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Simple Summary: Semen freezing in dogs is a field of growing interest. The international shipment
of cryoconserved semen contributes to the avoidance of long travels and long-term storage of valuable
gametes. However, the collection of one semen portion on average results in one to three doses for
artificial insemination, which is a poor result in comparison to the outcome in large animals. The
costs for the owners are therefore rather high. In individual dogs, the semen quality of raw semen is
good; however, it could be suboptimal after thawing. To avoid costly freezing of these low-quality
ejaculates, markers of freezability are useful. An abundance of markers are available for large animals,
but not for dogs. This review provides an overview on markers for freezability of canine semen.

Abstract: Markers of freezability allow the selection of ejaculates of good freezability. So far, most in-
vestigations were conducted in boars, bulls, rams and horses, with high economic interests triggering
the efforts. The progress in dogs is comparably slow. A critical evaluation of the methods requires
consideration of practicability, with most labs not even possessing a computer assisted sperm analyser
(CASA); furthermore, small canine ejaculates mostly do not allow the use of large semen volumes.
In dogs, modern markers of freezability no longer assess single membrane constituents or seminal
plasma components but comprise tests of cell functionality and adaptability, energy metabolism,
cluster analyses of kinetic and morphometric parameters, as well as DNA intactness. Identification of
the most efficient combination of tests seems useful. At present, examination by CASA combined with
cluster analysis of kinetic subgroups, JC-1 staining and COMET assay or staining with toluidine blue
seem most appropriate; however, cell volumetry and other functional tests deserve better attention.
A better understanding of spermatozoa energy metabolism might reveal new markers. This review
focuses on the requirements and markers of freezability of canine semen, highlighting potential
future candidates.

Keywords: dogs; semen; cryopreservation; markers

1. Introduction

The freezability of a canine spermatozoa is determined by the complex interplay of
sperm membrane and seminal plasma, diluent and cooling-freezing-thawing protocols [1–6],
and it is influenced by further parameters such as age [7]. The sensitivity to cryoinjuries
is species-specific, and recent reviews comprehensively summarized the requirements for
successful cryopreservation of canine spermatozoa [1,8]. Canine spermatozoa membranes
are less sensitive to cold injury than, for example, boar spermatozoa, due to a relatively
high cholesterol:phospholipid ratio [9] and the polyunsaturated fatty acid (PUFA) content
of the membrane. This is, among others, indicated by the fact that DNA integrity is not
affected by freezing thawing [10], whereas in stallions, it is [11]. Unfortunately, the exact
composition of the sperm membrane PUFA has not yet been unraveled in dogs, as in other
species [12]. However, semen quality after thawing is, in addition, individual dependent. In
some dogs, despite good quality of raw semen, post-thaw semen quality is bad [13–16]. This
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rectifies the intense search for prognostic markers of freezability. To date, mainly kinematic
and morphometric parameters including cluster analyses [17–19], functional assays such
as volumetry [20], the hypoosmotic swelling test (HOST, [21]) or the reaction to (Ca2+)
ionophore treatment [22] and seminal plasma components [16,23] have been investigated;
however, the usefulness for prediction of post-thaw semen quality has not been reviewed in
a comparative manner so far. In dogs, the best results were achieved with functional tests,
such as kinematic assays combined with cluster analyses, cell volumetry and the reaction
to (Ca2+) ionophore, whereas the HOST was not useful for predicting post-thaw semen
quality [21]. This is comparable to other species [24] and highlights the need for complex
assays, investigating more than adaptability to changing osmolarities.

Meanwhile, in other species, an abundance of markers for freezability have been
detected that have not yet been investigated in canines. Particularly in boars, the inves-
tigations are intense (for review: [25]). Only recently, some spermatozoa components of
metabolic pathways related to energy metabolism were identified as probable suitable
markers [26,27]. Another study using transcriptome analysis revealed an upregulation of
several genes, and finally a higher concentration of three proteins related to inflammation
and apoptosis in bad freezer ejaculates [28]. Comparable studies in dogs are lacking. In
bulls, proteomic approaches revealed higher concentration of Arylsufatase A in semen
of good freezers, which is indicative of the cell’s energy metabolism. Further markers
of sperm functionality were assessed in high-density spermatozoa, indicative of normal
glycolysis, zona binding and motility [29]. Meanwhile, in this species, genome-wide associ-
ation studies investigated genetic causes of poor sperm quality, and microsatellites markers
(SNPs), such as BM1500 and UMN2008, were found to be related to freezability, especially
post-thaw motility [30]. In rams, a strong correlation between seminal plasma composition
and freezing resilience of semen has been found [31]. In stallions, among others, caspase
3 activity and the lipoperoxidative status of semen were found to be suitable for the predic-
tion of freezability [32];, as well as the content of cysteine-rich secretory proteins (CRISP-3)
participating in sperm maturation [33]. In men, spermatozoa out of bad freezer ejaculates
contained less enolase 1 and glucose-6-phosphate isomerase (GPI) than cells from good
freezer ejaculates. Both parameters are among others indicators of glycolysis and energy
production [34]. Furthermore, viscosity of fresh semen was negatively related to post-thaw
motility and acrosome integrity, and low citric acid concentration was negatively related to
post-thaw acrosome integrity [35].

