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Abstract

Until recently, canine semen assessment was routinely performed by conventional light micro-
scopic techniques. The limitations of these methods include subjectivity, variability, the small
number of spermatozoa analyzed, and poor correlation with fertilizing potential. The last decade,
several new in vitro techniques have been introduced for canine semen assessment that enable a more
detailed evaluation of several sperm characteristics. Numerous fluorescent staining techniques have
been developed for the evaluation of specific sperm characteristics and functions, including plasma
membrane integrity, capacitation status and the acrosome reaction. By combining fluorescent stains,
several functional sperm characteristics can be assessed simultaneously. Moreover, by means of flow
cytometry, large numbers of fluorescently labelled spermatozoa can be analysed in a short interval.
Following thorough standardization and validation, computer-assisted sperm analysis systems
provide objective and detailed information on various motility characteristics and morphometric
dimensions that cannot be identified by conventional light microscopic semen analysis. In vitro
assays, evaluating the capacity of canine spermatozoa to bind to the zona pellucida or oviductal
explants, or to penetrate the oocyte, provide additional information on canine gamete interaction that
may be useful in predicting the fertilizing potential of spermatozoa. Although substantial improve-
ments have been made in canine semen assessment, surprisingly few parameters were correlated with
in vivo fertility. Therefore, further research is required to determine which sperm characteristics are
of clinical value for predicting the in vivo fertility in dogs.
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1. Introduction

Although evaluation of conception rates remains the ultimate test to assess the
fertilizing capacity of canine semen, this method is time-consuming and results in the birth
of unwanted puppies [1,2]. Therefore, alternative methods to assess the functional capacity
of spermatozoa in vitro are required. Until recently, light microscopy was routinely used to
evaluate the principal parameters of dog semen, i.e. concentration, motility and
morphology [3]. Concentration is usually determined using a counting chamber [3].
Motility is assessed subjectively on a pre-warmed glass slide [3—5], whereas morphology is
assessed with various staining techniques [1,3].

The primary limitations of light microscopical methods are subjectivity and variability
[1,5,6]. Visual sperm motility assessment is difficult and is influenced by the temperature
and the evaluator’s skills, leading to high variability among laboratories and observers [7].
Assessment of morphology depends on the fixation and staining technique [8.,9], the
quality of the microscope, and the observer’s experience. An additional source of
laboratory variation is the relatively low number of spermatozoa analysed with these
conventional techniques [10]. Furthermore, these parameters often have poor correlation
with fertility potential, making the interpretation of the data very difficult [6,11-13].
Although several reports related specific sperm defects to canine infertility [14—16], actual
threshold values below which in vivo fertility is impaired, are rarely described for dogs [1].

Recently, several techniques have been described which may enable more accurate
prediction of the fertilizing capacity of a canine semen sample [2,17]. These new
techniques allow for the assessment of several functional characteristics of spermatozoa
which are related to the capacity to reach, bind, penetrate, or fertilize an oocyte [2,17].
Additionally, conventional light microscopic semen assessment is increasingly being
replaced by fluorescent staining techniques, computer-assisted sperm analysis (CASA)
systems, and flow cytometry [18,19]. Therefore, the aim of the present review is to discuss
several recent techniques for the assessment of canine semen quality.

2. Recent techniques for assessment of canine sperm quality

To fertilize an oocyte, a sperm cell should have the capacity to perform several functions
since successful fertilization requires a succession of reactions. Recently, considerable
information has been accumulated on the assessment of several sperm functions allowing
for a more detailed evaluation of dog sperm quality [17]. These new techniques can roughly
be divided into five different categories: (1) fluorescent stains; (2) computer-assisted sperm
analysis; (3) zona pellucida-binding assay; (4) oocyte penetration assay/in vitro
fertilization; and (5) sperm—oviduct interaction.

