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A B S T R A C T

As epididymal sperm (EP) are not exposed to seminal plasma, they are physiologically different from ejaculated
spermatozoa (EJ). Therefore, the aim of this study was to morphologically characterize the head of EP recovered
from the epididymis tail, and to evaluate if the physiological differences between EP and EJ were also expressed
in the head’s shape and size. EP and EJ were recovered from seven Gir bulls and were individually assessed.
Sperm cells were washed, fixed, and 20 cells from each animal were analyzed by atomic force microscopy (AFM).
The images were acquired through contact mode. Then, an off-line processing software was used and the images
acquired were manually segmented using digital zoom of the original images. Twenty-four structural features
were assessed including one, two, and three dimensional parameters, and also shape descriptors which were
calculated based on the one and two dimensional parameters. Data were compared by t-test, then, a collective
analysis was performed using principal component analysis (PCA). The EP group presented higher roughness and
elongation (P ≤ 0.05), and smaller form factor and circularity rate than that of the EJ group (P ≤ 0.05). For the
other parameters no differences (P≥ 0.05) were observed. In addition, in the PCA analysis no differences among
EP and EJ were observed either (P ≤ 0.05). This study showed that EP and EJ collected from the same sire
presented similar characteristics in nineteen of the twenty-four parameters evaluated, indicating that absence of
seminal plasma does not affect the morphology of EP.

1. Introduction

When sperm cells leave the testes, they are not yet able to fertilize
an oocyte, since they need to undergo two important extra-testicular
processes; maturation and capacitation. As soon as they are released in
the lumen of the seminiferous tubules of the testis, they are transported
to the epididymis. During their transit in the epididymis, sperm un-
dergo maturation process, which is characterized by both morpholo-
gical and physiological modifications that are necessary for them to
acquire fertility. These modifications include changes in the biochem-
ical profiles of sperm membrane, final condensation of chromatin,
transit of the cytoplasmic droplets, and acquisition of progressive mo-
tility [1–3].

After sperm transit through the epididymis, matured sperm are
stored in the epididymis tail until ejaculation, when are mixed with
seminal plasma. At this time, spermatozoa are coated in a series of
molecules including heparin binding proteins family called "Binder

Sperm Proteins" (BSPs). This coating is responsible for important events
such as the stability of the plasma membrane, formation of sperm re-
servoirs, formation of membrane specific sites for heparin binding,
capacitation, and sperm binding to the zona pellucida [4–8].

Since epididymal sperm (EP) are not exposed to seminal plasma,
they are physiologically different from the ejaculated spermatozoa (EJ)
[8,9]. In fact, the physiological differences between EP and EJ re-
garding resistance to refrigeration, post-thaw longevity, and binding to
isthmus cells have already been demonstrated [10]. More recent find-
ings using in vitro assays suggest that EP are responsive to heparin
supplementation [9], and require less time for in vitro capacitation
[9,11] than EJ sperm. All of these physiological differences lead us to
hypothesize that the morphology of EP could also be different to EJ
sperm.

This question was also raised by another study using Iberian red
deer [12]; however, this study used conventional light microscopy.
Most of the reports that study the characterization of EJ sperm use
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protocols that include dyes, and usually the structural dimensions are
determined manually, which may not detect possible differences. In
fact, studying rabbit spermatozoa, Ierardi et al. [13] showed that the
precise details of the spermatozoa structure could not be detected by
manual methods that offer limited resolution. One alternative to eval-
uate the morphology more accurately is to use atomic force microscopy
(AFM) technique which represents an effective tool for analyze topo-
graphical surfaces of biological or non biological samples with resolu-
tion at nanoscale.

This technique has become an invaluable multidisciplinary tool for
the advanced characterization of different materials. In its basic ap-
plication, it provides high-resolution images of surface structures at
scales ranging from a few nanometers to hundreds of micrometers
[14,15].

AFM-based strategies have been used for studies of the sperm cell
such as structural characterization [13], analysis of organization of
sperm plasma membrane [15,16], investigation of specific morpholo-
gical defects [17,18], and interaction of extracellular molecules with
membrane proteins [15,19]. However, to our knowledge, no studies
have been conducted comparing EJ and EP from the same animal using
AFM-based approaches.