Markers of freezability are thus mainly indicators of spermatozoa functionality and
energy metabolism or seminal plasma components. The present review discusses the
usefulness and reliability of markers of freezability of canine spermatozoa and highlights
potential factors of future interest.

2. Cryopreservation and Membrane Damages

Cryopreservation of canine spermatozoa requires high adaptability of the cell to
changing osmolarity and temperature. As in other species, the fluidity of the membrane
changes significantly during the freeze-thawing procedure, which coincides with a re-
arrangement of membrane phospholipids. The membrane fluidity is dependent on the
cholesterol content and the amount of disulfide bonds, the acyl chain length saturation
and the temperature of the surrounding milieu. Very high contents of cholesterol and low
contents of polyunsaturated fatty acids (PUFA) make the membrane more rigid, especially
at low temperatures and, consequently, may result in leaky membrane [36]. Cholesterol
helps to maintain membrane intactness at non-cryogenic temperatures, primarily during
cold shock, which is usually at above-freezing temperatures [37]. When the temperature
decreases, the membrane lipids change toward the crystalline phase with lateral segregation,
lipid peroxidation, loss of lipids and formation of reactive oxygen species [38]. This finally
leads to membrane destabilization and may cause membrane damage, especially when the
cooling rates during freezing are too high or too low [39–41]. In canines, moderate freezing
rates have been shown to be advantageous (−10 to −40/min, [42]). Cell damage occurs
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due to ice crystal formation, concentration of solutes, electrolytes and cell dehydration.
Cryodamage, which is comparable among species, causes, among others, a severe loss of
essential membrane proteins and receptors, degenerative acrosome exocytosis, degradation
of mRNAs, disruption of the perinuclear theca, reduction in mitochondrial activity, changes
in membrane fluidity/integrity and in ion channels, reduction in sperm motility, disruption
of disulfide bridges between cysteine radicals of protamines and DNA fragmentation [25].
Increased cholesterol efflux and a loss of potassium further decrease the fertilizing ability
of the cell by causing preterm capacitation and acrosome reaction [39,40].

3. What Makes Sperm Freezable?

Figure 1 provides an overview of the most important parameters and requirements,
conserved among species.
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3.1. The Composition of the Sperm Cell Membrane

The composition of the sperm cell membrane plays a fundamental role. Sperm mem-
brane is a bilayer of mainly phospholipids, such as cholesterol and saturated, as well as
poly-unsaturated, fatty acids. The composition shows broad species-specific differences, as
well as individual differences. A relatively high cholesterol:polyunsaturated fatty acid ratio,
such as in canines, was among others shown to be advantageous for cryotolerance [43,44].
We recently found a similar expression of cholesterol transport molecules before freezing
(ATP-binding cassette transporter A1; ABCA1) in spermatozoa membranes from canine
good and bad freezers. However, the bad freezers had lower seminal plasma concen-
trations of cholesterol [16]. The incorporation of cholesterol in the sperm membrane via
cyclodextrins was shown to improve post-thaw semen quality in dogs [45], rams [46] and
stallions [47,48], emphasizing the importance of the membrane cholesterol content.

3.2. Membrane Intactness

Membrane intactness is the utmost prerequisite for normal post-thaw cell function.
The interplay of seminal plasma components, such as cholesterol, peptides, hormones,
membrane vesicles and enzymes, with the spermatozoa membrane is an important field
of current investigation; however, there are some differences between species [49–52]. A
loss of surface molecules, such as the progesterone receptor and proteins, especially from
the acrosome, may impair post-thaw quality and fertilizing capacity of the cell [49]. An
assessment of membrane integrity is therefore a useful part of pre-freeze semen evaluation.
Fluorescent dys, such as SYBR-14/PI and CFDA enable visualization of damaged mem-
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branes [53], whereas an evaluation of specifically acrosome damages with fluoresceinated
lectin peanut agglutinin was found to be extremely valuable to assess sperm quality before
freezing and after thawing in dogs and other species [20,54].

