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Abstract

Extensive morphological modification occurs during mammalian spermiogenesis when spermatids change their

spherical shape into cells with a compact head and a long tail. In this study, freeze-fracture was used to eluci-

date the alteration of the nuclear envelope during this process. Nuclear condensation resulted in a great reduc-

tion of spermatid nuclear volume and the formation of the redundant nuclear envelope. During nuclear

condensation, distribution patterns of nuclear pores were greatly affected by the developing acrosome and

manchette. As the acrosome enlarged to cap the nucleus, the pores redistributed caudally in the nuclear mem-

branes and became exclusively localized to the redundant nuclear envelope. Manchette microtubules play an

important role in shaping the nucleus, and formation of the manchette was associated with exclusion of

nuclear pores from the underlying nuclear envelope; therefore, it is likely that the redistribution of nuclear

pores was aided by manchette development. The appearance of an electron-lucent nuclear region surrounded

by the nascent redundant nuclear envelope indicated a pathway for transporting degradation products through

the nuclear pores to the residual cytoplasm. The packaging of the nuclear pores into the redundant nuclear

envelope suggests that they play a role in late stages of sperm maturation or in fertilization, as most other

unnecessary organelles of sperm are discarded during spermiogenesis or during shedding of the cytoplasmic

droplet.
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Introduction

Spermiogenesis is the process whereby spermatids undergo

elaborate morphological changes to form mature sperm. It

consists four phases: Golgi phase, cap phase, acrosome

phase and maturation phase (Clermont, 1972). Nuclear con-

densation is one of the most conspicuous events that occurs

in spermatids during the acrosome and maturation phases

(Russell et al. 1990). A great reduction in nuclear volume

results in the packaging of the excess nuclear envelope into

the redundant nuclear envelope in spermatids of many

mammals (Fawcett & Ito, 1965; Franklin, 1968; Toshimori

et al. 1985; Kerr, 1991). Although termed ‘redundant

nuclear envelope’ originally because its function was

unknown, its persistence in the neck region of mature

sperm inspired speculation that it plays a role in fertiliza-

tion, where redundant nuclear envelope could be re-incor-

porated into the sperm nucleus during formation of the

male pronucleus (Fawcett & Ito, 1965). We have shown that

a portion of the redundant nuclear envelope in mature

sperm regulates sperm hyperactivated motility by serving as

an intracellular calcium store (Ho & Suarez, 2003). Recently,

discoveries of the functioning of the ubiquitin-proteasome

system in sperm have again drawn attention to the redun-

dant nuclear envelope and also to the nuclear pore com-

plexes specifically localized there (Haraguchi et al. 2007;

Crimmins et al. 2009).

During spermatid nuclear condensation, histones are

gradually replaced by transition proteins, and finally by pro-

tamines (Meistrich et al. 2003). Many protein turnover and

degradation events are therefore executed within the sper-

matid nucleus and cytoplasm. Proteasomes and polyubiqui-

tinated proteins, which are designated to be degraded, are

localized in a non-condensed nuclear region surrounded by

the redundant nuclear envelope. The degraded protein

products are proposed to be transported into the neck cyto-

plasm through the nuclear pores (Haraguchi et al. 2007)

and may become a part of the residual body or the cyto-

plasmic droplet which is eventually shed from the sperm tail

during final maturation events in the epididymis.

Besides remodeling of the spermatid chromatin, the for-

mation of the manchette participates in nuclear condensa-
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tion and shaping (Russell et al. 1990). The manchette con-

sists of an array of microtubules that forms around the po-

stacrosomal spermatid nucleus. Rod-like linkers between

manchette microtubules and the outer nuclear membrane

observed in rat and mouse spermatids during the acrosome

phase were proposed to play a role in nuclear shaping

(Russell et al. 1991). During nuclear reduction and re-shap-

ing, nuclear pores are moved to the redundant nuclear

envelope; however, it is not known whether the manchette

plays a role in movement of the pores.

Morphological specializations are often associated with

functions. To realize how and when the redundant nuclear

envelope performs its functions, a detailed understanding

of the development of the redundant nuclear envelope is

necessary. The distribution pattern of nuclear pores along

the spermatid nucleus during spermiogenesis may also be

important for nuclear condensation and shaping. Although

the migration of nuclear pore complexes towards the cau-

dal nucleus has been shown under fluorescence microscopy

(Sutovsky et al. 1999; Crimmins et al. 2009), there has not to

date been direct ultrastructural evidence showing the distri-

bution pattern of nuclear pores and their relationship with

the manchette and formation of the redundant nuclear

envelope.