2.1. Fluorescent stains
During the last decade, numerous fluorescent staining techniques have become

available for the assessment of specific sperm functions in dogs, such as the integrity of the
plasma membrane, the capacitation status and the acrosome reaction.
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2.1.1. Membrane integrity

The integrity of the plasma membrane is essential for the fertilizing capacity of
spermatozoa. Until recently, the membrane intactness of dog spermatozoa was routinely
assessed by means of light microscopic stains, such as eosin/nigrosin [20,21] or trypan blue
[22]. The major problem with these techniques is that spermatozoa may show partial
staining, making interpretation difficult [23]. Furthermore, several ingredients, such as
glycerol or fat globules (present in most cryopreservation media), may interfere with these
stains [24]. An indirect method to evaluate the membrane integrity is by exposing
spermatozoa to hypo-osmotic conditions (i.e. the hypo-osmotic swelling test) [25], since
the number of swollen spermatozoa was shown to be inversely proportional to the number
of spermatozoa with damaged membranes [26].

During the last decade, several fluorescent dyes were used and validated for the
assessment of the sperm membrane integrity in dogs: carboxyfluorescein diacetate (CFDA)
in combination with propidium iodide (PI) [10,27], SYBR-14 in combination with PI
[28,29], carboxy-seminaphthorhodfluor (Carboxy-SNARF) in combination with PI [8],
calcein-AM in combination with ethidium homodimer (Calcein-AM/EthD-1) [30] and
Hoechst 33258 [31]. Both CFDA and SYBR-14 are membrane-permeant, non-fluorescent
compounds which are rapidly converted by intracellular esterases into highly fluorescent,
membrane impermeant green fluorophores which are maintained intracellular by intact
membranes [10]. Upon cell death, spermatozoa lose their ability to resist the influx of red
fluorescent PI, which replaces or quenches CFDA or SYBR-14 [32]. Viable and intact
spermatozoa membranes show a green fluorescence (CFDA; SYBR14; Calcein) whereas
the membrane of damaged (dead) spermatozoa stain red (PI; EthD-1) [10,28]. Carboxy-
SNARF-1 is an intracellular pH indicator staining live spermatozoa orange [8]. The
bisbenzimide stain Hoechst 33258 labels non-viable (dead) spermatozoa bright blue,
whereas viable cells are not stained [31].

When comparing SYBR14-PI with eosin/nigrosin, Rijsselaere et al. [28] were inclined
to consider SYBR14-PI as the most sensitive method, since minor membrane damages
caused by centrifugation could be detected by this fluorescent technique but not with
conventional eosin/nigrosin staining. Previous studies on fowl [33] and bovine [34], using
known proportions of killed and viable spermatozoa, also confirmed the efficacy of
SYBRI14-PI to detect dead spermatozoa. The major advantage of fluorescent staining
techniques is the possibility to analyse fluorescently labelled spermatozoa by means of
flow cytometry, enabling the evaluation of larger numbers of spermatozoa in a short
interval. Pefa et al. [10,18] found high correlations between flow cytometry and
epifluorescence microscopy for the percentage of live and dead spermatozoa as determined
by a CFDA-PI staining. Additionally, these fluorescent methods were highly correlated
with the results obtained from eosin/nigrosin staining. The proportion of non-viable cells
labelled with Hoechst 33258 was highly correlated with the dead spermatozoa stained with
eosin/nigrosin, if Hoechst 33258 was added at a concentration of 70 wg/mL [10]. The
results obtained by the combination SNARF/PI were highly correlated with the CFDA/PI
staining [18]. Other advantages of fluorescent stains are the possibility to assess the
function of the semen sample without the interference of fat globules or other non-stained
material [10] and that differences between the sperm populations are more consistent and
clear [28]. Furthermore, several functional characteristics (e.g. membrane integrity and



T. Rijsselaere et al./Theriogenology 64 (2005) 706—719 709

acrosomal status) may be evaluated simultaneously, e.g. by combining these stains with the
fluorescently labelled lectines FITC-PSA or FITC-PNA [8]. Finally, using SYBR14-PI, a
more subtle distinction between spermatozoa can be made since three cell populations can
be identified (live, dead, and moribund spermatozoa), whereas the conventional eosin/
nigrosin stain only discriminates between two groups (live and dead spermatozoa) [32].

2.1.2. Capacitation status

Although spermatozoa are motile upon release from the male genital tract, they require
a complex sequence of membrane alterations, known as capacitation, before they can
fertilize an oocyte [31,35]. Once they are in contact with the oocyte, capacitated
spermatozoa are able to undergo the acrosome reaction [31].

