7*

9.4

31.3*

25

60*

40

14*

Antinori et al.,99 2008 ICSI

IMSI

219

227

94.5

94.8

—

—

11.3

17.3*

26.5

39.2*

24.1

16.9

Wilding et al.,100 2011 ICSI

IMSI

8

8

79.4

70.1

60.3

83.6*

0

20.8*

0

37.5

—

—

Balaban et al.,101 2011 ICSI

IMSI

84

84

80.9

81.6

—

—

19.5

28.9

44.4

54.0

—

—

Oliveira et al.,102 2011 ICSI

IMSI

100

100

62

65.4

—

—

13.6

9.8

26

19

15.4

31.6

Abbreviation: IMSI, intracytoplasmic injection of morphologically selected spermatozoa.

Women age: 30–37 years.

Number of transferred embryos: 2–4.

*P,0.05, compared with ICSI.
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oocyte cytoplasm, to become later the zygote centrosome from which

the first mitotic spindle of the zygote originates.

In recent years, a number of reports have called the attention to the

neck region, and in particular to the pathologies of the sperm cen-

trosome as responsible for infertility in males. The concept of

‘Ciliopathies’ has been introduced for a series of syndromes with

abnormal centriolar functioning, among them the ‘immotile cilia syn-

drome’ affecting sperm flagella and respiratory cilia.50,51 A number of

authors have described sperm centrosomal abnormalities as a cause of

fertilization failure, abnormal embryonic development or early preg-

nancy loss in patients with oligo, terato or globozoospermia.52–56 The

use of heterologous ICSI (human spermatozoa injected into bovine

oocytes) is very useful to explore the capacity of spermatozoa from

infertile men to organize microtubules and elicit aster development

after oocyte penetration.57,58

A human syndrome has been reported with predominance of decapi-

tated or acephalic spermatozoa. These are sometimes wrongly denomi-

nated ‘pin head’ spermatozoa and appear as isolated, headless tails with

normally developed mid-pieces or small globular drops of residual

cytoplasm.59–64 In further studies, we have described, coexisting with

acephalic forms, other spermatozoa with heads implanted laterally at

varying angles in the mid-piece (abaxial implantations, Figure 5). In

these cases, abnormal head–tail junctions are unusually fragile and fre-

quently result in head tail separation.49,65 Ultrastructural studies have

demonstrated that headless flagella and abnormal head–tail connections

frequently contain proximal centrioles and connecting pieces of normal

configuration. Loose heads are rarely found in semen. Studies on tes-

ticular biopsies have demonstrated that the alterations result from

abnormal migration of the centriole–tail complex that completely fails

to join the spermatid nucleus or aberrantly attaches to it in a lateral

position, giving rise to either acephalic forms or spermatozoa with

misalignment of head and mid-pieces (Figure 5).49 Family clustering

has been reported among these patients indicating that this distinctive

phenotype is a centrosome-related primary sperm defect that results

from an abnormal spermatogenic programming of genetic origin.49,66

Recent studies have identified a mice phenotype with sperm decapita-

tion due to mutations in the centrobin and IFT88 genes, that code for

two sperm centriole-related proteins.67,68 There are no current commu-

nications of similar mutations in humans.

