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Simple Summary: Freezing dog semen is not always possible due to low quality sperm or poor
survival during freezing. In order to make this assisted reproductive technique available to a larger
number of dogs, this study investigated the benefit of selecting the best spermatozoa before freezing
using single layer centrifugation (SLC). The results indicated that this technique was effective in
separating spermatozoa according to their quality, although this resulted in losing some good quality
spermatozoa. After thawing, spermatozoa centrifuged by SLC were of better quality than after stan-
dard centrifugation. However, spermatozoa from suboptimal quality semen did not survive freezing
as well as spermatozoa from semen of optimal quality, even after SLC. Single layer centrifugation,
therefore, makes it possible to obtain better quality spermatozoa after thawing but is not sufficient on
its own to improve the inferior freezing ability of spermatozoa from suboptimal quality semen. So
far, eighteen pups were born after insemination with SLC-selected frozen-thawed semen, proving
that these selected spermatozoa remain fertile.

Abstract: This study evaluated how semen selection by single layer centrifugation (SLC) with Canicoll
affects semen freezability in dogs. A total of eighteen ejaculates, collected from dogs with optimal
and suboptimal semen quality (optimal: normal morphology (NM) ≥ 80%, n = 9; suboptimal: NM
between 60 and 79%, n = 9), were divided into two aliquots and subjected to standard centrifugation or
SLC before cryopreservation. Motility, NM, membrane integrity, mitochondrial membrane potential
(MMP), and DNA integrity were improved in fresh samples after SLC, regardless of semen quality,
but at the expense of some good quality spermatozoa. After thawing, NM and membrane integrity
were improved in SLC-selected semen in both semen qualities. Interestingly, MMP was also higher
but only in optimal quality semen. Still, spermatozoa from suboptimal quality semen did not
survive freezing to the same extent as spermatozoa from optimal quality semen, even after selecting
superior spermatozoa. Semen selection with Canicoll is, therefore, an effective technique to isolate a
subpopulation of high-quality spermatozoa and obtain sperm samples of better quality after thawing,
but is not sufficient to improve the intrinsic inferior freezability of suboptimal quality semen. So far,
eighteen pups were born after insemination with SLC-selected frozen-thawed semen, proving that
these selected spermatozoa remain fertile.
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1. Introduction

In dogs, cryopreservation of semen has become a well-known assisted reproduction
technique for breeders. This technique allows the genetics of superior dogs to be preserved
and exchanged with no restriction in time or distance [1–3]. In comparison to other species,
the plasma membrane of dog spermatozoa contains a high cholesterol-to-phospholipids
ratio, which makes themrelatively resistant to cold and osmotic stress [4]. Nevertheless,
cryopreservation may cause major damage to canine spermatozoa and unfortunately, the
quality of thawed semen is highly variable among dogs and ejaculates [5,6]. This variability
has also been observed in other species and has led to the ranking of stallions and bulls
according to the freezability of their ejaculates [7,8]. The use of so-called “good freezers” in
these species has optimized their breeding efficiency but this method is not yet applicable
in dogs, since a large number of dog breeds are only represented by a small and closed
population. Hence, further restriction on the use of stud dogs based on semen freezability
would shrink the genetic pool even more, leading to more inbreeding [9–12]. Therefore,
efforts should be made to improve semen cryopreservation from samples with suboptimal
quality and/or samples with poor semen freezability. In this respect, the selection of a
subpopulation of superior spermatozoa could possibly be an approach to allow for better
survival during cryopreservation. This hypothesis is based on the fact that the presence
of more senescent, damaged, non-motile, immature and/or dead spermatozoa in lower
quality ejaculates might be deleterious to the survival of good quality spermatozoa, partly
due to the production of reactive oxygen species (ROS) [13].

Reactive oxygen species cause damage to many cellular structures, including spermatozoa.
Sperm cells are extremely sensitive to ROS because of the high content of polyunsaturated
fatty acids in their plasma membrane and their limited antioxidant systems [14,15]. When an
imbalance between ROS generation and ROS neutralization occurs in the semen, oxidative
stress ensues and induces lipid peroxidation, loss of plasma membrane integrity, axonemal
damage, structural DNA damage and apoptosis of the spermatozoa [16]. To limit such damage,
several methods are available to select functional spermatozoa from nonfunctional, abnormal
spermatozoa (i.e., migration, filtration, and colloid centrifugation) [17]. Amongst these tech-
niques, colloid centrifugation appears to be the most efficient by selecting spermatozoa based
on a variety of semen characteristics such as motility, morphology, plasma membrane integrity,
acrosome integrity, resistance to lipid peroxidation, and unfragmented DNA [17]. Bacterial and
viral contaminations are also highly reduced after selection [18–22]. Single layer centrifugation
(SLC) consists of centrifugation through only one layer of colloid. It is simpler to use than
density gradient centrifugation, while being equally efficient [17]. In dogs, SLC was shown
to select spermatozoa based on motility [23,24], morphology [24,25], viability [24], acrosome
integrity [24], and DNA integrity [26] from chilled and frozen-thawed semen. However, no
study has investigated the effect of SLC on canine semen freezability although its value has
already been demonstrated in stallion [20,21,27], boar [28,29], and bull spermatozoa [30].

The objective of this study was to evaluate the effect of SLC on semen freezability in dogs.
Optimal and suboptimal ejaculates were investigated separately to determine whether the effect
of SLC was influenced by the initial semen quality. The hypothesis was that SLC would have a
greater positive effect on ejaculates of suboptimal quality, which usually do not freeze well.

2. Materials and Methods
2.1. Animals

A total of twenty-four intact, privately-owned male dogs were enrolled in the present
study at the teaching hospital of Ghent University between July 2020 and February 2021. All
dogs were at least 1 year old, of medium to large breeds, clinically healthy, and had not been
sick or given medication during the last 6 months. Exclusion criteria were abnormal clinical
examination, bad semen quality (normal morphology (NM) < 60%), and a total sperm output
(TSO) lower than 400 × 106 spermatozoa. This last exclusion criterion was chosen to ensure
sufficient spermatozoa were available for freezing after SLC. Six dogs were excluded from the
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initial pool due to oligozoospermia, bad semen quality, or benign prostate hyperplasia. The
final population consisted of 18 dogs from 13 breeds with a mean age of 38 months.

Two groups of dogs were investigated based on semen quality (optimal, n = 9; subop-
timal, n = 9). An ejaculate was considered of optimal quality when NM ≥ 80% [31,32] and
suboptimal when NM was between 60 and 79%. The threshold value of 60% was chosen
since an ejaculate containing more than 40% of morphologically abnormal spermatozoa
should be classified as poor quality as it may reflect disturbances in testicular and/or
epididymal function [31,32]. Below this threshold, a dog’s fertility is drastically affected
and semen cryopreservation should be discouraged [33].