In dogs, several methods have been described for the evaluation of the capacitation
status of spermatozoa: the chlortetracycline assay (CTC) [28,36,37], a fluoresceinated
lectin stain [38], and measurements of sperm motility characteristics by a CASA system
which are indicative of sperm capacitation or hyperactivation [37]. Recently, Petrunkina
et al. [35,39] described the use of the fluorescent staining ‘Cy3-conjugated anti-mouse
IgG’ to study the kinetics of tyrosine phosphorylation, a crucial step in capacitation.

The fluorescent antibiotic CTC-staining has been utilized to assess the degree of
destabilization of the sperm membrane. Upon entering the sperm cell, CTC binds free
calcium ions (Ca*"). These CTC-Ca** complexes become fluorescent and bind to
hydrophobic regions of the cell membrane [36]. In addition to the determination of
acrosomal status, CTC staining enables the spermatozoa to be designated as capacitated or
uncapacitated [31,37]. As originally described in mouse [40] and confirmed in several
other mammalian species, canine spermatozoa stained with CTC display three fluorescent
patterns: uncapacitated and acrosome intact (F-pattern), capacitated and acrosome intact
(B-pattern), and capacitated and acrosome reacted (AR-pattern) [31]. By combining this
CTC staining with Hoechst 33258, the sperm viability can be assessed simultaneously
making sure that only viable spermatozoa are evaluated for capacitation status [31,37,41].

2.1.3. Acrosomal status

The acrosome reaction is a prerequisite for the successful penetration of the oocyte. By
fusion of the sperm plasma membrane with the outer acrosomal membrane, spermatozoa
release their acrosomal enzymatic content by a modified form of exocytosis, enabling them
to penetrate the zona pellucida [42].

Acrosomal status can be determined with several non-fluorescent stainings such as eosin/
nigrosin [21], Giemsa [43], Trypan blue/Bismark brown/Rose Bengal [44] or Spermac@
[1,45]. Recently, several fluorescent dyes have been validated which are considered, due to
greater contrast, to be superior for the discrimination between acrosome intact and acrosome
damaged spermatozoa [46]. Acrosomal status is mostly shown by lectins, which are
conjugated with a fluorescein isothiocyanate, such as Peanut Agglutinin (FITC-PNA)
[30,47,48] or Pisum Sativum Agglutinin (FITC-PSA) [8,9,42,48]. These lectins bind
specifically to the acrosomal contents by interacting with the glycoconjugates of the outer
acrosomal membranes (Peanut agglutinin, PNA) [30,47] or with the saccharide groups of the
glycoprotein pro-acrosin (Pisum sativum agglutinin, PSA) [9]. FITC-PSA has been reported
to stain the acrosomal region of canine testicular [48], epididymal [49] and ejaculated [38,50]
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spermatozoa, demonstrating that the lectin-binding capacity does not change during
epididymal transport. Labeling permeabilized spermatozoa with FITC-PSA or FITC-PNA
renders acrosome-intact cells brightly fluorescent over the entire acrosomal region of the
sperm head, while acrosome-reacted spermatozoa have either no acrosomal labeling, or only
have FITC fluorescence of the equatorial segment [30,42]. Indirect immunofluorescence
using monoclonal or polyclonal antibodies [42,51] and CTC-staining [36] have also been
used to evaluate the acrosomal status of dog spermatozoa. FITC-PNA and FITC-PSA have
been successfully combined with fluorescent stains, such as Hoechst 33258 [42], carboxy-
SNARF/PI [8] and ethidium homodimer [47], allowing for the simultaneous assessment of
the membrane integrity by epifluorescence or flow cytometry.

Assessment of acrosomal status, as determined by a FITC-PSA stain, correlated
significantly with that of samples stained with Spermac™ [18], the triple staining Trypan
blue, Bismark brown and Rose Bengal [44], and with indirect immunofluorescence with an
antisperm antiserum [42]. Guérin et al. [36] suggested that the CTC staining was a more
reliable method for the detection of acrosome reaction than Spermac‘@, since the latter stain
systematically overestimated the percentage of acrosome reacted spermatozoa when
compared with CTC staining. Flow cytometric assessment of the acrosomal status by a
FITC-PSA/PI staining was highly correlated with the results obtained with Spermac™ [9].
However, some of the initially reacting spermatozoa were undetected by the Spermac™
stain, whereas FITC-PSA bound sufficiently to be detected by epifluorescence microscopy.
Additionally, Pefa et al. [9] found that epifluorescence microscopy was less precise than
flow cytometry for detecting the percentage of spermatozoa with damaged acrosomes,
probably due to the difference in sample size.