The fact that sperm centrioles are structurally normal in these

patients prompted investigations toward the identification of

functional centriolar deficiencies. Heterologous ICSI studies injecting

human spermatozoa with abnormal head–tail attachments result in

failure to develop sperm asters within bovine oocytes, which indicates

that the microtubule organizing capacity of these sperm centrioles is

seriously affected.69 What impaired mechanisms can account for

centrosomal dysfunction in spermatozoa with defective head–tail

relationships? Considering that proteasomes have been localized

near the centrosome in the neck region of human spermatozoa,70

we hypothesized that they could be involved in post-fertilization

release of the proximal centriole by proteolysis of the connecting piece

and decided to investigate their possible involvement in the mechan-

isms of centriolar dysfunction. A significant reduction was found in

the activity of two proteasomal enzymes in spermatozoa with abnor-

mal head-tail attachments.56,71 Further in vitro experiments involving

pharmacologic or immunologic neutralization of sperm proteasomes

have resulted in failure of sperm aster formation and syngamy after

sperm microinjection of human spermatozoa in bovine oocytes. These

findings support our contention that insufficient function of cen-

triole-associated proteasomes of the sperm neck region is probably

responsible for centrosomal dysfunction in this syndrome.56

The first ICSI to be reported in patients with abnormal sperm head–

tail attachment resulted in fertilization and pronuclear formation in all

oocytes, but syngamy did not take place and all zygotes degenerated.49

This outcome was confirmed by later reports.69,72 Since then, there have

been a few successful pregnancies by microinjection of these sperma-

tozoa rigorously selected to avoid abnormalities of the head–neck

junction (unpublished data).73–75 These disimilar results indicate varia-

tions in the degree of abnormalities of the head-neck junction, some of

them compatible with normal centrosomal function.

There is a growing interest in the identification of other types of

anomalies arising from centriole-centrosomal malfunction. This interest

is nourished by the prospects of development of methods for the treat-

ment of fertilization failure due to sperm centrosomal anomalies.76,77

PATHOLOGIES OF THE SPERM MID-PIECE AND TAIL

Mitochondrial anomalies of the mid-piece

Among the many phenotypes responsible for abnormal sperm func-

tion, mitochondrial anomalies have received relatively little attention.

Different kinds of mitochondrial alterations have been reported in

asthenozoospermic men.78–82 These included numerical deficiencies,

irregular organization, abnormally shorter or longer mitochondrial

Table 2 Intracytoplasmic sperm injection (ICSI) outcome in globozoospermia and acrosomal hypoplasia

Author Number of patients (cycles) Fertilization rate Results

Dirican et al.,103 2008 2 globozoospermic brothers (1 ICSI cycle each) First cycle, 33%, with CI

Second cycle, 9.1%, without CI

XX live birth, 38 weeks

XX live birth, 38 weeks

Tejera et al.,104 2008 1 globozoospermic man (1 ICSI cycle) With CI, 55.6%

Without CI, 35.7%

XX live birth, 40 weeks

Without transfer

Kyono et al.,105 2009 1 globozoospermic man (1 ICSI cycle) With CI, 88.2% XX live birth 40 weeks

Banker et al.,106 2009 2 globozoospermic patients (2 ICSI cycles each) First patient, 2 cycles.

Without CI (30.7% and 28.6%)

Second patient, 2 cycles.

Without CI (20% and 12.5%)

Without pregnancy

Miscarriage (5 weeks)

Without pregnancy

XY live birth, 37 weeks

Egashira et al.,107 2009 1 globozoospermic man (2 ICSI cycles) Without electrical activation, 0%

With electrical activation, 100%

Without transfer

XX live birth, 37 weeks

Taylor et al.,108 2010 1 globozoospermic man (ICSI cycle) With CI, 100% Ongoing pregnancy

7 weeks

Sermondade et al.,109 2011 1 man w/acrosomal hypoplasia (1 ICSI

cycle; spermatozoa selected by IMSI)

Without CI, 60%

With CI, 66%

XY live birth, 38 weeks

Without transfer

Abbreviations: CI, Ca11 ionophore; IMSI, intracytoplasmic injection of morphologically selected spermatozoa.
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sheaths, and increased matrix density or lipid inclusions. Mitochondrial

anomalies of the sperm mid-piece are an infrequent form of sperm

pathology usually resulting in severe asthenozoospermia. Reported

results indicate that although mid-piece defects cause serious motility

alterations and lower fertilization potential, this does not preclude fert-

ilization, pregnancy and birth of healthy children when ICSI is used.82

The relatively poor attention that these anomalies have received

probably reflects their very infrequent occurrence. This prevents fur-

ther elaborations on their overall consequences on male fertility. The

use of ICSI is probably the best therapy.