2.2. Semen Collection and Processing

The sperm-rich fraction of each ejaculate was collected by digital manipulation into
plastic vials as described by Linde-Forsberg [1]. After collection, the semen was placed
in an incubator at 37 ◦C and immediately assessed by a single operator (as described
below). If the semen quality met the selection criteria (optimal or suboptimal quality with a
TSO ≥ 400 × 106 spermatozoa), the semen was diluted to a concentration of 100 × 106/mL
in a warm TRIS-citric acid-glucose-based extender containing 20% of egg yolk [34] and
further processed. The dilution of the raw semen to a concentration of 100 × 106/mL
has been found to optimize the yield of colloid centrifugation in stallions [35] and dogs
(unpublished data). After dilution, semen was divided into two aliquots. The first aliquot
was centrifuged at 720× g for 5 min at 22 ◦C (standard centrifugation) [34]. The second
aliquot was subjected to SLC following a modification of the procedure described by
Dorado et al. [25]. In brief, 2 mL of extended semen was layered on top of 2 mL of colloid
(Canicoll; Swedish University of Agricultural Sciences—SLU, Uppsala, Sweden), previously
equilibrated to room temperature (22 ◦C), and the preparation was centrifuged at 300× g
for 20 min at 22 ◦C [35]. Supernatants were discarded, together with the colloid for the
SLC-processed samples, and pellets were diluted to a concentration of 200 × 106/mL in a
freezing extender containing 3% glycerol (Uppsala I [36]). Extended semen was equilibrated
at 4 ◦C for 90 min after an aliquot was set aside for analysis (as described below). After
equilibration, semen was diluted to a concentration of 100 × 106/mL in the second freezing
extender containing 7% glycerol (Uppsala II [36]) and immediately frozen in 0.5 mL straws
in a computerized freezing machine (IceCube 1810; SyLab, Purkersdorf, Austria) following
the freezing curve described by Schafer-Somi et al. [37]. At the end of the program, straws
were plunged into liquid nitrogen and stored for at least one week. One straw per treatment
was then thawed in a 37 ◦C water bath for 30 s and semen quality was evaluated after 5 min
incubation at 37 ◦C (as described below). In total, 5 samples per ejaculate were examined at
different steps of the protocol (Figure 1).
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Figure 1. Flow chart describing the experimental design. Treatment groups: (1) = fresh semen; (2) = standard
centrifuged semen; (3) = single layer centrifugates (SLC)-selected semen; (4) = standard centrifuged se-
men post-thawing; (5) = SLC-selected semen post-thawing. n = 18 semen samples (9 of optimal (normal
morphology≥ 80%) and 9 of suboptimal (normal morphology between 60 and 79%) semen quality).
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2.3. Semen Quality Assessment
2.3.1. Concentration

Semen concentration was measured using the Nucleocounter-SP100 (ChemoMetec,
A/S, Allerød, Denmark), according to the manufacturer’s instructions [38]. Briefly, a 10 µL
aliquot of semen was diluted 101 times with 1 mL of lysis reagent S100 (ChemoMetec, A/S,
Allerød, Denmark) and loaded into a SP1 cassette (ChemoMetec, A/S, Allerød, Denmark)
containing propidium iodide (PI). The cassette was then inserted into the fluorescence
detector of the machine and the semen concentration of the sample was reported. Total
sperm output was obtained by multiplying concentration by semen volume.

2.3.2. Motility and Velocity

The computer-assisted sperm analyzer ISAS®v1 (Proiser, Valencia, Spain) equipped
with a heated stage set at 37 ◦C and a 10× negative phase-contrast objective was used to
measure motility and velocity parameters. A total of thirty consecutive, digitized images
were captured at a frame rate of 60 fps by the video digital camera (Proiser 782C, Proiser
R + D, Paterna, Spain) of the analyzer. A spermatozoon was considered immotile when
presenting a VAP < 10 µm/s and spermatozoa which deviated <50% from a straight line
were designated as progressive. Tail detection was activated to allow non-sperm particles
to be ignored and particle area was set between 12 and 80 µm2. The playback function was
used to minimize the number of objects incorrectly identified as spermatozoa.

Before analysis, each sample was diluted to a working concentration of 40 × 106 cells/mL
in physiological saline solution [39,40]. A 4 µL droplet was then loaded in a pre-warmed
ISAS®D4C20 disposable counting chamber (Proiser, Valencia, Spain) and five fields were
captured and analyzed. For each field, ten kinematic parameters were reported and
the average of the five fields was taken for analyses: total motility (TM, %), PM (%),
average path velocity (VAP, µm/s), straight line velocity (VSL, µm/s), curvilinear velocity
(VCL, µm/s), amplitude of lateral head displacement (ALH, µm), beat cross frequency
(BCF, Hz), wobble (WOB, %), straightness (STR, %) and linearity (LIN, %).

2.3.3. Morphology

Morphology of spermatozoa was assessed on eosin/nigrosin stained smears under
bright-field microscopy at 1000× magnification (Olympus BX51TF, Tokyo, Japan). One
hundred spermatozoa per sample were evaluated and classified according to their mor-
phology: normal (NM), abnormal head (AH), abnormal midpiece/tail (AMT), proximal
protoplasmic droplet (PPD), and distal protoplasmic droplet (DPD) [34].

2.3.4. Plasma Membrane Integrity, Acrosome Integrity and Mitochondrial Membrane Potential

These characteristics were analyzed simultaneously using a modification of the triple
fluorescent procedure described by Angrimani et al. [41], which includes the fluorochromes
PI, fluorescein isothiocyanate peanut (Arachis hypogaea) agglutinin (FITC-PNA), and 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). All reagents were
purchased from Sigma-Aldrich (Bornem, Belgium) and the detailed composition of HEPES-
TALP can be found in the study by Rijsselaere et al. [34].

Briefly, an aliquot of semen was diluted in HEPES-TALP medium to a concentration of
25 × 106 cells/mL and 150 µL of the diluted sample was placed into a microcentrifuge tube.
Then, 3 µL of 0.75 mM PI, 8 µL of 0.1 mg/mL FITC-PNA, and 8 µL of 153 µM JC-1 were
added and the sample was incubated for 8 min at 37 ◦C in the dark. After incubation, a
10 µL aliquot was mounted on a pre-warmed slide, covered with a coverslip, and evaluated
using a Leica DMR epifluorescence microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a mercury lamp at a magnification of 1000×. One hundred spermatozoa per
sample were counted and classified into eight different classes according to their staining
patterns (Table 1) [41]. Intact plasma membrane was obtained by adding classes I to IV,
acrosome integrity by adding classes I-II-V-VI, and high MMP by adding classes I-III-V-VII.
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Table 1. Sperm classification by simultaneous assessment of plasma membrane integrity (propidium
iodide—PI), acrosome integrity (fluorescein isothiocyanate peanut (Arachis hypogaea) agglutinin—
FITC/PNA) and mitochondrial membrane potential (JC-1) by triple stain fluorescent probes.

Sperm Cell Pattern PI FITC-PNA JC-1

Intact plasma membrane, intact
acrosome, high MMP (I)

− − Orange

Intact plasma membrane, intact
acrosome, low MMP (II)

− − Green

Intact plasma membrane, damaged
acrosome, high MMP (III)

− + Orange

Intact plasma membrane, damaged
acrosome, low MMP (IV)

− + Green

Damaged plasma membrane, intact
acrosome, high MMP (V)

+ − Orange

Damaged plasma membrane, intact
acrosome, low MMP (VI)

+ − Green

Damaged plasma membrane,
damaged acrosome, high MMP (VII)

+ + Orange

Damaged plasma membrane,
damaged acrosome, low MMP (VIII)

+ + Green

PI negative (−) = unstained nucleus, PI positive (+) = red stained nucleus, FITC-PNA negative (−) = unstained
acrosome, FITC-PNA positive (+) = green stained acrosome. MMP = mitochondrial membrane potential.

2.3.5. Oxidative Stress

Semen lipid peroxidation levels were evaluated by measuring the concentration of
thiobarbituric acid (TBA) reactive substances (RS) generated after challenging spermatozoa
to an ROS generating system [42]. During this challenge, malondialdehyde (MDA) is
produced as one of the final products of polyunsaturated fatty acids peroxidation in the
cells [43] and after incubation with TBA at high temperature and low pH, two molecules of
TBA and one molecule of MDA will react and result in TBA-RS, a pink color complex that
can be quantified with a spectrophotometer.