The percentage of sperm cells having an intact acrosome and being able to undergo the
acrosome reaction upon triggering by treatment with calcium ionophores [47] or
lysophosphatidyl choline [18] is regarded as an important semen characteristic in dogs.
Interestingly, in dogs, the artificial induction of the acrosome reaction of a fresh semen
sample with calcium ionophore may be useful to predict whether the sample can be
successfully cryopreserved [47].

3. Computer-assisted sperm analysis (CASA)

The high variations reported in the estimation of sperm motility [52-54] and
morphology parameters [55,56] of the same ejaculate assessed by different observers
implicate an absolute need for objective and standardized methods, both for clinical and
research purposes [7,57]. This has led to the development of several semi-computerized
[5,58,59] and computerized measuring devices [5,7,57,60-62] for the evaluation of canine
motility, morphology, and concentration. The use of CASA systems for veterinary
purposes has recently been discussed in a review by Verstegen et al. [19].

3.1. Motility assessment

During the last decade, several commercial CASA systems (i.e. CellSoft computer
videomicrography, Stromberg-Mika Cell motion analyzer, Hobson Sperm Tracker, and
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Hamilton-Thorne), based predominantly on individual spermatozoon assessment, were
validated for use in dogs [5,7,57,60,61]. These systems offer an accurate and rapid
calculation of different semen parameters, such as total and progressive motility, slow,
medium and rapid moving spermatozoa, linearity of sperm movement, the beat cross
frequency, the amplitude of the lateral head displacement, and several velocity parameters
[5,7,57,60,61]. Several studies found high correlations between the computer-calculated
motility, progressive motility and concentration, and the conventional light microscopic
evaluation [7,60,61]. Additionally, these computerized measuring devices proved to be
useful to assess various semen characteristics simultaneously and objectively, and are
valuable for the detection of subtle changes in sperm motion that could not be identified by
conventional semen analysis [19,37,60,61]. Finally, large numbers of spermatozoa can be
analyzed individually in a short interval [5,61].

The main problems using these computerized measuring devices are the high investment
costs and the extreme need for standardization and validation of the system before any
practical use is possible [7,19,57,61]. Indeed, the choice of internal image settings (e.g.
minimum contrast, frame rate, analysis time), which are important to identify and reconstruct
the trajectory of the different spermatozoa accurately, clearly influences the results obtained
[57,60,61]. In dogs, significant alterations of the motility characteristics measured by CASA
systems have been described due to the dilution of the semen sample [57,61], the diluent used
[57,61], the analysis temperature [7,57] and the counting chamber [7]. Once these systems
have been standardized, a high degree of repeatability can be achieved with inter- and intra-
assay coefficients of variation of <12% for most parameters [7,57].

As a consequence, the computer parameters selected, the software used and the
microscopy conditions might lead to a new source of subjectivity among laboratories.
These technical settings should, therefore, be standardized [7,57,61]. However, due to the
lack of uniformity among users and due to the use of different instruments, a definition of
standard accepted values for motility and sperm velocity is difficult to determine in dogs
[19]. Moreover, standardization of the technical settings is required in order to compare
results among laboratories and andrologic centers, which is becoming increasingly
important as international exchange of diluted and frozen dog semen expands [60].
Although Iguer-ouada and Verstegen [7] and Rijsselaere et al. [61] provided datasets of
CASA measurements obtained from proven fertile dogs that could serve as preliminary
references, the specific sperm movement characteristics that are of clinical value for the
prediction of in vivo fertility in dogs are yet to be determined.

