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ORIGINAL ARTICLE

Mouse sperm acquire a new structure on the apical hook
during epididymal maturation

Yi-Wen Lin!, Tzu-Han Hsu” and Pauline H Yen!

Spermatozoa emerging from the testis undergo a maturation process in the epididymis during which they change morphologically,
biochemically and physiologically to gain motility and the ability to fertilize ova. We examined mouse epididymal sperm with
immunostaining and transmission electron microscopy (EM) and identified a previously unknown structure on the apical hook. The
structure has a coiled configuration around 11 nm in thickness and is present at the tip of each corner of the triangular-rod shaped
perforatorium. Surveying sperm isolated from various regions of the epididymis indicated that mouse sperm acquire the hook rim (HR)
structure during its passage through the proximal two-thirds of the caput epididymidis. The structure withstands vigorous sonication
and harsh chemical treatments and remains intact after the acrosome reaction. Its location and sturdiness suggest a function in
protecting the apical hook from mechanical wear during fertilization. Our EM images of epididymal sperm also revealed additional novel

structures as well as lateral asymmetry of the sperm head, indicating that mouse sperm head has a structure more complex than

previously recognized.
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INTRODUCTION

Both rat and mouse spermatozoa have a falciform-shaped head that is
composed of four major parts: the nucleus, the acrosomic system, the
perinuclear theca and the plasma membrane."” The nucleus takes up
most of the head volume and contains the haploid genome tightly
packed with protamines. The acrosomic system consists of two distinct
regions, the acrosome cap (also known as acrosome proper, anterior
acrosome) and the head cap (also known as equatorial segment, pos-
terior acrosome). The acrosome cap sits on top of the nucleus in the
anterior-dorsal part of the head and contains numerous digestive
enzymes that facilitate the passage of the sperm through the cumulus
cell layer and the zona pellucida during fertilization.” The head cap is
much thinner and covers much of the lateral surface of the head.* The
perinuclear theca is a cytoskeletal structure that covers most of the
nucleus except in the area of the perifossal zone near the base of the
head where the tail is attached. It consists of the subacrosomal region
(also known as the perforatorium), and the postacrosomal sheath (also
known as postacrosomal dense lamina). The perforatorium in rats and
mice is in the shape of a curved triangular rod at the apex of the sperm
head, and splits into three interconnected prongs, one dorsal and two
ventral, as it passes over the nucleus.> It is thought to play a mechanical
role in egg penetration during fertilization.! The postacrosomal sheath
covers the posterior portion of the nucleus and thickens to form the
ventral spur along the ventral side of the nucleus. The plasma mem-
brane wraps the surface of the head and is subdivided into various
regional domains that overlay different organelles and structures and
have distinct protein and lipid components.

Although sperm are produced in the testis, the fully developed
testicular spermatozoa are nonfunctional. They require a maturation
process in the epididymis to acquire motility and fertilizing ability.”
The epididymis is a highly compartmentalized organ with a long
tubule structure that is commonly divided into the caput, corpus
and cauda sections.”® The various sections have distinct secretomes
and proteomes and serve different functions.> Sperm maturation
occurs primarily in the caput epididymidis, and is accompanied with
numerous morphological, biochemical and physiological changes.®*°
The cytoplasmic droplet moves along the mid-piece of the tail. The
acrosome changes its shape, which is substantial in some species and
subtle in others, as well as its content.'®'! The structures of several
sperm organelles are modified, primarily due to disulfide crosslinking
of their protein components. The sperm plasma membrane also
undergoes changes in surface charge as well as lipid content and dis-
tribution.?'? In addition, the distribution and post-translational
modification of numerous proteins are also altered.’>”'> Through
the process, the sperm gain the ability to swim forward and the capa-
city to undergo acrosome reaction and fertilize an ovum.'® The mature
sperm are then stored in the cauda epididymidis.