In brief, semen was diluted to a concentration of 100 × 106 cells/mL in Dulbecco’s
phosphate-buffered saline (DPBS) and 200 µL of the diluted semen was incubated with
50 µL of 4 mM ferrous sulfate and 50 µL of 20 mM sodium ascorbate at 37 ◦C for 90 min
in the dark. If extended, semen was first washed twice with DPBS to remove the diluent.
Subsequently, 600 µL of 10% trichloroacetic acid (v:v) at 4 ◦C was added and the sample
was centrifuged at 21.130× g at 4 ◦C for 15 min to promote the precipitation of proteins
and debris. After centrifugation, 500 µL of the supernatant was recovered and mixed with
500 µL of 1% TBA (v:v). The sample was incubated at 100 ◦C for 15 min after which it
was immediately cooled in an ice bath to stop the chemical reaction. Finally, the TBA-RS
concentration was quantified with a spectrophotometer (Multiskan GO, Thermo Fisher
Scientific, Waltham, MA, USA) at a wavelength of 532 nm and expressed as nanograms of
TBA-RS/106 spermatozoa. This assay was performed three times for each sample and the
mean was taken as the result.

2.3.6. Sperm Chromatin Structure Assay (SCSA)

Sperm chromatin integrity was assessed with acridine orange (AO) based on the method-
ology reported by Evenson et al. [44]. Briefly, semen was diluted to a concentration of
10 × 106 cells/mL in DPBS. An aliquot of 250 µL was then snap frozen and kept at −80 ◦C
until further analysis. On the day of analysis, samples were thawed on crushed ice and
diluted with TRIS-sodium chloride-EDTA (TNE) buffer (0.15 M NaCl, 0.01 M Tris-HCl, 1 mM
EDTA, pH 7.4) to a concentration of 2 × 106 cells/mL. Subsequently, 100 µL of the solution
was subjected to partial DNA denaturation by the addition of 200 µL of an acidic detergent
solution (0.17% Triton X-100, 0.15 M NaCl and 0.08 N HCl, pH 1.2). Thirty seconds later,
600 µL of AO (6 µg/mL in 0.1 M citric acid, 0.2 M Na2HPO4, 1 mM EDTA, 0.15 M NaCl,
pH 6.0) was added and the stained samples were analyzed within 3–5 min using a BD LSR
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flow cytometer (Becton Dickinson, San Jose, CA, USA) equipped with standard optics. The
fluorophore was excited with an argon ion laser at 488 nm and data collection was carried out
using Cell Quest (version 3.3, Becton Dickinson). A total of 10,000 events were collected from
each sample and the DNA fragmentation index (DFI, %) was calculated as the ratio of cells
presenting denaturated, single-stranded DNA to the total number of cells acquired.

2.4. Recovery Rates

The recovery rates (RR) of different semen parameters (total sperm count (TSC), TM,
PM, and NM) were calculated based on the values obtained after both centrifugations
according to the following formula [25]:

RR (%) =

Total sperm count a f ter centri f ugation
(x value o f parameter a f ter centri f ugation)

Total sperm count be f ore centri f ugation
(x value o f parameter be f ore centri f ugation)

× 100

2.5. Statistical Analysis

Statistical analyses were performed using R studio version 4.1.2 (R Inc., Boston, MA,
USA). Variables were explored using histograms and the normality of the distributions was
verified using the Shapiro—Wilk test. The effect of the centrifugation technique on semen
parameters was fitted in linear mixed effect models using the lme4 and lmer Test packages [45].
Centrifugation techniques, semen quality and their interaction were forced into each model
and dog was taken as a random factor. Arcsin transformations were used when the residuals
of the model were not normally distributed (p < 0.05) [46]. The Tukey’s test was used to
compare the differences between the estimates (cld function). The level of significance was set
at p < 0.05 for all analyses and results are expressed as means and standard errors.

3. Results
3.1. Pre-Freezing

Standard centrifugation of optimal quality ejaculates decreased PM (p < 0.05), VCL
(p < 0.01), BCF (p < 0.001), and TBA-RS (p < 0.001) while it increased WOB (p < 0.01)
and AMT (p < 0.01) in comparison to fresh, unprocessed semen samples. Single layer
centrifugation of these ejaculates, on the other hand, improved TM (p < 0.05), most velocity
parameters (VSL, VAP, LIN, and WOB; p < 0.001), NM (p < 0.001), and high MMP (p < 0.01)
and decreased TBA-RS (p < 0.001), BCF (p < 0.001), all abnormal morphologies (p < 0.05),
and DNA fragmentation (p < 0.001) in comparison to unprocessed semen samples. Finally,
SLC-selected spermatozoa from optimal quality ejaculates had an improved TM (p < 0.001),
PM (p < 0.001), most velocity parameters (VCL, VSL, VAP, LIN, and WOB; p < 0.05), NM
(p < 0.001), intact membrane integrity (p < 0.01), high MMP (p < 0.001), and decreased DNA
fragmentation (p < 0.01) in comparison to standard centrifuged spermatozoa (Table 2).

Fresh ejaculates of suboptimal quality were similarly influenced by both centrifugation
techniques. The differences with optimal quality ejaculates were that TM (p < 0.001)
also decreased after standard centrifugation in comparison to fresh semen. Single layer
centrifugation, on the other hand, also improved PM (p < 0.001) and STR (p < 0.001)
in comparison to fresh semen. Finally, STR was also improved (p < 0.001) after SLC in
comparison to standard centrifugation (Table 2). After SLC, the semen quality of suboptimal
ejaculates was comparable to semen quality from optimal ejaculates.

Recovery Rates

With ejaculates of optimal quality, 76.7% of the initial TSO was recovered after standard
centrifugation in comparison to 49.4% after SLC (Figure 2). A similar percentage (78.6%)
was recovered with suboptimal quality ejaculates after standard centrifugation but only
36.2% of spermatozoa were recovered after SLC. In both semen qualities, the recovery
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rates of motile, progressive motile and morphologically normal spermatozoa were lower
(p < 0.01) after SLC in comparison to standard centrifugation.

Table 2. Semen parameters (mean ± SEM) of optimal quality ejaculates (normal morphology ≥ 80%)
and suboptimal quality ejaculates (normal morphology between 60 and 79%) after collection (Fresh),
standard centrifugation (Standard), and single-layer centrifugation (SLC) before freezing.

Optimal Quality Suboptimal Quality

Parameter Fresh Standard SLC Fresh Standard SLC

Total motility (%) 89.0 ± 1.1 b 85.6 ± 1.3 b 92.9 ± 0.7 a 75.7 ± 3.8 y 66.7 ± 4.0 z 88.4 ± 1.9 x

Progressive motility (%) 81.0 ± 1.4 a 75.7 ± 1.6 b 85.2 ± 0.6 a 64.4 ± 3.9 y 55.3 ± 4.1 z 82.2 ± 2.0 x

Curvilinear velocity (µm/s) 175.3 ± 7.1 a 167.0 ± 3.9 b 174.1 ± 3.9 a 164.8 ± 7.8 x 150.9 ± 4.9 y 160.8 ± 5.7 x

Straight line velocity (µm/s) 108.9 ± 1.2 b 111.1 ± 3.8 b 124.4 ± 2.9 a 96.1 ± 6.0 y 93.9 ± 4.5 y 117.4 ± 3.4 x

Average path velocity (µm/s) 131.7 ± 1.7 b 133.7 ± 4.1 b 147.8 ± 2.5 a 118.3 ± 5.9 y 114.3 ± 4.6 y 135.9 ± 4.3 x

Linearity (%) 62.4 ± 2.2 b 66.2 ± 1.9 b 71.1 ± 2.0 a 57.8 ± 1.6 y 61.8 ± 1.6 y 72.7 ± 0.7 x

Straightness (%) 82.4 ± 0.8 82.6 ± 0.7 83.6 ± 1.1 80.4 ± 1.1 y 81.3 ± 0.7 y 86.1 ± 0.3 x