Thus, the aim of this study was to use AFM as a tool to morpholo-
gically characterize EP and to compare its morphology with EJ sperm of
the same sires.

2. Materials and methods

2.1. Chemicals and ethics committee approval

Unless otherwise indicated, all reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All procedures with animals were
approved by the Ethics Committee of Embrapa’s Animal Genetic
Resources and Biotechnology (Protocol CEUA–Cenargen 004/2013).

2.2. Animals

Seven Gir bulls (Bos taurus indicus) aged between 36 and 40 months
were selected and used for EP and EJ sperm recovery. Animals were
raised in an extensive system and fed pasture (Brachiaria brizantha),
with mineral salt and water provided ad libitum. Prior to the experi-
ment, the bulls were subjected to three andrological evaluations, and
only sires that showed a subjective total sperm motility of at least 70 %
and a minimum of 70 % morphologically normal sperm were used for
the experiment.

2.3. Sperm collection and cryopreservation

Sperm samples were collected from ejaculate and the epididymal
tail of the same animal according to the method described by Cunha
et al. [10]. Briefly, one ejaculate was collected via electroejaculation
from each Gir bull and seven to fifteen days after semen collection, all
sires were orchiectomized.

The testes were cleaned with saline solution (0.9 % NaCl) and 70 %
ethanol, and sperm collection from the cauda epididymis was per-
formed [10]. Each epididymis was thoroughly cleaned and the super-
ficial blood vessels of the tail were punctured so that most of the blood
could be removed. Next, the sperm from the epididymis tail were col-
lected by a series of cuts.

After recovery, the EJ or EP spermatozoa were diluted in Tris-ci-
trate-yolk-glycerol Dilutris extender (SEMENCON–Agricultural
Products Ltd., Porto Alegre, RS, Brazil), loaded at a concentration of
25–30 × 106 sperm/straw (0.25 mL) and cryopreserved.

2.4. Sperm processing for analysis

One straw of each animal from each group (EP and EJ) was thawed

at 37 °C. After thawing, one aliquot of 20 μL from each animal sample
was removed for acrosome integrity assessments and the remaining was
processed to AFM analyses according to Carvalho et al. [20]. Briefly,
each sperm sample was centrifuged for 5 min at 200 × g to remove the
extender. The supernatant containing the extender was discarded and
the pellet was fixed for 5 min in 1 mL of formaldehyde saline (1.6 %)
and then centrifuged for 5 min at 200 × g.

After centrifugation, the supernatant was discarded and the pellet
was washed by centrifugation twice in 1 mL of ultrapure water for 5
min at 200 × g. Finally, the pellet was resuspended in approximately
150 μL of ultrapure water and 2 μL of this sample were deposited onto
glass coverslips and air dried for AFM assessments.

2.5. Acrosome integrity analysis

Acrosome status was assessed using fluorescein isothiocyanate
conjugated with peanut agglutinin (FITC-PNA, Invitrogen, Eugene,
USA) and propidium iodide (PI) (Molecular Probes, Eugen, USA) as
previously described [9]. The working solution for staining consisted of
100 μL of sodium citrate (3 % diluted in 0.9 % NaCl), 1 μL of PI (0.5
mg/mL), and 1.5 μL of FITC-PNA solution (1 mg/mL in PBS). PI-ne-
gative sperm were considered alive, and PI-positive sperm were con-
sidered dead. Alive or dead cells were classified as acrosome-reacted
(FITC-PNA positive) or as acrosome-intact (FITC-PNA negative).

Assessments were performed by flow cytometry on an AMNIS
FlowSight Image Cytometer (Amnis Corp., Seattle, WA) using the
INSPIRE V6.1 acquisition software. Fluorescent dyes were excited by
lasers at 488 nm at 10 mW and 405 nm at 30 mW. A specific acquisition
template was previously created for identifying and acquiring only
sperm cells. Thus, 10,000 events were collected per sample/parameter
evaluated. For analysis of the results, dot plot graphs were created from
unstained control samples, and the populations were gated based on
stain patterns.