Furthermore, the cell’s ability to maintain its energetic homeostasis, i.e., the ability
of sufficient ATP formation in parallel to constant energy loss because of cell activity, is
important. This is, among others, dependent on functional membrane hexose transporters.
In dogs, the hexose transporters Glut 3 and 5 have been detected in intact spermatozoa
membranes and were shown to increase the ATP formation very rapidly [55]; the local-
ization and intensity of expression was modified by capacitation, which emphasizes the
necessity of a proper functioning of the intact membrane [56].

The adaptability to changing osmotic conditions is of utmost importance, since during
freezing, the cell has to release water and will shrink to avoid ice crystal formation, with
consecutive concentration of solutes and electrolytes. A defective membrane will, among
others, affect the function of principal water channel molecules. Aquaporins (AQP) exert a
protective effect during the freeze-thaw procedure, not only by active osmoregulation but
also by regulating the transport of small solutes, such as cryoprotective agents (CPA) [57].
They are widely distributed in testicular and epididymal tissue [58] and were detected in
membranes of human, mouse, rat, boar, stallion, seabream, goose and bull spermatozoa
(for review: [57]), although in a species-specific and sometimes even individual manner.

The impact of water channel molecules on semen freezability has been investigated in
other species [59], and the expression of different AQP was related to the cells’ ability to
survive the cryopreservation procedure, which seems to be species specific [57]. Recently,
AQP-1 has been detected in the membrane of canine spermatozoa and was localized
in the head, midpiece and tail [60]. In another study, AQP-8 was detected in canine
spermatozoa by means of immunoblotting [61]. Unfortunately, an assessment of the site
of expression was, thereby, not possible. The relative amount of AQP-8 was positively
correlated with the percentage of proximal cytoplasmic droplets [61]. Being an orthodox
AQP, AQP-8 is supposed to mainly contribute to cell volume regulation; however, it is
not only permeable to water, and mitochondrial AQP-8 is, in addition, able to transport
hydrogen peroxide. A role for AQP-8 in diffusion of ROS after cryopreservation has been
suggested previously [57]. The function of AQP-8 in canine spermatozoa membranes and
its usefulness as a marker of freezability remain to be investigated.

3.3. Energy Management

Another sensitive factor is the maintenance of mitochondria intactness, which is
essential for a normal cell kinematic after freeze-thawing. In boar spermatozoa, these
organelles are believed to be most sensitive to cryodamage [62]. In dogs, like in men, the
inner mitochondrial membrane potential (IMM) of spermatozoa was found to correlate
more strongly with membrane viability than with cell motility [63]; in some immotile sperm
with high IMM, energy supply by oxidative phosphorylation is sufficient to survive but
not sufficient to support motility—hexose metabolism [55] or gluconeogenesis from lactate
and pyruvate [64] are part of a complex glycogen metabolism, additionally comprising
energy storage in canine spermatozoa [64]. This may direct the interest toward markers
of glycolysis, such as lactate, in dogs. However, the assessment of IMM by use of the JC-1
probe seems to be a good indicator of mitochondria function and oxidative ATP production
before freezing. Further, mitochondria activity assays are commercially available but have
mostly not been investigated as markers of freezability.

3.4. DNA Stability

Finally, DNA stability plays an important role. The stability of DNA after freeze
thawing of spermatozoa shows species-specific differences, which was shown to be related
to the cysteine residues in protamine 1 or an unbalanced protamine 1:2 ratio [65]. In dogs,
we could show that freezing and thawing did not increase the rate of DNA fragmenta-
tion when evaluated immediately after thawing; however, the DNA fragmentation of
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thawed spermatozoa increased significantly within 3 h of storage at +37 ◦C [66]. Centrifu-
gation before freezing increased the rate of DNA fragmentation immediately after thawing,
which might explain the different findings of others [67]. Nevertheless, an assessment
of DNA integrity before freezing is useful and can be performed by using the terminal
deoxynucleotidyl transferase-mediated fluorescein-dUTP nick end labeling (TUNEL) test,
the COMET assay [68] or the sperm chromatin structure assay (SCSA; [66,69,70]). Although
flow cytometric measurements provide more statistical power because of higher cell num-
bers, the microscopic evaluation of single samples using COMET or TUNEL assay before
freezing seems useful. Staining with toluidine blue was found to be fast and exact to assess
the degree of DNA damage [71], also in canine spermatozoa [72]. This dye has great affinity
to the free phosphate groups of DNA and protamines, which are increased in damaged
DNA. However, a rather promising sophisticated approach is the Raman spectrometer. This
technique relies on the interaction of light photons with molecules, resulting in different
light-scattering patterns that can be immediately evaluated using semen or seminal fluid.
Some applications include the differentiation of abnormal and normal seminal plasma and
DNA damage [73].