We previously generated an antibody against a synthetic oligopep-
tide consisting of a 19 amino acid sequence in the germ cell-specific
ubiquitin-specific protein 26 (USP26)."” The antibody specifically
stained cultured cells transfected with an USP26 expression vector
but not the empty vector, and immunoprecipitated USP26 with
deubiquitinating enzymatic activity from mouse testis lysates.
However, the presence of multiple bands on Western blots hinted
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possible crossreaction of the antibody with other proteins.'” Here we
report our subsequently immunostaining of mouse epididymal sperm
with the antibody that led to the discovery of a novel structure we have
named ‘hook rim (HR)’ at the three edges of the triangular rod of the
anterior perforatorium. Examination of sperm from various regions
of mouse epididymis revealed that sperm acquire HRs during epidi-
dymal maturation. The location and sturdiness of the HR suggest a
function in protecting the apical hook from mechanical wear during
fertilization. Our electron microscopy (EM) examination also unco-
vered lateral asymmetry and some novel structures of the mouse
sperm head.

MATERIALS AND METHODS

Animals

C57BL/6 mice used in the study were 6-8 weeks old. They were housed
in a specific pathogen-free animal facility, and the experiments were
approved by the Institutional Animal Care & Utilization Committee
of Academia Sinica (Taipei, China).

Immunostaining of tissue sections and dispersed germ cells
Immunostaining of Bouin’s solution-fixed, paraffin-embedded
mouse testicular and epididymal sections was carried out as previously
described.'® Spermatozoa were isolated from different regions of
mouse epididymis according to Olson et al.'' They were fixed with
2% paraformaldehyde in phosphate-buffered saline and spun onto
glass slides using the Shandon Cytospin 4 Cytocentrifuge (Thermo
Scientific, Pittsburgh, PA, USA). The cells were stained with the
anti-USP26-M antibody'” and an Alexa Fluor 488 conjugated goat
anti-rabbit IgG secondary antibody (Invitrogen, Carlsbad, CA, USA)
according to Lin and Yen." The acrosome was labeled with lectin
peanut agglutinin (PNA) conjugated with Alexa Fluor 594 (Invitrogen)
or a mouse monoclonal anti-acrosin antibody (GeneTex, Inc., Irvine, CA,
USA), and the nucleus was stained with Hoechst 33258 (Invitrogen). The
cells were then mounted and photographed with a Zeiss LSM510 con-
focal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

Immunogold staining and EM

Transmission EM was carried out using the service of the Electron
Microscope Core Facility at Academia Sinica (Taipei, China). Adult
cauda epididymides were fixed in 4% paraformaldehyde, 0.1% glutar-
aldehyde and 0.05% tannic acid in 0.1 mol 17" cacodylate buffer
(pH 7.3) and embedded in epoxy resin. Thin sections prepared were
stained with uranyl acetated and examined under a Hitachi H7000
transmission EM (Hitachi High-Technologies Co., Tokyo, Japan)
operating at 75 kV under standard operating conditions. Whole-
mount sperm specimens were prepared according to a published pro-
tocol,'* and immuno-gold staining was performed as previously
described.'” Perforatorial triangular cross-sections were photo-
graphed regardless whether they contained gold-labels or not, and
the distribution of the gold-labels on the images was then analyzed.

Various treatments of epididymal sperm

The sperm were treated separately with (i) six cycles of sonication on
the Ultrasonic Homogenizer UP50H (Hielscher, Teltow, Germany)
using the ‘six times at 25% amplitude’ program according to Lin
et al;®° (ii) 20 mmol 1! -mercaptoethanol in the RIPA buffer for
15 min at 4°C; (iii) 1 N NaOH at room temperature for 30 min; (iv)
7 moll™" urea in 150 mmol 1~ NaCl at room temperature for an hour;
and (v) 0.2 mg ml~! trypsin at 37°C for an hour. For (i), (iv) and (v),
sperm were rinsed in phosphate-buffered saline after the treatments,
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fixed in 4% paraformaldehyde, spun onto glass slides and stained with
the anti-USP26 antibody and Hoechst 33258. For (ii) and (iii), the
fragmented sperm were spun onto glass slides before being fixed and
stained.