Recently, an easy to use and inexpensive device, the Sperm Quality Analyzer (SQA),
was introduced and validated for the assessment of fresh [5,59] and cryopreserved dog
semen [59]. This semi-automated instrument detects variations in optical density, resulting
from a light beam passing through a capillary tube with moving spermatozoa. A
photometric cell registers these fluctuations in optical density and converts this
information, through mathematical algorithms, digitally to a numerical output called
the sperm motility index (SMI). The manufacturer claims the SMI expresses the overall
sperm sample quality, taking into account the concentration, the progressive motility and
the percentage spermatozoa with normal morphology. The results obtained by the SQA
were compared with Hamilton—Thorne measurements [5] and with conventional light
microscopical evaluation [59]. The device displayed a good repeatability of measurements
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for semen of medium and high quality, whereas higher variations were obtained for poor
quality dog semen [5,59]. For sperm concentrations below 150-200 x 10° mL ™", highly
significant correlations were established between SMI values and the sperm concentration,
and several semen parameters assessing overall semen quality, respectively [5,59]. At
higher sperm concentrations, the system appeared to saturate, probably because
spermatozoa are so condensed, making free movement within the capillary more difficult
[59]. However, whether the correlation between SMI and in vivo fertility in dogs has not
been determined.

3.2. Morphometry

Automated sperm morphometric evaluation has the potential to eliminate several
drawbacks inherent to the current methods of sperm morphology evaluation, and allows for
the identification of subtle sperm characteristics that cannot be detected by visual light
microscopic evaluation. Previously, canine sperm morphology assessment has been
attempted by means of scanning (SEM) and transmission electron microscopic (TEM)
images [1,63-65]. These studies mainly evaluated membrane and acrosomal damage that
occurred following cryopreservation, elucidating major changes in the acrosomal region
after freezing and thawing. Afterwards, several canine sperm head dimensions (length,
width, area, roundness) were measured automatically using a Leica computer system and
were compared with the results obtained by TEM [43]. Recently, the Metrix Oval Head
Morphology software (Metrix) was implemented in the Hamilton—-Thorne (HTR) and
validated for the evaluation of dog sperm morphometric dimensions and morphology [62].
This system provides very detailed information on sperm head dimensions (length, width,
area, roundness, perimeter), tail length and tail abnormalities (bent, coiled, absent). Based on
these studies, dog sperm heads appeared to be smaller than bull, ram, goat and rabbit sperm
heads but, interestingly, were larger than horse sperm heads [43,62]. Although Dahlbom et al.
[43] provided data for proven fertile dogs, large variations in sperm morphometry were
reported among individual dogs, suggesting that the evaluation of larger numbers of dogs
might be necessary to obtain a reliable and accurate estimation of the normal limits of canine
sperm dimensions [43,62]. Furthermore, validation and standardization of these systems
before use are required, as the magnification level of the objective, sperm concentration and
the staining method influence most of the morphometric dimensions obtained [43,62]. High
correlations were established for the percentage of normal spermatozoa assessed by light
microscopic evaluation (eosin/nigrosin and Diff-Quick-staining) and by the HTR-Metrix
[62]. However, most of these automated systems are very time-consuming [43,62].
Additionally, further research is needed to determine which sperm morphometric parameters
are correlated with the in vivo fertility in dogs.

4. Zona pellucida binding assay
Sperm binding to the zona pellucida (ZP) is a crucial step in fertilization [66].

Therefore, in vitro tests investigating the ability of spermatozoa to bind to the homologous
ZP may be useful in predicting the fertilizing potential of spermatozoa. Moreover, since ZP
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binding is receptor-ligand mediated, the zona binding assay is believed to detect sperm
damage at a molecular level which is not visible by conventional semen analysis
techniques [67,68].