3.5. The Composition of the Seminal Plasma

The seminal plasma plays a fundamental role in membrane function and adaptability;
its composition shows manifold inter-species differences, and the effect of seminal plasma
during freeze thawing is discussed controversially. In dogs, we recently found higher
concentrations of cholesterol in seminal plasma of good freezers than in seminal plasma
of bad freezers [16]. In another study, the removal of seminal plasma from ejaculates of
good quality decreased post-thaw motility, increased the percentage of morphologically
abnormal sperm and increased the DNA damage during 3 h of post-thaw storage [66].
Centrifugation evidently removes or decreases some ingredients otherwise contributing
to the post-thaw condition of the membrane. A recent proteomic study revealed an abun-
dance of proteins, including sperm membrane derived proteins, among others, related to
cellular function, metabolism, maturation, binding, antioxidant capacity and intercellular
action [74]. Seminal plasma contains manifold natural antioxidants, exerting a measurable
total antioxidant capacity that can be highly variable and was found to be decreased in
infertile dogs [23]. Post-thaw oxidative stress is one of the most detrimental parameters on
spermatozoa membranes. Seminal plasma was found to exert a highly protective effect on
cell mitochondria, especially hydrogen peroxide and hydroxyl radical; centrifugation of
canine semen at 600 g for 10 min caused a significant decrease in mitochondrial membrane
potential and increased lipid peroxidation [75]. A significant reduction in the natural hydro-
gen peroxide and hydroxyl radical concentration after removal of seminal plasma before
freezing will, therefore, most probably increase post-thaw membrane lipid peroxidation
unless replaced by useful substituents in the diluents. However, in ejaculates of bad qual-
ity or from old dogs, centrifugation may be beneficial, and in some protocols, pre-freeze
centrifugation is routinely used to obtain a defined sperm concentration [5]. The real effect
of seminal plasma removal can only be evaluated when the composition is known, as well
as the composition of the ejaculate in terms of subpopulations [18].

In humans, seminal plasma membrane vesicles (MV) have been shown to fuse with
the membrane of human spermatozoa, which resulted in decreased membrane fluidity in
this species. In dogs, membrane vesicles of different sizes and spherical shapes were found
to exert activities of variable enzymes, such as ectonucleotidases, adenosine deaminase,
5’-nucleotidase, ADPase, ATPase, contributing to ATP production and energy supply, as
well as dipeptilpeptidase IV, alkaline phosphatase, total acid phosphatase and prostatic
acid phosphatase activity [76]. In dogs, the interaction of MVs with the spermatozoa has
not yet been proven, and the addition of different concentrations of purified MVs to canine
semen before freezing did not improve post-thaw semen quality, except for a short-term
improvement in distance and velocity parameters [52].
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4. Can We Predict Sperm Freezability in Dogs?

In Table 1, an overview of possible markers of freezability is given, including principles
and parameters under investigation and possible future candidates.

Table 1. Predictors of freezability of canine semen.

Principle Parameter Assay/Method Authors

Kinematic data and
cluster analyses Kinematic data CASA [77]

[17]

DNA integrity assays DNA damage
Comet assay,

SCSA,
Toluidine blue stain

[68]
[66]
[72]

Cell volumetry Adaptability to changing
osmotic milieu

Electric field multi-channel cell
counting system [20]

Mitochondria assays

Inner mitochondrial
membrane potential,
Mitochondria function

ATP production

Flow cytometry, ICC (JC-1 probe)
Commercial assays [63]

Induction of acrosome reaction by
Ca2+ ionophore Acrosome reaction Addition of Ca2+ ionophore [22]

Membrane components proAKAP4 Commercial ELISA [78]
Aquaporin 1, 8 ICC [60,61]

Hexose transporters ICC [55]
Seminal plasma components Cholesterol Chemiluminescence [16]

Lactate [64]

Transcriptome analysis Identification of genes related to good/bad
freezability

Microsatellite markers, SNPs Post-thaw motility, viability, fertility

Principles and parameters under investigation/future candidates are in italics. CASA = computer assisted semen
analysis, HSP = heat shock protein, ELISA = enzyme-linked immunosorbent assay, ICC = immunocytochemistry,
proAKAP4 = precursor of the A-kinase anchor protein 4, SCSA = sperm chromatin structure assay, SNP = single
nucleotide polymorphism.