RESULTS

Identification of a novel structure on mouse epididymal sperm

We immunostained mouse spermatozoa with the anti-USP26 anti-
body, and labeled the acrosome with PNA which binds specifically to
the acrosome outer membrane.*"** Fully developed spermatozoa iso-
lated from whole mouse testes showed intense USP26 signals on the
dorsal surface of the head, covering most of the frontal portion of the
head as previously reported'” (Figure 1a). The USP26 and PNA sig-
nals partially overlapped and both covered the apical hook. However,
spermatozoa isolated from caudal epididymides gave a completely
different staining pattern (Figure 1b). The USP26 signals were now
restricted to the apical hook and assumed a unique three-prong struc-
ture, with a dorsal prong and two ventral prongs that were of different
lengths. Conversely, the PNA signals had retracted from the apical tip
and most of the lateral surface, and became confined to the dorsal
ridge of the head showing no overlap with the USP26 signals. An
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Figure 1 Remodeling of mouse sperm head during epididymal maturation.
Sperm were isolated from mouse testes (a) and caudal epididymides (b, ¢) and
stained for the USP26 epitope (U), acrosome (A) and DNA (D). Acrosomes were
stained with PNA inaand b, and an anti-acrosin antibody in ¢. Phase-contrast (F)
images of the sperm are also presented, either alone or merged with the immu-
nofluorescence images. Scale bar=5 um. PNA, peanut agglutinin; USP26,
ubiquitin-specific protein 26.



antibody against acrosin, a soluble content of the acrosome,” pro-
duced a similar staining pattern of the acrosome (Figure 1c).

Ultrastructure of the head of mature mouse spermatozoon

We next attempted to identify the structure detected by the anti-
USP26 antibody. A literature search revealed that while the ultrastruc-
ture of the rat sperm head was well documented, based primarily on
the structure of step 19 spermatid,”*** the structure of a mature
mouse sperm head had not been characterized in detail.>*>?® We thus
used EM on both whole-mount cauda epididymidal sperm and thin
sections of cauda epididymidis to determine the ultrastructure of
mouse sperm head, paying special attention to the apical hook
(Figure 2). Images of the whole-mount sperm showed that the tri-
angular rod of the anterior perforatorium was capped by a previously
unnoticed circular structure of 160 nm in length by 40 nm in diameter
(Figure 2a inset). Examination of cauda epididymidal sections
revealed that the mouse sperm head had a structure very similar to
that of the head of a rat step 19 spermatid.* The anterior perforatorium

Figure 2 Electron micrographs of mouse cauda epididymidal sperm. (a) Image
of a whole-mount sperm head. The bracket marks the region from where cross-
sections in b—f are derived, whereas the broken lines correspond to the planes of
cross-sections in g-1. The cross-sections are localized on the sperm head based
on their longitudinal lengths. In b-k, the dorsal edges of the perforatorial triangles
point to the top, whereas in |, the apical tip of the hook points to the top-left corner.
Arrowheads in b—j point to the HRs at the apexes; asterisks in h—k locate the limits
between the acrosome cap and the head cap; open triangles in h—k point to the
indents inside the acrosome, and the white triangle in k points to the indent on the
acrosome surface. Ina, b, i and j, the boxed regions are enlarged in the insets. For
a, scale bar=1 pm; for b—j, scale bar=100 nm; for kand I, scale bar=500 nm. A,
acrosome cap; HC, head cap; HCS, separated head cap segment; N, nucleus; P,
perforatorium; PM, plasma membrane; VS, ventral spur.
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was covered by the head cap (HC) on the top and the two lateral sides
(Figure 2b—2e). Cross-sections taken progressively away from the tip
of the hook showed the sequential appearance of an electron-dense
spot connecting to an electron-lucent circle at the center of the ventral
surface (Figure 2d, indicated with an arrow) which later became the
separated head cap segment (HCS) (Figure 2e), the elliptically shaped
nucleus (Figure 2f) and the acrosome cap (Figure 2g). Further down
the hook, one of the bottom apexes of the perforatorial triangle started
to retract (Figure 2h and 2i), the HC on one side fused with the HCS to
become one continuous membranous structure (Figure 2j), and the
remaining perforatorial/perinuclear theca material rounded up to
form the ventral spur (Figure 2k).