Wobble (%) 75.4 ± 2.1 c 79.8 ± 1.8 b 84.8 ± 1.4 a 70.0 ± 1.9 z 75.2 ± 1.5 y 84.2 ± 0.5 x

Amplitude of lateral head displacement (µm) 2.2 ± 0.3 2.1 ± 0.1 1.9 ± 0.1 2.3 ± 0.2 2.0 ± 0.0 1.8 ± 0.1
Beat cross frequency (Hz) 23.9 ± 0.4 a 21.2 ± 0.7 b 21.0 ± 0.6 b 22.6 ± 0.8 x 20.8 ± 0.4 y 21.2 ± 0.4 y

Normal morphology (%) 86.7 ± 1.8 b 83.1 ± 2.6 b 94.4 ± 0.9 a 67.8 ± 2.0 y 65.1 ± 2.8 y 86.1 ± 2.9 x

Head defects (%) 4.3 ± 0.9 a 3.1 ± 0.7 a 2.0 ± 0.2 b 10.2 ± 2.4 x 9.4 ± 2.6 x 5.6 ± 1.6 y

Midpiece/tail defects (%) 3.2 ± 1.0 b 10.0 ± 3.0 a 1.2 ± 0.3 c 11.0 ± 1.9 y 17.0 ± 2.4 x 4.6 ± 2.1 z

Proximal protoplasmic droplet (%) 4.0 ± 1.2 a 2.5 ± 1.0 a 2.3 ± 0.7 b 6.2 ± 1.6 x 6.2 ± 1.2 x 2.7 ± 0.8 y

Distal protoplasmic droplet (%) 1.7 ± 0.9 a 1.3 ± 0.4 a 0.1 ± 0.1 b 4.7 ± 1.4 x 2.2 ± 1.0 x 0.6 ± 0.2 y

Intact plasma membrane (%) 89.3 ± 1.3 a,b 86.3 ± 1.1 b 89.5 ± 1.2 a 79.4 ± 3.7 x,y 78.7 ± 4.1 y 82.8 ± 3.2 x

Intact acrosome (%) 92.6 ± 1.3 91.2 ± 1.0 89.7 ± 2.1 85.4 ± 3.1 87.2 ± 2.7 85.4 ± 4.0
High mitochondrial membrane potential (%) 81.6 ± 3.2 b 81.6 ± 2.0 b 90.4 ± 1.0 a 74.6 ± 5.0 y 69.0 ± 6.4 y 80.0 ± 4.6 x

DNA fragmentation index (%) 10.5 ± 3.1 a 8.2 ± 0.8 a 5.6 ± 0.8 b 20.0 ± 4.4 x 14.5 ± 2.9 x 8.7 ± 1.2 y

TBA-RS (ng/106 sperm) 8.3 ± 2.5 a 3.2 ± 0.3 b 3.2 ± 0.5 b 8.9 ± 2.0 x 4.2 ± 0.9 y 4.2 ± 0.6 y

Within a row of the optimal quality column, different superscripts a,b,c indicate significant differences (p < 0.05).
Within a row of the suboptimal quality column, different superscripts x,y,z indicate significant differences (p < 0.05).
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Figure 2. Recovery rates (means ± SEM) after standard centrifugation (in grey) or single layer
centrifugation (SLC) (in white) of optimal (A, normal morphology ≥ 80%) and suboptimal (B, normal
morphology between 60 and 79%) quality ejaculates. a,b Different superscripts indicate significant
differences between treatments (p < 0.05).
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3.2. Post-Thawing

After thawing, SLC-selected semen from optimal quality ejaculates had an increased
LIN (p < 0.01), WOB (p < 0.001), NM (p < 0.001), intact plasma membrane (p < 0.05),
high MMP (p < 0.01) and a decreased VCL (p < 0.01) compared to standard centrifuged
spermatozoa (Table 3). In addition, all abnormal morphologies were still decreased in
SLC-selected semen (p < 0.05), except for AH.

Table 3. Post-thawed semen parameters (mean± SEM) of optimal quality ejaculates (normal morphol-
ogy ≥ 80%) and suboptimal quality ejaculates (normal morphology between 60 and 79%). Samples
were cryopreserved after standard centrifugation (Standard) or single-layer centrifugation (SLC).

Optimal Quality Suboptimal Quality

Parameter Standard SLC Standard SLC

Total motility (%) 59.2 ± 3.8 53.4 ± 5.2 36.2 ± 5.1 38.6 ± 4.2
Progressive motility (%) 47.1 ± 3.7 43.4 ± 4.7 26.1 ± 4.7 28.8 ± 3.9
Curvilinear velocity (µm/s) 146.2 ± 6.9 a 139.4 ± 6.4 b 132.1 ± 6.9 x 121.9 ± 6.3 y

Straight line velocity (µm/s) 73.8 ± 4.0 74.6 ± 3.3 65.2 ± 3.4 64.2 ± 4.0
Average path velocity (µm/s) 97.5 ± 4.1 96.1 ± 3.8 85.3 ± 3.7 82.6 ± 3.8
Linearity (%) 50.3 ± 2.1 b 53.5 ± 2.3 a 49.3 ± 1.3 y 52.2 ± 1.4 x

Straightness (%) 75.2 ± 2.1 77.3 ± 2.2 76.1 ± 0.8 76.9 ± 1.4
Wobble (%) 66.6 ± 1.3 b 68.9 ± 1.3 a 64.4 ± 1.2 y 67.7 ± 0.9 x

Amplitude of lateral head displacement (µm) 2.2 ± 0.1 2.0 ± 0.0 2.1 ± 0.1 2.0 ± 0.0
Beat cross frequency (Hz) 21.9 ± 0.8 21.9 ± 0.9 21.3 ± 0.3 21.9 ± 0.6
Normal morphology (%) 68.9 ± 2.7 b 80.2 ± 2.4 a 59.2 ± 3.4 y 76.1 ± 5.0 x

Head defects (%) 12.0 ± 2.7 13.9 ± 2.8 13.2 ± 2.6 14.9 ± 3.8
Midpiece/tail defects (%) 12.8 ± 3.0 a 3.9 ± 0.8 b 20.0 ± 4.2 x 4.8 ± 2.1 y

Proximal protoplasmic droplet (%) 4.0 ± 1.4 a 1.8 ± 1.0 b 5.2 ± 1.6 x 1.9 ± 0.4 y

Distal protoplasmic droplet (%) 2.2 ± 1.0 a 0.3 ± 0.2 b 1.9 ± 0.5 x 0.8 ± 0.5 y

Intact plasma membrane (%) 59.6 ± 2.9 b 62.3 ± 3.6 a 42.3 ± 4.8 y 48.6 ± 3.4 x

Intact acrosome (%) 68.3 ± 3.2 67.7 ± 3.8 55.0 ± 5.0 59.1 ± 2.8
High mitochondrial membrane potential (%) 27.8 ± 4.2 b 37.3 ± 4.5 a 25.9 ± 4.0 24.9 ± 4.1
DNA fragmentation index (%) 6.8 ± 0.8 6.6 ± 0.9 13.6 ± 3.1 7.8 ± 0.8
TBA-RS (ng/106 sperm) 2.6 ± 0.4 2.8 ± 0.4 4.3 ± 0.8 4.2 ± 0.7

Within a row of the optimal quality column, different superscripts a,b indicate significant differences (p < 0.05).
Within a row of the suboptimal quality column, different superscripts x,y indicate significant differences (p < 0.05).

Suboptimal quality ejaculates had the same improved parameters as optimal ejaculates
after thawing, except for the high MMP, which was not different (p > 0.05) from that of the
standard centrifuged semen (Table 3). Finally, SLC-selected spermatozoa from suboptimal
quality ejaculates had a trend (p = 0.05) for a lower DNA fragmentation index in comparison
to standard centrifuged spermatozoa.