4.1. Kinematic and Morphometric Parameters—Cluster Analyses

Meanwhile, in dogs, many investigations have been performed, highlighting, among
others, the importance of objective measurement of kinematic parameters [17]. Even though
former studies did not provide satisfying results [13], we previously showed that kinematic
parameters objectively measured by use of CASA, such as progressive motility (P), velocity
curvilinear (VCL), mean coefficient (STR) and linear coefficient (LIN), are useful for the
prediction of post-thaw sperm quality. Sperm samples with P < 83.1%, VCL < 161.3 µm/s,
STR < 0.83% and LIN < 0.48% will have a probability of 85.5% that the post-thaw sperm
quality will be low [17]. In this study, bad post-thaw quality despite good raw-semen
quality (bad freezer) was defined as: progressive motility (<50%), percentage of morpho-
logical aberrations (>40%) and/or membrane integrity (<50%). However, even though
the prediction is not 100%, the use of CASA can be considered a helpful step when other
analyses are not possible. The restricted reliability of measurement of kinematic parameters
is, among others, caused by spermatozoa subgroups. One group evaluated kinematic data
obtained by CASA by use of clustering and discriminant analysis for differentiation of
subgroups with different kinematic characteristics; in this study [77], 11 subpopulations
were found: 4 with high velocity, 2 with medium and 5 with low velocity. The number
of subgroups changed after freeze thawing. The authors state that the evaluation of sub-
groups is essential to demask sperms with very bad resilience toward freeze thawing that
are not recognized when mean values of kinematic parameters are evaluated. Another
group differentiated four subpopulations with different kinematic characteristics that were
maintained after thawing [18]. Despite these differences, measurement of P, VCL, STR
and LIN in raw semen combined with cluster analysis might improve the estimation of
post-thaw quality.
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In another study, the usefulness of computer-assisted sperm morphometry was in-
vestigated in canine spermatozoa [19]. This study impressively showed that subgroups of
spermatozoa with different morphometric characteristics have variable degrees of DNA de-
naturation. Unfortunately, this analysis has not yet been performed in freeze-thawed canine
sperm, but it proved useful for the prediction of post-thaw quality of boar semen [79].

4.2. Cell Volumetry

Spermatozoa volumetry was found to be indicative of the adaptability of the cell to
a changing osmotic milieu, in fresh semen as well as in frozen semen [20]. Cell volume
is controlled by quinine sensitive potassium channels inside the spermatozoa membrane
that are functionally dependent on cytoskeleton intactness [80]. The ability of cell volume
regulation is supposed to be closely linked to the ability of regulation of membrane per-
meability, and a loss of cell volume control before the freeze-thawing procedure coincided
with an increase in cryodamage in canine spermatozoa [20]. Cell volumetry requires an
electric field multi-channel cell counting system that recognizes the changes in the electric
resistance caused by cells as the voltage changes; the latter are related to cell volume,
as greater cells cause greater pulses. Provided such equipment is available, the method
seems useful for estimation of post-thaw sperm quality in dogs. However, keeping in mind
that other cryodamages not related to volume regulation may occur, additional tests may
be required.

4.3. Seminal Plasma Components

The seminal plasma composition is species specific, and individual changes can
influence freezability [16,23,50,52,66]. Meanwhile, some proteomic studies have revealed
the composition of canine seminal plasma [74,81–83]. However, so far, no protein could be
directly related to freezability of canine spermatozoa. The cholesterol content could be a
potential marker [16], but more studies are necessary to prove this hypothesis. Furthermore,
many assays offered by laboratories are not sensitive enough.

Products of glucose metabolism, such as lactate, might indicate a normal metabolic
cell function [64], and lactate concentrations in canine seminal plasma should be related to
post-thaw semen quality in future experiments.