Materials and methods

Animals and tissue collection

Mature male ICR mice were sacrificed by CO2 inhalation and cer-

vical dislocation. Testes were removed and prepared as follows

for ultrastructural observations. The experimental protocol was

approved by the Institutional Animal Care and Use Committee

of Tzu Chi University.

Transmission electron microscopy

Small blocks of testis were pre-fixed with 2.5% glutaraldehyde

prepared in 0.1 M cacodylate buffer containing 2% tannic acid

at 0–4 �C for 1 h, and post-fixed with 1% OsO4 in 0.1 M cacody-

late buffer for 1 h at room temperature. After fixation, speci-

mens were dehydrated through a graded series of ethanol and

embedded in Spurr’s resin. Serial ultrathin sections of approxi-

mately 80 nm were made with a Leica Ultracut R ultramicro-

tome (Leica, Heerbrugg, Switzerland) and stained with uranyl

acetate and lead citrate. Sections were examined with a Hitachi

H-7100 or an H-7500 transmission electron microscope at 75 kV

or 80 kV.

Freeze-fracture

Testes fixed with 2.5% glutaraldehyde ⁄ 0.1 M cacodylate buffer

were washed in buffer and cryoprotected with 30% glycerol.

Specimens were frozen rapidly in liquid propane, and trans-

ferred into Balzer BAF-400D freeze-etching apparatus. Speci-

mens were fractured and etched at )105 �C, then coated with

carbon and shadowed with Pt ⁄ C at a 45� angle. Replicas were

floated on ice-cold methanol and washed by chromic acid and

sodium hypochlorite before being collected on the 300-mesh

grids. Replicas were observed with a Hitachi H-7100 at 75 kV.

Statistical analysis

Spermatid sectional images at early and late maturation phases

were randomly selected. The electron-lucent areas surrounded by

the developing redundant nuclear envelopes were measured by

IMAGEJ (http://rsbweb.nih.gov/ij/) and the values were adjusted

according to magnification. Data were expressed as mean ± SEM,

and were analyzed using MINITAB STATISTICAL software (Minitab Inc.,

State College, PA, USA). One-tail Student’s t-test was used to test

for statistically significant differences.

Results

Nuclear pores are openings on the nuclear envelope that

are formed from the fusion of the inner and outer nuclear

membranes. Under the transmission electron microscope,

nuclear pore appeared from a side view as an electron-

dense, fuzzy diaphragm-like structure crossing the pore

opening (Fig. 1a). However, a face-on view revealed the cir-

cular appearance of the nuclear pore, while thickened elec-

tron-dense inner or outer membrane indicated oblique

sectioning through the nuclear pore (Fig. 1).

During Golgi phase (steps 1–3), spermatids were charac-

terized by elaborate perinuclear Golgi apparatus, whereas

the acrosomal vesicles were small and usually not in contact

with the nucleus. The nuclear pores appeared to be scarce

and for the most part randomly distributed, except in asso-

ciation with annulate lamellae, where pores were more

consistently present (Fig. 2). In cap phase (steps 4–7), acroso-

mal vesicle attached and flattened on the surface of the

nucleus to become the acrosomal cap. At the sites where

the acrosomal cap developed, the perinuclear space nar-

rowed and the nuclear envelope underneath the acrosomal

Fig. 1 Nuclear pores (a–e) appear differently according to sectioning

planes. (a) A side-view of nuclear pore shows electron-dense

diaphragm-like structure connecting fused inner (arrowheads) and

outer (arrows) nuclear membrane. (b–d) Oblique sectioning through

nuclear pores shows thickened nuclear membrane. (e) Face-on view of

nuclear pore shows circular electron-dense structure. N, nucleus. Scale

bar: 100 nm.
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cap thickened; this is called the modified nuclear envelope

(Fig. 3). The electron-dense modified nuclear envelope

became devoid of nuclear pores and this area expanded

from the early to the late cap phase to cover one third to a

half of the nucleus (Figs 3 and 4). Outside of the region of

the modified nuclear envelope, nuclear pores were found

in clusters around the nucleus (Fig. 3B). Even at late cap

phase, nuclear pores were still visible at the lateral sides of

the nucleus (Fig. 4B).