Interestingly, SLC-selected spermatozoa from suboptimal quality ejaculates had a
lower quality (p < 0.05) post-thawing than spermatozoa from optimal quality ejaculates.
This was seen in particular at the level of motility with a difference of 20%, but also at the
level of the plasma membrane and acrosome integrity with a difference of 10% between the
two qualities.

4. Discussion

The present study provides evidence that SLC with Canicoll prior to freezing improves
some aspects of semen quality after thawing. However, the cryosurvival of suboptimal
quality ejaculates remains lower than that of optimal quality ejaculates, even after selection
for the best spermatozoa.

During canine semen cryopreservation, seminal plasma is usually removed by cen-
trifugation to optimize semen cryosurvival [37]. However, standard centrifugation and
dilution of the semen in the freezing extender adversely affect sperm motility as was de-
scribed in the study of Schäfer-Somi et al. [37]. The present study found similar results, and
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this was especially true for semen of suboptimal quality whose spermatozoa are probably
less robust and more likely to be affected by the physical stress of centrifugation. More
spermatozoa with AMT were also found after standard centrifugation, although the per-
centage of morphologically normal spermatozoa was not affected. Apart from the decrease
in some kinematic parameters and the increase of AMT, other semen parameters were not
affected by standard centrifugation. Colloid centrifugation with Canicoll, on the other hand,
modified numerous semen parameters prior to freezing. Interestingly, this improvement
did not depend upon the initial quality of the semen although it was, as expected, greater
for ejaculates of suboptimal quality. The subpopulation of SLC-selected spermatozoa had
improved TM, PM, velocity parameters, NM, plasma membrane integrity, high MMP, and
less DNA fragmentation than standard centrifuged spermatozoa. Interestingly, all abnor-
mal morphologies investigated in this study were decreased after SLC. This is consistent
with the role of Canicoll in selecting a subpopulation of higher quality spermatozoa and
supports results obtained in other studies [23,24,26]. However, SLC did not seem to select
canine spermatozoa with an intact acrosome, similarly to what was described in other
studies [23,25], although a loss of acrosomal integrity induced by the colloid has not been
ruled out yet.

The removal of seminal plasma prior to freezing also affects the number of spermato-
zoa that will be frozen. In this study, 77 to 79% of the spermatozoa were recovered after
standard centrifugation in comparison to 49% and 36% (optimal and suboptimal quality
semen, respectively) after SLC. These recovery rates of TSC after SLC are in line with those
described by Martinez et al. [28] in boars and Dorado et al. [25] in dogs. This significant
loss of spermatozoa was expected given the role of the colloid in removing low quality
spermatozoa. However, the recovery rates of motile, progressively motile, and morpho-
logically normal spermatozoa after SLC were also significantly lower than after standard
centrifugation. This means that although SLC isolated good quality spermatozoa from a
lower quality pool, it did so at the expense of a proportion of good quality spermatozoa.

After thawing, NM, plasma membrane integrity, some velocity parameters, and the
percentage of spermatozoa having a high MMP (for optimal quality ejaculates) were still
significantly improved in SLC-selected semen in comparison to standard centrifuged se-
men in both qualities. The percentage of AH was, however, no longer different between
the two treatments indicating that SLC-selected spermatozoa had relatively more head
damage than unselected spermatozoa. Investigation of plasma membrane modifications
induced by SLC would therefore be interesting to understand the increased sensitivity
of selected spermatozoa to cryo-induced head damage. Finally, the DNA fragmentation
index of suboptimal quality ejaculates was still decreased in SLC-selected in compari-
son to standard centrifuged spermatozoa, although this difference was not significant
anymore. These results are partially in agreement with what has been demonstrated in
other species [20,27–30]. However, some differences could be found with these previously
published studies. In boars, motility [28,29] and resistance to oxidative stress [28] of SLC-
selected spermatozoa were improved in comparison to standard centrifuged spermatozoa
while motility, DNA integrity, and acrosome integrity were improved in stallions [27].
Another study in stallions, however, did not confirm the improved motility in SLC-selected
spermatozoa after thawing [20]. These varying conclusions may reflect interspecies pecu-
liarities or be the result of the amount of spermatozoa investigated along with the different
techniques and machines used to process and analyze the semen.

In the present study, lipid peroxidation was evaluated instead of ROS levels because
the measurement of ROS does not provide any information regarding the damage induced
to spermatozoa, whereas lipid peroxidation levels directly reflect this damage [43]. It
might be surprising to note that centrifugation significantly decreased the level of TBA-
RS obtained after exposing the semen to oxidative stress. This difference can however
be explained by the presence of some seminal plasma during the oxidative challenge in
non-centrifuged ejaculates. Seminal plasma not only contains some MDA [47], but the lipid
content also produces MDA during the oxidative challenge [43]. After centrifugation and
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washing of the semen, on the other hand, almost all of the MDA production comes from
plasma membrane oxidation of the spermatozoa. The lack of difference between the two
centrifugation techniques suggests that SLC does not isolate spermatozoa more resistant to
lipid peroxidation, at least not in dogs.

The classification of ejaculates according to their quality was solely based upon mor-
phology. However, TM, PM, plasma membrane integrity, and DNA integrity were also
significantly different between the two semen qualities (Tables 1 and 2, statistical analyses
not shown). Interestingly, it was found that ejaculates of suboptimal quality contained
about 20% of spermatozoa with fragmented DNA, twice as much as ejaculates of optimal
quality. This percentage is quite striking given that it has been shown in many species,
including humans, that DNA fragmentation index is strongly linked to fertility [48,49]. Al-
though no studies have yet been conducted on dogs, a dog with suboptimal semen quality
may then be at greater risk of subfertility. Suboptimal semen quality can be caused by the
age of the dog as older dogs are known to produce lower quality semen and semen with
lower cryotolerance [50,51]. However, this parameter could not have influenced the results
of this study as both groups were composed of dogs of similar age (42.0 ± 15.6 months
and 34.7 ± 18.8 months (mean ± standard deviation) for optimal and suboptimal semen
quality, respectively). The breed effect was also avoided as both groups were composed
of comparable breeds and the TSO, known as the only parameter influenced by the breed,
was not considered in this study [51,52]. Finally, no seasonal effect was to be considered in
this study since semen quality is not influenced by the season in dogs [51].

In dogs, frozen semen is currently solely used for intrauterine insemination and this
technique requires a substantial number of sperm cells to achieve adequate pregnancy rates,
about 100–150 × 106 motile spermatozoa [53]. Although intra-oviductal insemination or
in vitro oocyte fertilization would drastically reduce the number of spermatozoa required
(2–4 × 106 and 0.1 × 106 spermatozoa, respectively), these techniques are invasive, more
complex, and currently lead to disappointing results in dogs [54,55]. For this reason, the
loss of 51 to 64% of spermatozoa after SLC is an important factor restricting its use in
dogs given the limited number of spermatozoa obtained in one ejaculate. This downside
may, however, become secondary if the selected spermatozoa are shown to have better
in vivo efficiency (i.e., a higher percentage of pregnancies and/or a higher number of pups
per litter). At the time of publication, four bitches were inseminated with frozen-thawed
spermatozoa from SLC-processed semen. Three got pregnant and gave birth to three
puppies (Great Dane), seven puppies (Rottweiler), and eight puppies (Rottweiler). Further
research is therefore needed to address this question.

5. Conclusions

The present study provides evidence that SLC with Canicoll can select good quality
spermatozoa and that this selection before semen cryopreservation results in better quality
semen after thawing. The cryosurvival of spermatozoa from suboptimal quality semen
remains, however, lower than that of optimal quality semen, indicating that SLC is not
the only treatment that should be undertaken to improve the freezability of these samples.
Finally, the significant loss of spermatozoa after SLC may limit its use in current cryopreser-
vation protocols unless other assisted reproductive technologies such as intra-oviductal
insemination or in vitro oocyte fertilization become available in dogs or unless SLC-selected
spermatozoa are shown to provide better in vivo performances.