4.4. Membrane Proteins

Structural proteins of the membrane, such as the precursor of the A-kinase anchor
protein 4 (ProAKAP4), stabilizing the mid-piece membrane and influencing motility, have
been investigated in fresh and freeze-thawed semen. In horses, the expression of this
protein was closely related to post-thaw sperm motility [84]. In pigs, the stability of
proAKAP4 after thawing proved to be a quality marker [85]. In canine frozen/thawed
semen, the expression of the precursor was found to be highly variable and dependent on
incubation time and straw size; a correlation between proAKAP4 levels and motility or
other velocity parameters could not be demonstrated [78,86]. However, it was suggested
that the degree of proAKAP4 expression is related to the recovery and maintenance of
velocity [78]. The latter might be interesting for the prediction of the fertilizing capability of
freeze-thawed samples; however, this hypothesis has to be proven using further analyses.
For the measurement of proAKAP4 in canine semen, a commercial ELISA is available.

Heat shock proteins (HSP) are important, among others, for cell protection and repair,
and sperm cell maturation. These chaperons are expressed in testicular tissue and in sper-
matozoa of different species, and their function is not yet fully understood. In boars, the
protein level of HSP90AA1 in the semen was found to be indicative of freezability [87]. In
dogs, HSP60 was detectable in the mid-piece of spermatozoa, HSP70 in the neck and HSP90
in the spermatozoa tail [88]. The induction of capacitation and acrosome reaction did not
change HSP70 expression in canine spermatozoa; however, the induction of acrosome
reaction changed the immunosignal in boar and stallion spermatozoa [88]. The relation be-
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tween HSP expression in canine spermatozoa and resilience to cryodamage remains elusive.
Assessments of both HSP protein content and spermatozoa expression are of interest.

4.5. Response to Ionophore Treatment

Ca2+ ionophore is a substance enabling Ca2+ ions to pass the spermatozoa membrane
by forming stable complexes with the divalent cations. The addition of Ca2+ ionophore
to semen samples induces acrosome reaction, thereby enabling assessment of the cells’
functional competence. In one study [22], the percentage of acrosome reactions induced
with Ca2+ ionophore in raw canine semen samples correlated with the percentage of acro-
some reactions assessed in freeze-thawed samples; furthermore, cell damage assessed with
fluorescein-conjugated peanut agglutinin (PNA-Fitc) and ethidium homodimer (EthD-1)
correlated negatively with the percentage of motile cells after thawing. In another study,
the increase in acrosome reactions after treatment of bull spermatozoa with Ca2+ ionophore
was positively related to an increase in the 90-day non-return rate of inseminated cows [89],
emphasizing the importance of this functional test for the prediction of the fertilizing
potential of semen. However, when freeze-thawed semen from bulls was incubated with a
Ca2+ ionophore, the correlation with fertility was low [90]. Furthermore, during an early
study in humans, ionophore treatment revealed high intra- and inter-assay coefficients
of variation and a high degree of intra- and inter-subject variability [91]. This has to be
considered in addition to the fact that the effect of Ca2+ ionophore treatment is dependent
on concentration and duration of incubation. This has not been sufficiently investigated in
canines, and more studies are needed.

5. Conclusions and Outlook

The at-present most useful combination for a quick prediction of freezability appears
to be a combination of kinematic parameters and DNA integrity. If possible, an examination
by CASA should be combined with cluster analysis of kinematic subgroups, for better
recognition of the causes of bad freezability, and with JC-1 staining and a simple DNA
integrity assay, such as the COMET assay or staining with toluidine blue. Cell volumetry is
useful but requires special equipment. Seminal plasma parameters require more investiga-
tion before application in practice; proteomic analyses of seminal plasma of bad and good
freezers will probably reveal further markers. Further markers of freezability that proved to
be useful in other species, especially those indicative of energy metabolism, mitochondria
activity and DNA intactness, deserve better attention. In the canine species, the genetic
aspect may be underestimated. Bad semen quality has been associated with inbreeding and
the bottleneck effect in wild species. In bulls, genetic diversity was positively correlated
with post-thaw motility and viability [92]. In this species, some microsatellite markers and
single nucleotide polymorphisms (SNPs) were found to be related to post-thaw motility [30].
No study is available investigating possible genetic effects on post-thaw canine sperm
quality in the relevant literature, rendering breed-specific studies using microsatellites and
SNPs highly interesting. However, the practical and economical applications of freezability
markers must be considered.

This review is a snapshot of the present situation. A better understanding of sperma-
tozoa function, especially energy metabolism, might reveal new markers, and the improve-
ment of assays will probably simplify the combined assessment of markers in future.

Author Contributions: Conceptualization, S.S.-S.; methodology, S.S.-S.; writing—original draft
preparation, S.S.-S.; writing—review and editing, S.S.-S., M.C. and G.C.L.; visualization, supervision,
M.C. and G.C.L.; funding acquisition, S.S.-S. All authors have read and agreed to the published
version of the manuscript.