We noticed several features that had not been previously reported
for the rat sperm head. Firstly, there were electron-dense regions
(indicated with arrowheads) with a unique ultrastructure (Figure 2b
inset) at most apexes of the perforatorial triangular cross-sections. The
structure, designated HR, had a coiled configuration around 11 nm in
thickness. At the top dorsal apex of the triangle, the HR sat on top of
the HC (Figure 2b—2f), whereas at the basal ventral corners, the HRs
wrapped around the ends of the HCs (Figure 2b-2i). The top HR
disappeared when the acrosome cap appeared (Figure 2g), whereas
the two bottom HRs disappeared at the fusion of the HC and HCS
(Figure 2j) and the formation of ventral spur (Figure 2k), respectively.
Secondly, in some small perforatorial triangles, the HC on one side
protruded beyond the baseline to form a tail-like structure (Figure 2b,
also Figure 4b left panel). Thirdly, some cross-sections of the acrosome
cap showed an indent that contained a unique double-membrane
round structure (Figure 2j inset). Finally, our EM examination revealed
previously unrecognized lateral asymmetry of the mouse sperm head.
The nuclei in the perforatorial cross-sections were not centrally posi-
tioned; their ventral ends tilted toward one of the basal apexes
(Figure 2f-2h). A section cutting through the dorsal portion of the
apical hook clearly showed an asymmetrical odd shape of the frontal
apical hook (Figure 2a and 2I).

We next performed immunogold staining of mouse cauda epididy-
midal sections to identify the structure on the apical hook detected by
the anti-USP26 antibody. The anti-USP26 antibody labeled most per-
foratorial triangular cross-sections, and the vast majority of gold-
labels fell within or close to the HRs at the apexes (Figure 3a and
3b). When the control antibody was used, only a small fraction of
perforatorial cross-sections contained gold labels and those labels were
not clustered at the HRs (Figure 3c and 3d). Thus, the anti-USP26
antibody marked the HRs at the apexes of the perforatorial triangular
rod. This conclusion is also supported by the good agreement between
the extent of HRs’ presence (detected by EM) and that of the USP26
immunofluorescence signals along the edges of the apical hook.

Formation of the HR during epididymal maturation

In their careful examination of the ultrastructure of rat step 19 sperm-
atid, Lalli and Clermont* did not note any electron-dense structures at
the apexes of the triangular perforatorium, suggesting that sperm
acquired the HR in the epididymis. We therefore examined epididy-
mal sections prepared from the proximal caput where sperm first enter
epididymis (Figure 4a plane a). Most cross-sections of the anterior
perforatoria lacked electron-dense regions at their apexes (Figure 4b),
indicating that the HRs took shape in the epididymis.

To investigate where in the epididymis sperm acquired the HRs, we
divided the mouse epididymis into five regions,'® including three
regions for the caput section and one region each for the corpus
and cauda sections of the epididymis (Figure 4a), and examined
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Figure 3 Immunogold labeling of the USP26 epitope on cross-sections of cauda epididymidal sperm head. (a) Examples of anterior perforatorial cross-sections with
gold labels at or near the electron-dense regions at the apexes. The gold labels are 18 nm in diameter. (b) Distribution of gold labels (open circles) on perforatorial cross-
sections with (right) or without (left) nuclei. The number of cross-sections scored and total gold labels observed are indicated at the bottom. (¢, d) EM images and gold-
label distribution on perforatorial cross-sections stained with the control antiserum. The gold labels are 12 nm in diameter. For a and ¢, scale bar=100 nm. The
arrowheads point to the gold labels. EM, electron microscopy; HC, head cap; HCS, separated head cap segment; N, nucleus; P, perforatorium.

spermatozoa isolated from each region (Figure 4c). In Region 1, most
germ cells still had the PNA and USP26 signals covering a large portion
of the head. However, the major ventral prong (indicated by arrows)
started to take shape at the apical tip, well separated from the main
body of the USP26 crescent. For germ cells in Region 2, both the PNA
and the USP26 signals had contracted to a crescent shape at the dorsal
ridge of the head. The frontal half of the major ventral prong thick-
ened, and the dorsal and the minor ventral prongs started to bud out
from the frontal tip and midpoint of the major ventral prong, respect-
ively (inset). Spermatozoa in Region 3 showed the same PNA and
USP26 staining patterns as those of the cauda epididymidal sperm
described above, with the USP26 signals confined to the now com-
pleted three-prong structure at the apical hook. Spermatozoa isolated
from regions 4 and 5 had the same staining patterns as those from
Region 3 (data not shown). The EM and immunostaining results
indicated that the sperm acquired HRs in the proximal two-thirds
of the caput epididymidis.