Author Contributions: Conceptualization, G.D., E.W. and A.V.S.; methodology, G.D., H.A.H. and
O.B.P.; investigation, G.D. and A.J.; resources, J.M.M.; writing—original draft preparation, G.D.;
writing—review and editing, E.W., O.B.P., A.V.S., W.N. and A.J.; visualization, G.D.; supervision,
E.W., A.V.S. and J.M.M.; funding acquisition, G.D. and W.N. All authors have read and agreed to the
published version of the manuscript.



Animals 2022, 12, 714 11 of 13

Funding: This research was supported by the Research Foundation—Flanders (FWO), Belgium
(Grant No FWO 3s038019) and by the Polish National Agency for Academic Exchange (Grant No
PPI/APM/2019/1/00044/U/00001). OBP was supported by FWO Grant No 12Y5220N.

Institutional Review Board Statement: The study was carried out processing canine semen samples
collected during normal clinical examination of stud dogs. Owners participated willingly and samples
were collected for research purposes only. Ethical approval was not required for this research, as it
did not involve any further clinical procedure on living animals.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to Morrell for supplying the Canicoll used in this study
and to Johannisson for his help in the DNA integrity analysis.

Conflicts of Interest: J.M.Morrell is the inventor and one of the patent holders of the colloid Canicoll
used in this experiment. The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Linde-Forsberg, C. Achieving canine pregnancy by using frozen or chilled extended semen. Vet. Clin. N. Am. Small Anim. Pract.

1991, 21, 467–485. [CrossRef]
2. Alamo, D.; Batista, M.; Gonzalez, F.; Rodriguez, N.; Cruz, G.; Cabrera, F.; Gracia, A. Cryopreservation of semen in the dog: Use of

ultra-freezers of -152 degrees C as a viable alternative to liquid nitrogen. Theriogenology 2005, 63, 72–82. [CrossRef] [PubMed]
3. Domain, G.; Wydooghe, E.; Broeckx, B.J.G.; Hoogewijs, M.; Van Soom, A. Semen donation and establishment of an open canine

semen bank: A novel tool to prevent inbreeding in pedigree dogs. Vlaams Diergen Tijds 2019, 88, 55–61. [CrossRef]
4. Drobnis, E.Z.; Crowe, L.M.; Berger, T.; Anchordoguy, T.J.; Overstreet, J.W.; Crowe, J.H. Cold shock damage is due to lipid phase

transitions in cell membranes: A demonstration using sperm as a model. J. Exp. Zool. 1993, 265, 432–437. [CrossRef] [PubMed]
5. Linde-Forsberg, C.; Strom Holst, B.; Govette, G. Comparison of fertility data from vaginal vs intrauterine insemination of

frozen-thawed dog semen: A retrospective study. Theriogenology 1999, 52, 11–23. [CrossRef]
6. Schafer-Somi, S.; Tichy, A. Canine post-thaw sperm quality can be predicted by using CASA, and classification and regression

tree (CART)-analysis. Pol. J. Vet. Sci. 2019, 22, 51–59. [CrossRef] [PubMed]
7. Sieme, H.; Harrison, R.A.; Petrunkina, A.M. Cryobiological determinants of frozen semen quality, with special reference to

stallion. Anim. Reprod. Sci. 2008, 107, 276–292. [CrossRef] [PubMed]
8. Kuisma, P.; Andersson, M.; Koskinen, E.; Katila, T. Fertility of frozen-thawed stallion semen cannot be predicted by the currently

used laboratory methods. Acta Vet. Scand. 2006, 48, 14. [CrossRef] [PubMed]
9. Wijnrocx, K.; Francois, L.; Stinckens, A.; Janssens, S.; Buys, N. Half of 23 Belgian dog breeds has a compromised genetic diversity,

as revealed by genealogical and molecular data analysis. J. Anim. Breed. Genet. Z. Fur Tierz. Und Zucht. 2016, 133, 375–383.
[CrossRef]

10. Leroy, G. Genetic diversity, inbreeding and breeding practices in dogs: Results from pedigree analyses. Vet. J. 2011, 189, 177–182.
[CrossRef] [PubMed]

11. Jansson, M.; Laikre, L. Pedigree data indicate rapid inbreeding and loss of genetic diversity within populations of native,
traditional dog breeds of conservation concern. PLoS ONE 2018, 13, e0202849. [CrossRef] [PubMed]

12. Bannasch, D.; Famula, T.; Donner, J.; Anderson, H.; Honkanen, L.; Batcher, K.; Safra, N.; Thomasy, S.; Rebhun, R. The effect of
inbreeding, body size and morphology on health in dog breeds. Canine Med. Genet. 2021, 8, 12. [CrossRef] [PubMed]

13. Morrell, J.M. Update on semen technologies for animal breeding. Reprod. Domest. Anim. Zuchthyg. 2006, 41, 63–67. [CrossRef]
[PubMed]

14. Sikka, S.C. Relative impact of oxidative stress on male reproductive function. Curr. Med. Chem. 2001, 8, 851–862. [CrossRef]
[PubMed]

15. Kurkowska, W.; Bogacz, A.; Janiszewska, M.; Gabrys, E.; Tiszler, M.; Bellanti, F.; Kasperczyk, S.; Machon-Grecka, A.; Dobrakowski,
M.; Kasperczyk, A. Oxidative Stress is Associated with Reduced Sperm Motility in Normal Semen. Am. J. Men's Health 2020, 14,
1557988320939731. [CrossRef] [PubMed]

16. Alahmar, A.T. Role of Oxidative Stress in Male Infertility: An Updated Review. J. Hum. Reprod. Sci. 2019, 12, 4–18. [CrossRef]
[PubMed]

17. Morrell, J.M.; Rodriguez-Martinez, H. Practical applications of sperm selection techniques as a tool for improving reproductive
efficiency. Vet. Med. Int. 2010, 2011, 894767. [CrossRef] [PubMed]

18. Morrell, J.M.; Wallgren, M. Removal of bacteria from boar ejaculates by Single Layer Centrifugation can reduce the use of
antibiotics in semen extenders. Anim. Reprod. Sci. 2011, 123, 64–69. [CrossRef]

19. Morrell, J.M.; Klein, C.; Lundeheim, N.; Erol, E.; Troedsson, M.H. Removal of bacteria from stallion semen by colloid centrifugation.
Anim. Reprod. Sci. 2014, 145, 47–53. [CrossRef]

http://doi.org/10.1016/S0195-5616(91)50054-1
http://doi.org/10.1016/j.theriogenology.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15589274
http://doi.org/10.21825/vdt.v88i1.16045
http://doi.org/10.1002/jez.1402650413
http://www.ncbi.nlm.nih.gov/pubmed/8463792
http://doi.org/10.1016/S0093-691X(99)00106-5
http://doi.org/10.24425/pjvs.2018.125607
http://www.ncbi.nlm.nih.gov/pubmed/30997765
http://doi.org/10.1016/j.anireprosci.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18585878
http://doi.org/10.1186/1751-0147-48-14
http://www.ncbi.nlm.nih.gov/pubmed/16987393
http://doi.org/10.1111/jbg.12203
http://doi.org/10.1016/j.tvjl.2011.06.016
http://www.ncbi.nlm.nih.gov/pubmed/21737321
http://doi.org/10.1371/journal.pone.0202849
http://www.ncbi.nlm.nih.gov/pubmed/30208042
http://doi.org/10.1186/s40575-021-00111-4
http://www.ncbi.nlm.nih.gov/pubmed/34852838
http://doi.org/10.1111/j.1439-0531.2006.00621.x
http://www.ncbi.nlm.nih.gov/pubmed/16420331
http://doi.org/10.2174/0929867013373039
http://www.ncbi.nlm.nih.gov/pubmed/11375755
http://doi.org/10.1177/1557988320939731
http://www.ncbi.nlm.nih.gov/pubmed/32938274
http://doi.org/10.4103/jhrs.JHRS_150_18
http://www.ncbi.nlm.nih.gov/pubmed/31007461
http://doi.org/10.4061/2011/894767
http://www.ncbi.nlm.nih.gov/pubmed/20814435
http://doi.org/10.1016/j.anireprosci.2010.11.005
http://doi.org/10.1016/j.anireprosci.2014.01.005