Funding: This article has been supported by the Polish National Agency for Academic Exchange
under Grant No. PPI/APM/2019/1/00044/U/00001.

Institutional Review Board Statement: Not applicable.



Animals 2022, 12, 733 9 of 12

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Open Access Funding by the University of Veterinary Medicine Vienna.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bencharif, D.; Dordas-Perpinya, M. Canine semen cryoconservation: Emerging data over the last 20 years. Reprod. Domest. Anim.

2020, 55 (Suppl. 2), 61–65. [CrossRef]
2. 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]
3. Platz, C.C.; Seager, S.W. Successful pregnancies with concentrated frozen canine semen. Lab. Anim. Sci. 1977, 27, 1013–1016.

[PubMed]
4. Okano, T.; Murase, T.; Asano, M.; Tsubota, T. Effects of final dilution rate, sperm concentration and times for cooling and glycerol

equilibration on post-thaw characteristics of canine spermatozoa. J. Vet. Med. Sci. 2004, 66, 1359–1364. [CrossRef] [PubMed]
5. Peña, 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]
6. 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]
7. Lechner, D.; Aurich, J.; Schäfer-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]
8. Mahiddine, F.Y.; Kim, M.-J. Overview on the Antioxidants, Egg Yolk Alternatives, and Mesenchymal Stem Cells and Derivatives

Used in Canine Sperm Cryopreservation. Animals 2021, 11, 1930. [CrossRef]
9. Amann, R.P.; Pickett, B.W. Principles of cryopreservation and a review of cryopreservation of stallion spermatozoa. J. Equine Vet.

Sci. 1987, 7, 145–173. [CrossRef]
10. Urbano, M.; Dorado, J.; Ortiz, I.; Morrell, J.M.; Demyda-Peyrás, S.; Gálvez, M.J.; Alcaraz, L.; Ramírez, 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]

11. Yeste, M.; Estrada, E.; Rocha, L.G.; Marín, H.; Rodríguez-Gil, J.E.; Miró, J. Cryotolerance of stallion spermatozoa is related to ROS
production and mitochondrial membrane potential rather than to the integrity of sperm nucleus. Andrology 2015, 3, 395–407.
[CrossRef] [PubMed]

12. Gautier, C.; Aurich, C. “Fine feathers make fine birds”—The mammalian sperm plasma membrane lipid composition and effects
on assisted reproduction. Anim. Reprod. Sci. 2021, 106884. [CrossRef] [PubMed]

13. Nöthling, J.O.; Gerstenberg, C.; Volkmann, D.H. Semen quality after thawing: Correlation with fertility and fresh semen quality
in dogs. J. Reprod. Fertil. Suppl. 1997, 51, 109–116. [PubMed]

14. Nöthling, J.O.; Shuttleworth, R. The effect of straw size, freezing rate and thawing rate upon post-thaw quality of dog semen.
Theriogenology 2005, 63, 1469–1480. [CrossRef]

15. Eilts, B.E. Theoretical aspects of canine cryopreserved semen evaluation. Theriogenology 2005, 64, 685–691. [CrossRef]
16. Schäfer-Somi, S.; Palme, N. Seminal Plasma Characteristics and Expression of ATP-binding Cassette Transporter A1 (ABCA1) in

Canine Spermatozoa from Ejaculates with Good and Bad Freezability. Reprod. Domest. Anim. 2016, 51, 232–239. [CrossRef]
17. Schäfer-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]
18. Dorado, J.; Alcaráz, L.; Duarte, N.; Portero, J.M.; Acha, D.; Hidalgo, M. Changes in the structures of motile sperm subpopulations

in dog spermatozoa after both cryopreservation and centrifugation on PureSperm(®) gradient. Anim. Reprod. Sci. 2011, 125,
211–218. [CrossRef]

19. Núñez-Martinez, I.; Moran, J.M.; Peña, F.J. Identification of sperm morphometric subpopulations in the canine ejaculate: Do they
reflect different subpopulations in sperm chromatin integrity? Zygote 2007, 15, 257–266. [CrossRef]

20. Petrunkina, A.M.; Gröpper, B.; Günzel-Apel, A.-R.; Töpfer-Petersen, E. Functional significance of the cell volume for detecting
sperm membrane changes and predicting freezability in dog semen. Reproduction 2004, 128, 829–842. [CrossRef]