Flagellar pathologies and motility disorders

Defective sperm flagella are the principal cause of sperm motility

disorders. There are two main forms of flagellar pathologies with

different phenotypic characteristics and consequences for male fer-

tility: non-specific flagellar anomalies (NSFAs) and various genetic

disorders including primary ciliary diskinesia and the dysplasia of

the fibrous sheath.83

NSFAs are the most frequent flagellar pathology in severe asthe-

nozoospermia. High values of NSFA were present in 70% of

201 asthenozoospermic patients with 9.5% progressive motility.83

Asthenozoospermia was of unknown origin or secondary to various

andrological conditions including varicocele, orchitis, immunological

infertility or infections of the reproductive tract. Affected flagella

appeared normal in sperm smears because tail diameter was not modi-

fied. Ultrastructural examination disclosed random flagellar anom-

alies in the number (lack or duplication), location (dislocations,

transpositions) and/or architectural organization of flagellar micro-

tubules. These findings demonstrate that severe asthenozoospermia is

mainly due to structural abnormalities of the tail, and have challenged

the concept that most sperm motility disorders have a ‘functional’

basis.3,9 NSFA patients can experience improved sperm motility when

etiological or empirical treatments are instituted, and may expect good

fertility results either spontaneously or utilizing conventional methods

or in vitro fertilization. In severe cases or when there is no response to

treatments, ICSI has good prognosis and does not pose additional

risks in view of the lack of recognized genetic components in this

pathology.9

Significant sperm abnormalities of proven or suspected genetic ori-

gin are rare conditions responsible for extreme asthenozoospermia or

total sperm immotility. Affected patients complain of male infertility

and chronic respiratory disease, alterations caused by abnormal func-

tion of sperm flagella and respiratory cilia. Early investigations of the

Scandinavian school disclosed subtle ultrastructural modifications in

subcellular components of cilia and sperm axonemes that had not

been previously identified because they were not apparent under light

microscopic examination.51,84 These studies provided the biological

basis for the understanding of the ‘immotile cilia syndrome’, denom-

ination later changed to ‘primary ciliary diskinesia’ (PCD) to acknow-

ledge the fact that partial or residual motility were sometimes

present.85 In 50% of cases, PCD patients may have dextrocardia (situs

inversus of the Kartagener syndrome), or other alterations in visceral

rotation. It has been proposed that this may be due to immotility of

fetal cilia, which would compromise lateral organ rotation in the

embryo with chance alone determining whether organs take up their

normal lateral position or the transposed one.86 A wide spectrum of

anomalies has been described in PCD patients including total or par-

tial deletion of dynein arms from sperm and ciliary axonemes, lack of

the central microtubular pair, microtubular translocations, absence of

the axoneme, etc. (Figure 6, reviewed in Ref. 3). Family transmission

of PCD is due to various autosomic recessive mutations with extensive

locus heterogeneity. Involved proteins include heavy chain dyneins,

microtubule dynein binding proteins, or components of the central

pair microtubules both in humans and mice models that express PCD-

like phenotypes.87–92

Important disturbances in other sperm cytoskeletal components,

notably the fibrous sheath, have been reported in men with dysplasia

of the fibrous sheath (DFS, reviewed in Ref. 3),8,9,83 a likely variant of

PCD in which widespread disarray of the sperm fibrous sheath coexists

with the classical PCD axonemal defects in cilia and flagella.83 Affected

spermatozoa exhibit short, thick and irregular tails with bulky and

disorganized fibrous sheaths surrounding variably distorted axonemes

sometimes missing the central pair or dynein arms (Figure 6). Lack of

migration of the annulus, absence of mitochondria at the mid-piece

Figure 5 Pathologies of the sperm neck. (a, b) Sperm smear showing abnormal

alignment of heads and tails (a, arrowhead) and acephalic spermatozoa

(b, arrowhead). (c) Electron microscopy shows lack of attachment between head

and mid-piece (double arrowhead) and normal acrosome (arrow). (d) Acephalic

spermatozoon: absence of the head. The enlarged cephalic end is occupied by

the mitochondrial sheath, connecting piece and vesicular structures. (e, f)

Heterologous ICSI. (e) Normal pronuclear and aster formation (microtubules,

green fluorescence) after injection of a normal human spermatozoon into a

bovine oocyte. (f) When spermatozoa with abnormal head–mid-piece relation-

ships are injected pronuclei form, but there is no aster development in the zygote.