Animals 2022, 12, 714 12 of 13

20. Guimaraes, T.; Lopes, G.; Pinto, M.; Silva, E.; Miranda, C.; Correia, M.J.; Damasio, L.; Thompson, G.; Rocha, A. Colloid
centrifugation of fresh stallion semen before cryopreservation decreased microorganism load of frozen-thawed semen without
affecting seminal kinetics. Theriogenology 2015, 83, 186–191. [CrossRef]

21. Varela, E.; Rey, J.; Plaza, E.; Munoz de Propios, P.; Ortiz-Rodriguez, J.M.; Alvarez, M.; Anel-Lopez, L.; Anel, L.; De Paz, P.; Gil,
M.C.; et al. How does the microbial load affect the quality of equine cool-stored semen? Theriogenology 2018, 114, 212–220.
[CrossRef] [PubMed]

22. Blomqvist, G.; Persson, M.; Wallgren, M.; Wallgren, P.; Morrell, J.M. Removal of virus from boar semen spiked with porcine
circovirus type 2. Anim. Reprod. Sci. 2011, 126, 108–114. [CrossRef] [PubMed]

23. Galvez, M.J.; Ortiz, I.; Hidalgo, M.; Morrell, J.M.; Dorado, J. Should single layer centrifugation of dog semen be done before or
after the semen is cooled? Vet. Rec. 2015, 176, 359. [CrossRef] [PubMed]

24. Dorado, J.; Galvez, M.J.; Morrell, J.M.; Alcaraz, L.; Hidalgo, M. Use of single-layer centrifugation with Androcoll-C to enhance
sperm quality in frozen-thawed dog semen. Theriogenology 2013, 80, 955–962. [CrossRef] [PubMed]

25. Dorado, J.; Galvez, M.J.; Demyda-Peyras, S.; Ortiz, I.; Morrell, J.M.; Crespo, F.; Gosalvez, J.; Hidalgo, M. Differences in preservation
of canine chilled semen using simple sperm washing, single-layer centrifugation and modified swim-up preparation techniques.
Reprod. Fertil. Dev. 2015, 28, 1545–1552. [CrossRef] [PubMed]

26. Urbano, M.; Dorado, J.; Ortiz, I.; Morrell, J.M.; Demyda-Peyras, S.; Galvez, M.J.; Alcaraz, L.; Ramirez, L.; Hidalgo, M. Effect
of cryopreservation and single layer centrifugation on canine sperm DNA fragmentation assessed by the sperm chromatin
dispersion test. Anim. Reprod. Sci. 2013, 143, 118–125. [CrossRef]

27. Hoogewijs, M.; Morrell, J.; Van Soom, A.; Govaere, J.; Johannisson, A.; Piepers, S.; De Schauwer, C.; De Kruif, A.; De Vliegher, S.
Sperm selection using single layer centrifugation prior to cryopreservation can increase thawed sperm quality in stallions. Equine
Vet. J. Suppl. 2011, 43, 35–41. [CrossRef] [PubMed]

28. Martinez-Alborcia, M.J.; Morrell, J.M.; Parrilla, I.; Barranco, I.; Vazquez, J.M.; Martinez, E.A.; Roca, J. Improvement of boar sperm
cryosurvival by using single-layer colloid centrifugation prior freezing. Theriogenology 2012, 78, 1117–1125. [CrossRef]

29. Martinez-Alborcia, M.J.; Morrell, J.M.; Gil, M.A.; Barranco, I.; Maside, C.; Alkmin, D.V.; Parrilla, I.; Martinez, E.A.; Roca, J.
Suitability and effectiveness of single layer centrifugation using Androcoll-P in the cryopreservation protocol for boar spermatozoa.
Anim. Reprod. Sci. 2013, 140, 173–179. [CrossRef] [PubMed]

30. Nongbua, T.; Johannisson, A.; Edman, A.; Morrell, J.M. Effects of single layer centrifugation (SLC) on bull spermatozoa prior to
freezing on post-thaw semen characteristics. Reprod. Domest. Anim. Zuchthyg. 2017, 52, 596–602. [CrossRef]

31. Farstad, W.K. Artificial insemination in dogs. In BSAVA Manual of Canine and Feline Reproduction and Neonatology, 2nd ed.; England,
G., von Heimendahl, A., Eds.; British Small Animal Veterinary Association: Gloucester, UK, 2010; pp. 80–88.

32. Johnston, S.D.; Root Kustritz, M.V.R.; Olson, P.N. Semen collection, evaluation and preservation. In Canine and Feline Theriogenology,
1st ed.; Kersey, R., Ed.; Saunders: Philadelphia, PA, USA, 2001; pp. 287–306.

33. Oettle, E.E. Sperm Morphology and Fertility in the Dog. J. Reprod. Fertil. 1993, 47, 257–260.
34. Rijsselaere, T.; Van Soom, A.; Maes, D.; de Kruif, A. Effect of centrifugation on in vitro survival of fresh diluted canine spermatozoa.

Theriogenology 2002, 57, 1669–1681. [CrossRef]
35. Morrell, J.M.; Nunes, M.M. Practical guide to single layer centrifugation of stallion semen. Equine Vet. Educ. 2018, 30, 392–398.

[CrossRef]
36. Pena, A.; Linde-Forsberg, C. Effects of Equex, one- or two-step dilution, and two freezing and thawing rates on post-thaw survival

of dog spermatozoa. Theriogenology 2000, 54, 859–875. [CrossRef]
37. Schafer-Somi, S.; Kluger, S.; Knapp, E.; Klein, D.; Aurich, C. Effects of semen extender and semen processing on motility and

viability of frozen-thawed dog spermatozoa. Theriogenology 2006, 66, 173–182. [CrossRef] [PubMed]
38. Morrell, J.M.; Johannisson, A.; Juntilla, L.; Rytty, K.; Backgren, L.; Dalin, A.M.; Rodriguez-Martinez, H. Stallion Sperm Viability, as

Measured by the Nucleocounter SP-100, Is Affected by Extender and Enhanced by Single Layer Centrifugation. Vet. Med. Int.
2010, 2010, 659862. [CrossRef] [PubMed]

39. Rijsselaere, T.; Van Soom, A.; Maes, D.; de Kruif, A. Effect of technical settings on canine semen motility parameters measured by
the Hamilton-Thorne analyzer. Theriogenology 2003, 60, 1553–1568. [CrossRef]

40. Hoogewijs, M.K.; de Vliegher, S.P.; Govaere, J.L.; de Schauwer, C.; de Kruif, A.; van Soom, A. Influence of counting chamber type
on CASA outcomes of equine semen analysis. Equine Vet. J. 2012, 44, 542–549. [CrossRef] [PubMed]

41. Angrimani, D.S.R.; Bicudo, L.C.; Luceno, N.L.; Leemans, B.; Nichi, M.; Vannucchi, C.I.; Van Soom, A. A triple stain method in
conjunction with an in-depth screening of cryopreservation effects on post-thaw sperm in dogs. Cryobiology 2021, 105, 56–62.
[CrossRef] [PubMed]