During the acrosome phase (steps 8–12), nuclear elonga-

tion ⁄ condensation began and manchette formed around

the postacrosomal nucleus. An obvious nuclear pore aggre-

gation was found at the caudal end of the nucleus; no

pores were found at regions associated with either the

acrosomal cap or the manchette microtubules (Fig. 5). Sub-

sequently, in the maturation phase (steps 13–16), where

nucleus became more condensed and mitochondrial sheath

formed around the middle piece of tail, nuclear pores

A B

Fig. 2 Golgi phase spermatids observed in an ultrathin section (A) and a freeze-fracture replica (B). Nuclear pores (arrowheads) are randomly

distributed in most part of the nuclear envelope except at places associated with annulate lamella (arrow), where nuclear pores are more

consistently present. G, Golgi complex; A, acrosomal vesicle; N, nucleus; M, mitochondria. Scale bar: 2 lm.

A B

Fig. 3 Early cap phase spermatids observed in an ultrathin section (A) and a freeze-fracture replica (B). Aggregation of nuclear pores (arrowheads)

is visible at this stage in freeze-fracture replica, although not obvious in ultrathin sections. Associations of annulate lamella (arrows) and nuclear

pores are still found at this stage (see inset for higher magnification). Note that no nuclear pores are found in the nuclear envelope where the

acrosomal cap (A) is attached (*). I, inner nuclear membrane; O, outer nuclear membrane. Scale bars: 2 lm (A), 1 lm (B).
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became highly concentrated and packed at the future site

of formation of the redundant nuclear envelope, surround-

ing an electron-lucent area (Fig. 6). By measuring the elec-

tron-lucent areas on sections, a significant decrease

(P < 0.005) was found: the electron-lucent area in early mat-

uration phase spermatids averaged 0.71 ± 0.19 lm2

(n = 10), whereas this area decreased to 0.20 ± 0.15 lm2

(n = 10) in late maturation phase spermatids. This indicated

that the volume of the electron-lucent area, or the nuclear

pocket, gradually decreased as spermatids matured, leaving

the apposed redundant nuclear envelope projecting into

the neck region (Fig. 7). The residual cytoplasm, which was

prominent around the neck region, contained structures

designated to be discarded (Fig. 7).

Discussion

This study provides visual evidence of the redistribution pro-

cess of nuclear pores during spermiogenesis in the mouse

testis. By examining ultrathin sections along with freeze-

fracture replicas, the changes of nuclear pore distribution

pattern were clearly appreciated. Freeze-fracture replicas

provided nice topographic images of the nuclear envelope,

showing the regular organization of nuclear pores in the

redundant nuclear envelope in late spermatids, which is

usually hard to envision from ultrathin sections alone. On

the other hand, the relationship among nuclear pores, acro-

somal cap, and manchette microtubules are clearly seen in

ultrathin sections.

The nuclear pores and the redundant nuclear envelope

have been brought to attention lately for their role in

ubiquitin-proteasome system. The ubiquitin-proteasome

system regulates protein turnover, including spermatid

nuclear protein replacement and nuclear condensation, a

process that would diminish sperm fertilizing ability when

malfunctioning (Escalier et al. 2003; Kwon et al. 2005).

Proteasomes and polyubiquitinated proteins were found

to localize in the electron-lucent nuclear region sur-

rounded by the redundant nuclear envelope (Haraguchi

et al. 2007). If nucleoprotein degradation occurred accord-

ing to Haraguchi et al. (2007), it is possible that the degra-

dation products are transported through the nuclear

pores along the redundant nuclear envelope to the neck

cytoplasm, accumulating in cytoplasmic droplets around

the neck region of testicular and epididymal sperm. A sta-

ble pool of free ubiquitin is maintained by de-ubiquitinat-

ing enzymes that carefully regulate ubiquitin-proteasome

proteolysis (Amerik & Hochstrasser, 2004). Immunohisto-

chemistry experiments showed that Usp14, a de-ubiquiti-

nating enzyme, is localized at the redundant nuclear

envelope and cytoplasmic droplet of elongated spermatids

and epididymal sperm (Crimmins et al. 2009), also indicat-

ing the involvement of ubiquitin-mediated proteolysis at

the site of redundant nuclear envelope. In the present

study, the appearance of a region of low electron density

in the nucleus near the accumulating nuclear pores indi-

cates that nucleoprotein degradation could be occurring

here for transference to the residual cytoplasm. The

decrease of the electron-lucent area surrounded by the

redundant nuclear envelope in late spermatids (Fig. 7), as

long as the prominent residual cytoplasm around the

redundant nuclear envelope, suggest export of degraded

nucleoproteins out of the nucleus.