2.6. Atomic force microscopy analysis

For the AFM analyses (Fig. 1), a SPM-9600 microscope (Shimadzu,
Japan) was used and the images were acquired by contact mode [21],
using 200 μm length V cantilevers (constant of ∼ 0.15 N/m, 24 kHz
resonance frequency) with integrated pyramidal tip (radius of curva-
ture< 20 nm). A scanner with a The 100 μm extension was used for
scanning travel following the XY direction and 7 μm in the Z direction.
The acquisition of the images was performed at 512 × 512 pixels and a
scan rate of 1 Hz.

The images were processed according to Carvalho et al. [20], using
SPM-9600 off-line software. The processing consisted of an automatic
plane fit leveling the surface. A total of forty individual cells, twenty
cells per each group (EP and EJ) were assessment per animal and
manually segmented using a digital zoom of the original image whilst
using the labeling function of the particle analysis software.

Then, cell measurements were performed on the sperm head.
Twenty-four characteristics were assessed, including one, two, and
three dimensional measures, and shape descriptors. Shape descriptor
values were obtained using a mathematical formula with one and two
dimensional values (for details, see mathematical formulas below).

2.7. Mathematical formulas used to generate the shape descriptors

In this study, shape descriptors were calculated using the mathe-
matical formulas described below.

Form factor: (4 × pi × Area excluding hole)/ (Perimeter ×
Perimeter).

Roundness: (4 × Area including hole)/pi × (Maximum diameter ×
Maximum diameter).

Aspect ratio: Maximum diameter/Pattern width.
Effective diameter: (Area including hole/pi) × 2.
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Circular degree: pi × maximum diameter/4 × area excluding hole.
Circularity ratio: (4 × pi × Area including hole)/Perimeter ×

Perimeter.
Thin degree: maximum diameter/pattern width.
Compact aspect rate: (square root ((4/pi) × Area including hole))/

Maximum diameter.
Elongation: (Perimeter × Perimeter)/Area including hole.
Roughness: (Perimeter × Perimeter)/(4 × pi × area excluding

hole).

2.8. Statistical analyses

Data from the means of the twenty-four parameters obtained by
AFM and the acrosome assessments and the characters of each animal
were compared between the groups (EP and EJ) by t-test (P ≤ 0.05).
Then, the twenty-four parameters were also collectively evaluated by a
principal component analysis (PCA). All data were analyzed by Past3
software and are presented as mean± standard deviation (SD).

3. Results

To avoid an effect of the absence of acrosome in the sperm head
volume, one sample from each animal was removed for the evaluation
of the acrosomal integrity. According to Fig. 2, no differences in the
percentage of cells with intact acrosomes were detected among the EP
(18.07 %) and EJ (22.15 %) groups.

The values for one, two, and three dimensional parameters are de-
picted in Table 1, which showed no significant differences between the
EJ and EP sperm heads. Otherwise, shape descriptors (Table 2) showed
that the EP group presented higher roughness and elongation, and
smaller form factor and circularity rate than that of the EJ group.

A simultaneous evaluation of all the measured traits was performed
using a PCA, to determine if it was possible to distinguish and identify
to which group belong the cells of each individual.

The results are showed in Fig. 3, in which both groups are re-
presented by just one cluster, containing dots of different colors.
Meaning that the EP and EJ groups can not be distinguished from each

Fig. 1. Atomic force microscopy images of 2D (A) and 3D view (B) of epididymal sperm.

Fig. 2. Percentage of sperm cells with acrosome reacted of bovine spermatozoa
(mean obtained from seven sires) recovered from epididymal tail (EP) and
ejaculation (EJ). Data analyzed by Tukey test (P ≤ 0.05).

Table 1
One, two, and three dimensional values (± SD) of bovine sperm recovered from epididymal (EP) and ejaculated (EJ) sources, as evaluated by atomic force
microscopy.