21. Karger, S.; Geiser, B.; Grau, M.; Burfeind, O.; Heuwieser, W.; Arlt, S.P. Prognostic value of a pre-freeze hypo-osmotic swelling test
on the post-thaw quality of dog semen. Anim. Reprod. Sci. 2016, 166, 141–147. [CrossRef] [PubMed]

22. Szsz, F.; Sirivaidyapong, S.; Cheng, F.P.; Voorhout, W.F.; Marks, A.; Colenbrander, B.; Solti And, L.; Gadella, B.M. Detection of
calcium ionophore induced membrane changes in dog sperm as a simple method to predict the cryopreservability of dog semen.
Mol. Reprod. Dev. 2000, 55, 289–298. [CrossRef]

23. Domoslawska, A.; Zdunczyk, S.; Franczyk, M.; Kankofer, M.; Janowski, T. Total antioxidant capacity and protein peroxidation
intensity in seminal plasma of infertile and fertile dogs. Reprod. Domest. Anim. 2019, 54, 252–257. [CrossRef] [PubMed]

24. Neild, D.M.; Gadella, B.M.; Chaves, M.G.; Miragaya, M.H.; Colenbrander, B.; Agüero, A. Membrane changes during different
stages of a freeze–thaw protocol for equine semen cryopreservation. Theriogenology 2003, 59, 1693–1705. [CrossRef]

http://doi.org/10.1111/rda.13629
http://doi.org/10.1016/S0093-691X(02)00663-5
http://www.ncbi.nlm.nih.gov/pubmed/599877
http://doi.org/10.1292/jvms.66.1359
http://www.ncbi.nlm.nih.gov/pubmed/15585949
http://doi.org/10.1016/S0093-691X(00)00397-6
http://doi.org/10.1016/S0195-5616(91)50054-1
http://doi.org/10.1016/j.anireprosci.2021.106912
http://www.ncbi.nlm.nih.gov/pubmed/34971871
http://doi.org/10.3390/ani11071930
http://doi.org/10.1016/S0737-0806(87)80025-4
http://doi.org/10.1016/j.anireprosci.2013.10.005
http://doi.org/10.1111/andr.291
http://www.ncbi.nlm.nih.gov/pubmed/25294093
http://doi.org/10.1016/j.anireprosci.2021.106884
http://www.ncbi.nlm.nih.gov/pubmed/34776291
http://www.ncbi.nlm.nih.gov/pubmed/9404277
http://doi.org/10.1016/j.theriogenology.2004.07.012
http://doi.org/10.1016/j.theriogenology.2005.05.017
http://doi.org/10.1111/rda.12671
http://doi.org/10.24425/pjvs.2018.125607
http://doi.org/10.1016/j.anireprosci.2011.03.013
http://doi.org/10.1017/S0967199407004248
http://doi.org/10.1530/rep.1.00296
http://doi.org/10.1016/j.anireprosci.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26837622
http://doi.org/10.1002/(SICI)1098-2795(200003)55:3&lt;289::AID-MRD7&gt;3.0.CO;2-K
http://doi.org/10.1111/rda.13345
http://www.ncbi.nlm.nih.gov/pubmed/30222222
http://doi.org/10.1016/S0093-691X(02)01231-1


Animals 2022, 12, 733 10 of 12

25. Yeste, M. Sperm cryopreservation update: Cryodamage, markers, and factors affecting the sperm freezability in pigs. Theriogenol-
ogy 2016, 85, 47–64. [CrossRef]

26. Torres, M.A.; Pedrosa, A.C.; Novais, F.J.; Alkmin, D.V.; Cooper, B.R.; Yasui, G.S.; Fukumasu, H.; Machaty, Z.; de Andrade, A.F.C.
Metabolomic signature of spermatozoa established during holding time is responsible for differences in boar sperm freezability.
Biol. Reprod. 2022, 106, 213–226. [CrossRef]

27. Pedrosa, A.C.; Andrade Torres, M.; Vilela Alkmin, D.; Pinzon, J.E.P.; Kitamura Martins, S.M.M.; Da Coelho Silveira, J.; Furugen
Cesar de Andrade, A. Spermatozoa and seminal plasma small extracellular vesicles miRNAs as biomarkers of boar semen
cryotolerance. Theriogenology 2021, 174, 60–72. [CrossRef]

28. Fraser, L.; Brym, P.; Pareek, C.S.; Mogielnicka-Brzozowska, M.; Paukszto, Ł.; Jastrzębski, J.P.; Wasilewska-Sakowska, K.;
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