Characterization of the HR

We further studied the effects of various treatments on the HR
by following the USP26 immunofluorescence signals (Figure 5).
Staining caudal epididymidal sperm with the pre-immune serum
(Figure 5a) or the anti-USP26 antibody preincubated with the oligo-
peptide immunogen (Figure 5c) produced no signals at the HRs.
Subjecting the sperm to repeated sonication, a condition that disrupts
the outer membrane of acrosome and releases its soluble content,*’
had little effect on the three-prong structure (Figure 5d). Induction of
acrosome reaction with the calcium ionophore A23187 significantly
reduced the signals associated with the two minor prongs but not
those associated with the major ventral prong (Figure 5e). It was
previously reported that the perforatorium resisted solubilization by
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several harsh treatments, including 1% SDS, 1% sarkosyl, 4 mol 1!
urea or 6 mol 1! urea in the presence of 2 mmol 1! DTT,”” or I N
NaOH,® likely due to extensive disulfide linking of its protein compo-
nents.?® In our hand, the three-prong HR structure also survived
20 mmol 17! B-mercaptoethanol (Figure 5f) or 1 N NaOH (data
not shown) treatment which disrupts the nucleus, and 7 mol 1" ' urea
(Figure 5g) which dissolves most sperm proteins. However, 1-hour
trypsin treatment (0.2 mg ml~" at 37°C) destroyed the lysine-rich
epitope detected by the antibody (Figure 5h), yet the overall structure
of the apical hook remained intact (Figure 5i). Thus, the HR appears
to bind tightly to the main body of the perforatorium and withstands
mechanical and chemical insults.

DISCUSSION

We have identified a novel HR structure which the mouse sperm
acquire during epididymal maturation. To the best of our knowledge,
the HR has not been described before, though electron-dense regions
were noted at the apexes of some published EM images of mouse
perforatorial cross-sections.” The HR is located at the tip of the three
corners of the mouse apical hook, and is quite sturdy, not disrupted by
repeated sonication, acrosome reaction or harsh chemical conditions.
During fertilization, the sperm have to drill through layers of cumulus
cells and zona pellucida in order to reach and penetrate the egg. The
HRis likely to serve a function in protecting the hook from mechanical
wear. The coiled structure of the HR resembles that of microtubules in
a flagellum,” and we observed weak signals at the apical hook with an
anti-o-tubulin antibody after the intensely stained sperm tails were
removed by repeated sonication and differential centrifugation
(Supplementary Figure 1). Antibodies against other cytoskeletal pro-
teins such as B-actin and cytokeratins (including cytokeratin 4, 5, 6, 8,
10, 13 and 18), or phalloidin that specifically stains F-actin, failed to
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Figure 4 Formation of the HR in the caput epididymidis. (a) Mouse testis and epididymis. The red lines indicate the cuts that separate the epididymis into five different
regions, and the blue line indicates the plane where thin sections for EM (in b) were prepared. (b) EM images of perforatorial cross-sections of sperm at the proximal end
of caput epididymidis. Scale bar=100 nm. (¢) Sperm isolated from various regions of the epididymis were stained for the USP26 epitope (U), acrosome (A) and DNA
(D). For the sperm in Region 1, the arrows point to the primitive major ventral prong of the HR structure. For the spermatozoon in Region 2, the HR structure in the
process of formation is enlarged in the inset and the arrows point to the budding minor prongs. Scale bar=5 pum. EM, electron microscopy; HC, head cap; HCS,
separated head cap segment; HR, hook rim; N, nucleus; P, perforatorium; USP26, ubiquitin-specific protein 26.

label the HR (Supplementary Figure 1). Thus, the HR has a composi-
tion distinguished from that of the acroplaxome which is an F-actin-
keratin-containing plate closely associated with the leading edge of the
acrosome during the shaping of spermatid head.>

The HR decorates the edges of the perforatorial triangular rod. The
perinuclear theca/perforatoria of rat and mouse sperm have been iso-
lated and characterized.>**”*! Both of them are composed of a major
15/16-kDa protein, designated PERF15 and several minor proteins.
The cloning of rat and mouse PerfI5 cDNAs provided the protein
sequences that identified PERF15 as a member of the fatty acid-binding
protein (FABP) family.>*' Mice lacking PERF15/FABP9 exhibit only
minor spermatogenic defects.’” They have a significant but modest
increase in sperm with head abnormalities, including misshaped apical
parts and the absence of ventral spur, but the total sperm count and
fertility of the mice remained normal. Antibodies raised against the
whole perforatorial fraction labeled the entire perforatorium as well as
the ventral spur,"® whereas an affinity-purified anti-PERF15 antibody
specifically labeled the perforatorium.>®' No antibody labeled the
apexes of the triangular anterior perforatorium where HRs are located.