(g) Human ICSI failure after injection of spermatozoon with neck anomalies.

Pronuclei are visible (arrows), but syngamy and cleavage did not occur and the

zygote degenerated. Bars51 mm (a–d) and 20 mm (e–g). g is reproduced with

permission from Chemes et al.49 e and f are reproduced with permission from

Rawe et al.69
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and alterations in the outer dense fibers suggest that this syndrome

very likely corresponds to dysplastic development of the whole sperm

tail cytoskeleton during testicular spermiogenesis. There is family

clustering among 20% of DFS patients and the condition is most

probably of genetic origin. However, no modifications in genes coding

for flagellar proteins such as AKAP4, heavy chain dyneins or sperm-

specific thioredoxins have been reported to date, with the possible

exception of an isolated AKAP4 gene and protein deletion in one

out of five DFS patients.12,93,94 It is likely that DFS is a multigenic

disease caused by alterations in several different gene products

(reviewed in Ref. 3). Analysis of the family trees suggests recessive

autosomic inheritance. The sperm phenotype does not change in time

and is not modified by medical therapies. There are no reports of

natural conceptions and classical in vitro fertilization methods fail in

achieving fertilizations–pregnancies.

The introduction of ICSI has revolutionized fertility prognosis in

severe asthenozoospermia or total sperm immotility. Microinjection

of spermatozoa from patients suffering from PCD or DFS results in

normal rates of fertilization and implantation, and many births of

healthy babies have been reported (Table 3, reviewed in Ref. 3). It

had been previously reported that severe motility disorders prevented

ICSI success, but careful reading of the literature indicates that failures

were due to necrozoospermia rather than to asthenozoospermia as was

also noted by the authors.95,96

The main concern that remains in the treatment of PCD and DFS

patients is the potential transmission to the offspring. This should

be disclosed to patients and informed consent requested before

proceeding to ICSI. Provided that there is no chronic respiratory

disease, DFS patients are prepared to accept the risk when infertility

is the only possible consequence, with the understanding that likely

developments of better treatments will solve the problem for their

male children in the future. There are no reports of respiratory

difficulties in babies born from DFS fathers, and fertility assessment

in the male progeny will only be possible in the next two decades. No

comprehensive investigations on these possibilities are available to

date. It has been noted that there is a striking contrast between the

high incidence of DFS and low incidence of PCD in a South

American population of multiethnic origin,12 which may indicate

the interaction between genetic and environmental influences in

the generation of this phenotype.

FERTILITY POTENTIAL IN TERATO- AND

ASTHENOZOOSPERMIA

In recent years, new methods have been introduced for the treatment

of specific sperm deficiencies. They include identification and negative

selection of spermatozoa carrying nuclear ‘vacuoles’ or hypoplastic

acrosomes by high-resolution microscopy, stimulation of oocyte

activation or sperm motility in cases of deficient acrosomal function

or sperm immotility and selection by annexin columns or hyaluronic

acid binding for increased rates of DNA fragmentation. Application of

these therapies necessarily depends on the previous identification of

specific phenotypes or abnormal mechanisms underlying different

sperm pathologies. This is why an adequate diagnosis of teratozoos-

permia that goes beyond the recognition of abnormal sperm shapes is

so important for the advancement in new therapies for severe male

factor infertility.