42. Nichi, M.; Goovaerts, I.G.; Cortada, C.N.; Barnabe, V.H.; De Clercq, J.B.; Bols, P.E. Roles of lipid peroxidation and cytoplasmic
droplets on in vitro fertilization capacity of sperm collected from bovine epididymides stored at 4 and 34 degrees C. Theriogenology
2007, 67, 334–340. [CrossRef]

43. Intasqui, P.; Antoniassi, M.P.; Camargo, M.; Nichi, M.; Carvalho, V.M.; Cardozo, K.H.; Zylbersztejn, D.S.; Bertolla, R.P. Differences
in the seminal plasma proteome are associated with oxidative stress levels in men with normal semen parameters. Fertil. Steril.
2015, 104, 292–301. [CrossRef] [PubMed]

44. Evenson, D.P.; Darzynkiewicz, Z.; Melamed, M.R. Relation of mammalian sperm chromatin heterogeneity to fertility. Science
1980, 210, 1131–1133. [CrossRef] [PubMed]

http://doi.org/10.1016/j.theriogenology.2014.09.003
http://doi.org/10.1016/j.theriogenology.2018.03.028
http://www.ncbi.nlm.nih.gov/pubmed/29653389
http://doi.org/10.1016/j.anireprosci.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21592690
http://doi.org/10.1136/vr.102806
http://www.ncbi.nlm.nih.gov/pubmed/25653394
http://doi.org/10.1016/j.theriogenology.2013.07.027
http://www.ncbi.nlm.nih.gov/pubmed/23987984
http://doi.org/10.1071/RD15071
http://www.ncbi.nlm.nih.gov/pubmed/25879166
http://doi.org/10.1016/j.anireprosci.2013.10.005
http://doi.org/10.1111/j.2042-3306.2011.00489.x
http://www.ncbi.nlm.nih.gov/pubmed/22082444
http://doi.org/10.1016/j.theriogenology.2012.05.008
http://doi.org/10.1016/j.anireprosci.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23890802
http://doi.org/10.1111/rda.12954
http://doi.org/10.1016/S0093-691X(02)00663-5
http://doi.org/10.1111/eve.12658
http://doi.org/10.1016/S0093-691X(00)00397-6
http://doi.org/10.1016/j.theriogenology.2005.10.022
http://www.ncbi.nlm.nih.gov/pubmed/16359725
http://doi.org/10.4061/2010/659862
http://www.ncbi.nlm.nih.gov/pubmed/20445788
http://doi.org/10.1016/S0093-691X(03)00171-7
http://doi.org/10.1111/j.2042-3306.2011.00523.x
http://www.ncbi.nlm.nih.gov/pubmed/22150933
http://doi.org/10.1016/j.cryobiol.2021.12.001
http://www.ncbi.nlm.nih.gov/pubmed/34902341
http://doi.org/10.1016/j.theriogenology.2006.08.002
http://doi.org/10.1016/j.fertnstert.2015.04.037
http://www.ncbi.nlm.nih.gov/pubmed/26048152
http://doi.org/10.1126/science.7444440
http://www.ncbi.nlm.nih.gov/pubmed/7444440


Animals 2022, 12, 714 13 of 13

45. Bates, D.; Machler, M.; Bolker, B.M.; Walker, S.C. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

46. Miller, J.J. Inverse of Freeman-Tukey Double Arcsine Transformation. Am. Stat. 1978, 32, 138. [CrossRef]
47. Huang, Y.L.; Tseng, W.C.; Cheng, S.Y.; Lin, T.H. Trace elements and lipid peroxidation in human seminal plasma. Biol. Trace Elem.

Res. 2000, 76, 207–215. [CrossRef]
48. Karoui, S.; Diaz, C.; Gonzalez-Marin, C.; Amenabar, M.E.; Serrano, M.; Ugarte, E.; Gosalvez, J.; Roy, R.; Lopez-Fernandez, C.;

Carabano, M.J. Is sperm DNA fragmentation a good marker for field AI bull fertility? J. Anim. Sci. 2012, 90, 2437–2449. [CrossRef]
[PubMed]

49. Narud, B.; Klinkenberg, G.; Khezri, A.; Zeremichael, T.T.; Stenseth, E.B.; Nordborg, A.; Haukaas, T.H.; Morrell, J.M.; Heringstad,
B.; Myromslien, F.D.; et al. Differences in sperm functionality and intracellular metabolites in Norwegian Red bulls of contrasting
fertility. Theriogenology 2020, 157, 24–32. [CrossRef] [PubMed]

50. Fuente-Lara, A.; Hesser, A.; Christensen, B.; Gonzales, K.; Meyers, S. Effects from aging on semen quality of fresh and cryopre-
served semen in Labrador Retrievers. Theriogenology 2019, 132, 164–171. [CrossRef]

51. Lechner, D.; Aurich, J.; Schafer-Somi, S.; Aurich, C. Effects of age, size and season on cryotolerance of dog semen—A retrospective
analysis. Anim. Reprod. Sci. 2022, 236, 106912. [CrossRef] [PubMed]

52. Tesi, M.; Sabatini, C.; Vannozzi, I.; Di Petta, G.; Panzani, D.; Camillo, F.; Rota, A. Variables affecting semen quality and its relation
to fertility in the dog: A retrospective study. Theriogenology 2018, 118, 34–39. [CrossRef]

53. Mason, S.J. Current Review of Artificial Insemination in Dogs. Vet. Clin. N. Am. Small Anim. Pract. 2018, 48, 567–580. [CrossRef]
[PubMed]

54. Tsutsui, T.; Hori, T.; Yamada, A.; Kirihara, N.; Kawakami, E. Intratubal insemination with fresh semen in dogs. J. Vet. Med. Sci.
2003, 65, 659–661. [CrossRef] [PubMed]

55. Nagashima, J.B.; Sylvester, S.R.; Nelson, J.L.; Cheong, S.H.; Mukai, C.; Lambo, C.; Flanders, J.A.; Meyers-Wallen, V.N.; Songsasen,
N.; Travis, A.J. Live Births from Domestic Dog (Canis familiaris) Embryos Produced by In Vitro Fertilization. PLoS ONE 2015, 10,
e0143930. [CrossRef] [PubMed]

http://doi.org/10.18637/jss.v067.i01
http://doi.org/10.2307/2682942
http://doi.org/10.1385/BTER:76:3:207
http://doi.org/10.2527/jas.2011-4492
http://www.ncbi.nlm.nih.gov/pubmed/22367070
http://doi.org/10.1016/j.theriogenology.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32777668
http://doi.org/10.1016/j.theriogenology.2019.04.013
http://doi.org/10.1016/j.anireprosci.2021.106912
http://www.ncbi.nlm.nih.gov/pubmed/34971871
http://doi.org/10.1016/j.theriogenology.2018.05.018
http://doi.org/10.1016/j.cvsm.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29680455
http://doi.org/10.1292/jvms.65.659
http://www.ncbi.nlm.nih.gov/pubmed/12808224
http://doi.org/10.1371/journal.pone.0143930
http://www.ncbi.nlm.nih.gov/pubmed/26650234

	Introduction 
	Materials and Methods 
	Animals 
	Semen Collection and Processing 
	Semen Quality Assessment 
	Concentration 
	Motility and Velocity 
	Morphology 
	Plasma Membrane Integrity, Acrosome Integrity and Mitochondrial Membrane Potential 
	Oxidative Stress 
	Sperm Chromatin Structure Assay (SCSA) 

	Recovery Rates 
	Statistical Analysis 

	Results 
	Pre-Freezing 
	Post-Thawing 

	Discussion 
	Conclusions 
	References