By applying transmission electron microscopy and indirect

immunofluorescence labeling, Tovich et al. (2004) con-

cluded that all cap phase spermatids show focal nuclear

pore complex localization at the caudal pole of the nucleus.

In the present study, the freeze-fracture images clearly

showed focal aggregations of nuclear pores around cap

phase spermatid nucleus. However, they were not exclu-

sively confined to the caudal pole of the nucleus; they were

also visible at the lateral sides of the nucleus caudal to the

margin of the acrosomal cap. Nevertheless, our results are

consistent with Tovich et al.’s findings that no nuclear pore

complexes were detected along the nuclear envelope abut-

ting the manchette (Tovich et al. 2004).

A B

Fig. 4 Late cap phase spermatids. As the developing acrosomal cap (A) expands to cap the nucleus, the modified nuclear envelope (*) also

expands and there are no nuclear pores in this area. A few nuclear pores (arrowheads) are found on lateral surfaces of the nucleus, caudal to the

acrosomal cap (B). N, nucleus; arrows, caudal margin of the developing acrosomal cap. Scale bars: 1 lm.
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Manchette was proposed to facilitate a Ran (Ras-related

GTPase)-mediated nucleocytoplasmic transport in rat sper-

matids because Ran-GTPase was localized to the nucleus of

round spermatids and the manchette of elongating sper-

matids (Kierszenbaum et al. 2002). The Ran-GTPase is well

known for its crucial role in nucleocytoplasmic transport,

and the import and export of macromolecules occurs across

the nuclear pore complexes (reviewed by Kuersten et al.

2001; Cook et al. 2007). However, as no nuclear pores were

found along the nuclear envelope abutting the manchette

A B

C D

Fig. 5 Acrosome phase spermatids. (A) Section through the anterior–posterior axis shows that nuclear pores (arrowheads) are only found at the

caudal pole of the nucleus, where no manchette microtubules (arrows) are associated with the nuclear envelope. (B) A lateral sagittal section

through the elongating spermatid as indicated by the white line B in (A). Nuclear pores are exclusively localized at the caudal end of the nucleus.

(C) Section plane is indicated by the white line C in (A), where manchette microtubules (arrows) are cross-sectioned, the perinuclear space

narrowed, and no pores are observed here. (D) Higher magnification shows the narrowed perinuclear space facing the cross-sectioned manchette

microtubules. A, acrosomal cap; C, connecting piece; N, nucleus. Scale bars: 2 lm (A), 1 lm (B,C), 100 nm (D).
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microtubules, the idea that manchette helped transporting

molecules in and out of the nucleus remains to be clarified.

As Kierszenbaum et al. (2002) localized Ran-GTPase by

immunofluorescence labeling, the resolution was insuffi-

cient to discriminate whether the Ran-GTPase localized

inside elongating spermatid nucleus or on the manchette

surrounding the nucleus. It is therefore worth doing the

experiment at the electron microscopic level to verify those

authors’ hypothesis. In addition, whether intermediate mol-

ecules exist to shuffle Ran-GTPase between nucleus and

manchette requires further investigation.

Fawcett & Chemes (1979) were the first to use the freeze-

fracture technique to study nuclear pore distribution sys-

tematically in testicular germ cells. They described changes

in nuclear pore distribution in mammalian germ cells, and

found a more concentrated pore aggregation in the

postacrosomal region of spermatid nucleus. Although they

did not follow the distribution pattern of nuclear pores

through the end of spermiogenesis, they posited an inter-

esting question concerning whether the changing distribu-

tion patterns of pores resulted from movement of pores

within the nuclear envelope or dissolution and re-assembly

of pores. In this study, an abrupt change of pore distribu-

tion was observed in spermatids transitioning from the cap

phase to the acrosome phase. At that time, when the

manchette formed, the nuclear pores suddenly redistrib-

uted from the lateral sides of the nucleus to the caudal end.