As previously indicated, chromatin and acrosomal sperm anomalies

are the most frequent alterations in severe teratozoospermia. The

introduction of real-time sperm selection by high-resolution light

microscopy in the embryology laboratory to avoid microinjection of

‘vacuolated’ spermatozoa (IMSI) has been advocated by some groups

that have reported better embryo quality, higher implantation and

pregnancy rates and lower pregnancy losses, but this technique has

not gained universal acceptance, and negative results have also been

communicated (Table 1).26–28,97–102 As stated above, we believe that

nuclear ‘vacuoles’ correspond to the serious deficiencies in chromatin

condensation and have already been described in a previous section.

When considering the use of spermatozoa carrying acrosomal anom-

alies, recent studies have attempted to compensate for perinuclear

theca deficiencies that cause inadequate Ca11 fluctuations. Oocyte

activation has been achieved using Ca11 ionophore (CI), strontium

or electrical activation, which has resulted in pregnancies and live

births (Table 2).47,103–109 A novel approach has been the use of

Figure 6 Flagellar pathologies. (a) Transverse section of a normal sperm prin-

cipal piece. The classical 912 structure of the axoneme is clearly seen. Note

dynein arms (arrow) and normal fibrous sheath (asterisks and double arrow). (b)

Lack of dynein arms in microtubular doublets of immotile spermatozoon in a

patient with primary ciliary dyskinesia. (c, d) Dysplasia of the fibrous sheath.

Tails are short, thick and of irregular profile (c). Ultrastructural examination

depicts thickened fibrous sheath and the absence of the central microtubules

of the axoneme. Bars50.1 mm (a, b and d) and 0.5 mm (c). Flagellar diameter is

0.4 mm (a and b) and 0.7 mm (d). a is reproduced with permission from Turner

et al.93 Figure 6d is reproduced with permission from Chemes et al.9

Table 3 Intracytoplasmic sperm injection (ICSI) outcome with immo-

tile spermatozoa

Number of

patients

Fertilization

rate (%)

Pregnancies/

miscarriage

Outcome

Primary ciliary

dyskinesia/

immotile cilia

syndromea

11 54612 5/1 7 live births

DFS/stump tails/

short tailsb

12 63616 10/2 14 live births

This table is reproduced with permission from Chemes et al.3

a Data from Bongso et al.;110 Cayan et al.;111 Gallo et al.;112 Kamal et al.;113

Papadimas et al.;114 von Zumbusch et al.115

b Data from Brugo Olmedo et al.;116,117 Favero et al.;118 Stalf et al.119
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IMSI to identify and avoid microinjection of spermatozoa with hypo-

plastic acrosomes.

There is a high incidence of chromatin and acrosome anomalies in

patients with strict morphology values below 4% and predominance

of amorphous spermatozoa. As we have already noted, these altera-

tions can be responsible for repeated ICSI failures or early pregnancy

loss. If this is the case, and a female factor can be ruled out, we advise

ultrastructural studies of spermatozoa to search for these abnormal-

ities. All new developments addressed at identifying and avoiding the

use of defective spermatozoa will probably result in better fertility

prognosis.

As previously discussed, spermatozoa with deficiencies in the head–

neck attachment frequently fail to proceed beyond the pronuclear

stage due to insufficient sperm aster formation and failure of cleavage.

Successful pregnancies have been obtained microinjecting spermato-

zoa carefully selected to avoid head and tail misalignments (reviewed

in Ref. 3). Defects of the sperm neck are much less frequent than

chromatin or acrosome abnormalities.

Before the advent of ICSI, asthenozoospermia was one of the

leading causes of fertility failure because immotile spermatozoa

were unable to reach the oocyte and penetrate normally. The situ-

ation changed dramatically after the introduction of sperm micro-

injection. Numerous reports in the literature inform on successful

pregnancies and live births after injection of immotile (live) sper-

matozoa in 23 patients suffering from PCD or DFS. Even though

fertilization rates were somewhat low, 15 pregnancies were estab-

lished and 21 healthy babies were born, with only three miscar-

riages (Table 3).9,110–119 Various techniques have been introduced

to overcome the difficulties in distinguishing between dead

(immotile) spermatozoa and immotile (but viable) forms. The

hypo-osmotic swelling test, the stimulation of motility with pen-

toxyfilline and even non-contact diode laser has been used to

distinguish between total sperm immotility and necrozoospermia

with variable success.120–123

There have been reports of other techniques for sperm selection in

cases of increased rates of DNA fragmentation. These include sper-

matozoa bound to hyaluronic acid or selected by annexin columns.