Our EM examination showed that despite a significant difference in
the overall shape, the mouse epididymal sperm head has an ultrastruc-
ture very similar to that of the head component of rat step 19 sperm-
atid,” the only stage when detailed ultrastructure is available. However,
the two rodent sperm heads differ significantly in the degree of lateral
asymmetry. Lalli and Clermont* noted only asymmetry in the loca-
tions of the limits between the acrosome cap and the head cap on rat
sperm head. In mouse sperm head, we found additional asymmetry in
the apical hook as revealed by the off-center location of the nucleus,
the existence of a major and a minor ventral prong labeled by the
anti-USP26 antibody, the presence of a double-membrane round
body on one lateral side of the acrosome and the overhang of HC
on one side of the perforatorial triangles. However, we cannot rule
out the possibility that rat sperm head acquires additional asymmetry
as well as the HRs during epididymal maturation. The anti-USP26
antibody failed to label the apical hook of rat epididymal sperm.

Pre-immune Anti-USP26 Ab+immunogen

Sonication Acrosome Reaction 20 mmol I'' B-ME

7mol I'urea Trypsin Trypsin

Figure 5 Effects of various treatments on the HRs. (a—¢) Mouse cauda epididy-
midal sperm were stained with the pre-immune antiserum (a), the anti-USP26
antibody (b) or the anti-USP26 antibody preincubated with the immunogen (c).
Positive antibody binding is indicated by green signals. The cells were also
stained for the acrosome (red) and nucleus (blue). (d—i) The sperm were sub-
jected to the various treatments as indicated and stained for the USP26 epitope
(green), acrosome (red) and nucleus (blue) afterward. In i, phase-contrast
images of trypsin-treated sperm are superimposed with the fluorescence images.
Scale bar=5 um. HR, hook rim; USP26, ubiquitin-specific protein 26.
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The identity of the protein at the HR detected by the anti-USP26
antibody remains undetermined. It could be USP26 per se since the
ubiquitin-proteasome system has been shown to be involved in the fer-
tilization of several mammalians.®> USP26 is predicted to be a cytosolic
protein based on sequence alignments and the three-dimensional struc-
tures of other USP proteins.***> However, USP26 consists of several seg-
ments/insertions that are absent from other members of the USP family,
and the lysine-rich segment (DKKAKPTRKVDPTKENKKE) used to gen-
erate the anti-USP26 antibody is present in one of the insertions. The
segment was selected many years ago for lack of significant homology
with other mouse proteins in the databases. However, a recent data-
base search identified several mouse proteins with identical hexapep-
tide sequences or up to 53% of scattered identities. Preincubation of
the anti-USP26 antibody with oligopeptides covering different por-
tion of the immunogen (DKKAKPTRK, RKVDPTKL and KLNKKE)
failed to compete out the signals at the HRs, suggesting that the anti-
USP26 antibody either recognizes scattered amino-acid identity or
three-dimensional structure of an unknown protein, or a processed
USP26 at the HR. The epitope is present on the outside surface of the
plasma membrane since direct staining of the sperm without prior
permeabilization and fixation generated the same staining pattern
(data not shown). The protein with the epitope, designated X, is likely
a transmembrane protein with its cytoplasmic domain attached to the
electron-dense HR structure underneath the plasma membrane. We
failed in several attempts to determine the identity of the X protein,
including purification of mouse perforatoria followed by mass spec-
trometry, due to the problem of insolubility.

In summary, our immunostaining and EM examination of mouse
epididymal sperm have revealed new details in the ultrastructure of
mouse sperm head, including lateral asymmetry of the head and the
HR structure which the sperm acquire during epididymal maturation.
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