It is clear that no pores were present at the nuclear enve-

lope abutting the manchette; therefore, it is tempting to

speculate that the nuclear pores are passively excluded,

with the help of manchette microtubules linked to the

outer nuclear membrane as they shape the nucleus (Russell

et al. 1991), from the lateral side of the nucleus to the cau-

dal end at the beginning of acrosome phase.

A

B C

Fig. 6 Maturation phase spermatids. (A) In late spermatid, condensed nucleus (N) is electron-dense, but the area surrounded by the redundant

nuclear envelope is more electron lucent (*). Nuclear pores (arrowheads) exclusively localize to the redundant nuclear envelope, where they are

closely packed. (B) Tangential section through the redundant nuclear envelope, as indicated by line B in (A), shows closely packed nuclear pores.

(C) Freeze-fracture replica that fractured along the surface of the redundant nuclear envelope and through the nucleus, shows high density

packing of nuclear pores. C, connecting piece; arrows, manchette microtubules. Scale bars: 1 lm (A), 500 nm (B), 1 lm (C).
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Changes in the nuclear pore composition were found in

developing male rat germ cells, where nucleoporin NUP62

shifted from the nuclear envelope to the nuclear interior

(Yang et al. 2006). In an in vitro Xenopus egg extract sys-

tem, nuclear pores were estimated to form de novo at a

rate of 142 nuclear pore complexes per minute to accom-

modate growing nuclear volume (D’Angelo et al. 2006). In

spite of the available mechanisms for reorganizing and

forming nuclear pore complexes, scaffold nucleoporins

were only expressed and assembled into nuclear pore com-

plexes in actively dividing cells (D’Angelo et al. 2009), which

is definitely not the case in late spermatids. Besides, there

were no detectable ultrastructural changes, such as loss of

electron density from the nuclear pores, which is normally

evident during nuclear pore complex disassembly (Kiseleva

et al. 2001). Thus, it is unlikely that nuclear pore complexes

are broken down and reformed during acrosome phase.

The redistribution of the nuclear pores within the nuclear

envelope is therefore more plausible than de novo synthesis

of nuclear pores during spermiogenesis. However, the mech-

anism regulating pore redistribution is still unknown.

Besides manchette microtubules mentioned above, nuclear

lamin might be another candidate in organizing pore distri-

bution. Nuclear pore complexes are tightly associated with

nuclear lamina, a peripheral meshwork underneath the

inner nuclear membrane, composed of intermediate

filament protein lamins and associated proteins (Dultz &

Ellenberg, 2007; Furukawa et al. 2009). In Drosophila, differ-

ent lamin subtypes possessed different properties, where

A-type lamins were proved to play a role in organizing

nuclear pore complex distribution (Furukawa et al. 2009). In

mammals, germ cell-specific lamins were identified in sper-

matocytes and spermatids (Sudhakar & Rao, 1990; Furukawa

& Hotta, 1993). Interestingly, the distribution patterns of

germ cell-specific lamin B3 changed during spermiogenesis.

In round spermatids, lamin B3 was localized in the nuclear

periphery; however, during nuclear elongation, lamin B3

became concentrated to the caudal end of spermatid nuclei

(Schütz et al. 2005). Therefore, it would be interesting to

determine whether nuclear pore complex redistribution

found in this study was regulated by redistribution of

nuclear lamin.

The results presented in this study elucidate changing

patterns of nuclear pore distribution during mouse sper-

miogenesis. The concentrated arrangement of nuclear

pores in the redundant nuclear envelope in sperm indicates

that they serve a function; if not, they would have been

broken down or otherwise discarded in the residual cyto-

A B C

Fig. 7 Late maturation phase spermatids with mitochondrial helical sheath (M) formed in the middle piece. The electron-lucent area (*)

surrounded by the redundant nuclear envelope (arrows) shows decreased volume compared to early maturation phase spermatids. The distal end

of the redundant nuclear envelope shows tightly packed membranes with a lot of nuclear pores (arrowheads). (C) Enlarged neck region of (B),

showing electron-lucent area and electron-dense nuclear pores (not labeled) in greater detail. N, spermatid nucleus; RC, residual cytoplasm. Scale

bars: 500 nm (A,B), 250 nm (C).
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plasm. Possibilities include that the pores play an important

role during nuclear protein replacement and nuclear con-

densation, or even in formation of the pronucleus during

fertilization. The roles of the redundant nuclear envelope

merit further investigation.
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