These methods are beyond the limits of this work because, as stated

before, there is no clear correlation between the prevalence of specific

sperm anomalies and higher DNA fragmentation values.

We should end by stressing that a correct diagnosis of sperm abnor-

malities that identifies defective mechanisms involved sets the grounds

for an evidence-based treatment of severe male factor infertility.
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16 Alvarez Sedó C, Lavolpe M, Uriondo H, Papier S, Nodar F et al. Nuclear vacuoles and
apoptosis markers after Annexin V columns in patients with severe teratozoospermia.
Fertil Steril 2011; 96: S159–60.

17 Balhorn R, Reed S, Tanphaichitr N. Aberrant protamine 1/protamine 2 ratios in sperm
of infertile human males. Experientia 1988; 44: 52–5.

18 Blanchard Y, Lescoat D, Le Lannou D. Anomalous distribution of nuclear basic
proteins in round-headed human spermatozoa. Andrologia 1990; 22: 549–55.

19 de Yebra L, Ballesca JL, Vanrell JA, Corzet M, Balhorn R et al. Detection of P2
precursors in the sperm cells of infertile patients who have reduced protamine P2
levels. Fertil Steril 1998; 69: 755–9.

20 Bench G, Corzett MH, de Yebra L, Oliva R, Balhorn R. Protein and DNA contents in
sperm from an infertile human male possessing protamine defects that vary over time.
Mol Reprod Dev 1998; 50: 345–53.

21 Emery BR, Carrell DT. The effect of epigenetic sperm abnormalities on early
embrygenesis. Asian J Androl 2006; 8: 131–42.

22 Aoki VW, Liu L, Carrell DT. Identification and evaluation of a novel sperm protamine
abnormality in a population of infertile males. Hum Reprod 2005; 20: 1298–306.

23 Rhim JA, Connor W, Dixon GH, Harendza CJ, Evenson DP et al. Expression of an avian
protamine in transgenic mice disrupts chromatin function in spermatozoa. Biol
Reprod 1995; 52: 20–32.

24 Wu JY, Ribar TJ, Cummings DE, Burton KA, McKnight GS et al. Spermiogenesis and
exchange of basic nuclear proteins are impaired in male germ cells lacking Camk4.
Nat Genet 2000; 25: 448–52.

25 Yu YE, Zhang Y, Unni E, Shirley CR, Deng JM et al. Abnormal spermatogenesis and
reduced fertility in transition nuclear protein 1-deficient mice. Proc Natl Acad Sci
USA 2000; 97: 4683–8.

26 Bartoov B, Berkovitz A, Eltes F. Selection of spermatozoa with normal nuclei to
improve the pregnancy rate with intracytoplasmic sperm injection. N Engl J Med
2001; 345: 1067–8.

27 Bartoov B, Berkovitz A, Eltes F, Kogosovsky A, Menezo Y et al. Real-time fine
morphology of motile human sperm cells is associated with IVF–ICSI outcome
J Androl 2002; 23: 1–8.

28 Bartoov B, Berkovitz A, Eltes F, Kogosovsky A, Yagoda A et al. Pregnancy rates are
higher with intracytoplasmic morphologically selected sperm injection than with
conventional intracytoplasmic injection. Fertil Steril 2003; 80: 1413–9.

29 Kierszenbaum AL, Tres LL. The acrosome–acroplaxome–manchette complex and the
shaping of the spermatid head. Arch Histol Cytol 2004; 67: 271–84.

30 Schirren CG, Holstein AF, Schirren C. Über die morphogenese rundköpfiger
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