Measures of structural characteristics one dimensional

Groups Mean Radius (μm) Mean Radius Variance (μm) Maximum Z (μm) Minimum Z (μm) Average Z (μm) Maximum
Diameter (μm)

Pattern Width (μm)

EP 4.14± 0.13 1.11±0.08 0.48±0.05 0.16±0.02 0.29± 0.04 11.69±0.4 7.69±0.58
EJ 4.21± 0.14 1.13±0.06 0.52±0.03 0.16±0.02 0.31± 0.04 12.13±0.49 9.32±1.11

Measures of structural characteristics two and three dimensional

Groups Perimeter (μm) C Perimeter (μm) Area including hole (μm2) Surface area (μm2) Volume (μm3)

EJ 30.9±1.2 28.4± 1.3 49.6± 2.9 50.4± 2.9 15.9± 2.2
EP 31.1±1.3 28.2± 1.0 47.9± 3.2 48.8± 3.4 15.6± 2.3

Values are a mean± of 140 sperm cells for each group.
No difference were observed (P> 0.05).
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other.

4. Discussion

The use of EP in reproductive biotechnology represents an alter-
native for the storage and use of gametes recovered from individuals
with acquired fertility problems or that die suddenly. Although there
are physiological differences between EP and EJ sperm, such as capa-
citation process and longevity [9,11], EP can fertilize an oocyte as ef-
ficiently as EJ sperm.

The differences in physiological behavior, mainly due to not being
exposed to seminal plasma, could lead to morphological differences
such as dimensions or shape of the sperm head. These characteristics
are not perceptible in routine evaluations using conventional light
microscopy [12,22], and may be detected using other techniques. AFM
is able to detect differences between the size and shape of various
biological molecules, such as proteins and extracellular molecules that
adhere to the membrane [15,19,23].

Therefore, to test our hypothesis that EP and EJ, besides being
different in their physiological behavior, are also morphological dif-
ferent, we chose to use AFM for the analysis of sperm morphology.

It is well described that the pre-equatorial region of the sperm head
with a reacted acrosome is approximately 40 % smaller than that of the
spermatozoon with an intact acrosome [16,17]. Therefore, to avoid
interference of the acrosomal volume on the total volume of the sper-
matozoon head between groups, one sample from each animal was
evaluated for acrosome integrity. No differences were found between
the EP and EJ groups for acrosome integrity.

Regarding to AFM analysis, size and shape of the spermatozoa were
similar between the EP and EJ for all parameters observed in one, two,
and three dimensional measurements. However, among shape de-
scriptors, roughness and elongation showed higher values, and form
factor and circularity rate showed lower values for EP group than for EJ
group. In human and bovine sperm, roughness has been correlated with
acrosomal reaction [17,24].

However, in the present study the amount of spermatozoa with an
acrosome reaction was similar between the EP and EJ groups, and could
not explain the difference found between them. It is possible that other
characteristics of EP plasma membrane such as the absence of seminal
plasma proteins and quantity of cholesterol can also be responsible by
these shape descriptors differences. In an attempt to verify if the EP and
EJ could be distinguished from each other when various characteristics
are simultaneously taken into account, a PCA was performed.
According to our results, PCA analysis failed in discriminating groups of
sperm.

In a previous study from our group using sexed sperm [20], differ-
ences in some shape descriptors were also observed. However, in that
study, it was possible to differentiate sperm cell carrying X from those
carrying Y chromosome by multivariate analysis. In contrast, in the
present even though there were difference in some shape descriptors
data between EP and EJ, these differences were not sufficient to dif-
ferentiate EP from the EJ group.

It is possible that some factors involved in sample preparation could
have contributed to this lack of difference. One example is the washing
steps for coverslip preparations that could remove or cleave the struc-
tures present in the EJ membrane. In addition to the washing process,
another factor that may have interfered with the results is cryopre-
servation. Cryopreservation could induce changes in both the EP and
EJ, so that when they were thawed, they showed similar characteristics.
In fact, the cryopreservation process has already been reported to
modify the structure of the molecules that are anchored to the mem-
brane [25], as well as decrease sperm dimensions [12,22].

On the other hand, we used the same animals as the donors of EP
and EJ, avoiding variation among individuals, which allows having
greater confidence in the data. Thus, the results showed that the lack of
exposure to seminal plasma does not induce a perceptible change onTa
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overall sperm morphology. This knowledge about EP morphology as-
sessed by a tool that can identify even nanostructures can have an
important application in the field of studies regarding EP and epidi-
dymis biology.

Based on the obtained results, it is possible to confirm that sperm
recoveries from EP are morphologically similar to EJ in most of the
aspects evaluated, indicating that absence of seminal plasma does not
affect the morphology of EP.
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