The zona binding capacity of canine spermatozoa has been evaluated by two types of
assays: one using intact homologous oocytes (ZP-binding assay, ZBA) [66,68,69], the
other using bisected hemizonae (hemizona binding assay, HZA) [13,67]. Briefly, in the
ZBA, spermatozoa are co-incubated with oocytes that are usually obtained from sliced
ovaries removed at ovariohysterectomy [66,70]. Subsequently, the number of spermatozoa
bound to the ZP is counted using phase-contrast [70] or fluorescence microscopy [66,71].
Using the ZBA, Strom Holst et al. [69] showed that binding of dog spermatozoa to the ZP is
a specific feature of living spermatozoa. Since canine oocytes are not routinely available,
several types of oocyte storage have been evaluated [66,69]. Salt-stored oocytes and
oocytes from frozen—thawed ovaries appeared to have a reduced sperm binding capacity
compared to that of fresh oocytes [66,71,72]. Attachment of spermatozoa to the zona did
not differ significantly between fresh and cooled (5 °C) oocytes [71]. Another drawback of
the ZBA is the variation of sperm binding capacity among oocytes, requiring large numbers
of oocytes and replicates [13,68,69]. This variation can partly be overcome by the HZA.
Using this assay, the canine oocyte is bisected by means of micromanipulation and the
dense ooplasma is dislodged [13,67]. The two parts of the zona are subsequently incubated
with a semen sample and the number of bound spermatozoa is determined using phase-
contrast microscopy [13,67]. The advantages of the HZA are the possibility to compare the
binding capacities between a control male and a test male, and that the zonae may be stored
either chilled or frozen [13]. Significant differences in sperm binding capacity between
infertile and fertile dogs [13], and between fresh and frozen-thawed spermatozoa have been
described using the HZA [67]. However, the HZA is time-consuming and technically more
demanding [68], and various factors may affect the results, such as the quality of the zona
and the concentration of motile spermatozoa used in the assay [13]. Moreover, in humans
the HZA is recently questioned since the sperm-binding capacity of oocytes appears to be
unevenly distributed, which is in contradiction with the basic assumption of the HZA that
the sperm binding affinity is evenly distributed along the zona [68,73].

5. Oocyte penetration assay and in vitro fertilization

The ultimate laboratory test is to assess whether spermatozoa are capable of fertilizing
oocytes in vitro since pronuclear formation requires both zona binding and penetration, and
sperm head decondensation [6]. In several mammalian species, in vitro fertilization (IVF)
of matured oocytes is well established and used routinely [74—78]. In dogs however, in vitro
maturation (IVM) and fertilization (IVF) of oocytes is difficult to achieve (for review see
[79,80]) and, despite the numerous attempts to improve the results (for review see [17,80]),
the percentages of canine oocytes which are fertilised in vitro are generally very low
[6,41,71,81-84]. Additionally, further embryonic development did not occur except in
studies performed by Yamada et al. [83] and Rodrigues et al. [41] in which, respectively 2
and 0.75% of the fertilised oocytes reached the eight-cell stage. Recently, one study
produced a single blastocyst [85] and England et al. [86] reported a pregnancy following
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IVF in the bitch with subsequent embryo resorption. The use of intracytoplasmatic sperm
injection (ICSI), involving the injection of one sperm cell directly into the ooplasm of the
oocyte, has been described in dogs by Fulton et al. [87], yielding 8% of oocytes with both
male and female pronuclei.

Unlike most other mammalian species, capacitated dog spermatozoa are able to
penetrate immature oocytes [6,81] subsequently inducing chromatin decondensation [88]
and resumption of meiosis [89]. Consequently, in dogs, both immature and in vitro/in vivo
matured oocytes could be used for an in vitro penetration test [6,71,90]. However, due to
the difficulties associated with the in vitro maturation of canine oocytes, the use of
immature oocytes has been better documented [72]. Moreover, no significant differences
were found in oocyte penetration following sperm interaction with mature and immature
oocytes, demonstrating that culturing oocytes has no beneficial effect on this penetration
test [17,81]. The zona pellucida/oocyte penetration test (OPT) evaluates by means of
fluorescence (e.g. Hoechst 33258 or PI in combination with WGA-FITC) [6,71,72,90] or
light microscopy (e.g. aceto-orcein) [6] the presence of canine sperm heads in the
perivitelline space and ooplasm of the oocyte after several hours of sperm—oocyte co-
incubation [6]. To avoid ambiguity about the location of spermatozoa (i.e. bound or
penetrated) the observations obtained by fluorescence microscopy were compared with
those obtained by confocal microscopy, confirming that fluorescence microscopy correctly
identified 98% of the spermatozoa that had penetrated the oocyte [91]. Higher levels of ZP
penetration were observed in oocytes with an intact cumulus oophorus, suggesting an
important role of cumulus cells in canine gamete interaction [72].

The OPT is a less time-consuming technique than IVF, since maturation of the oocytes is
not required and only the penetration of the oocyte is evaluated and not the further
development [6]. Sperm penetration of the zona and/or the ooplasm was shown to be
reproducible [71] and to be closely associated with the sperm motility [90]. No correlation
was found between the acrosomal status of the spermatozoa and sperm penetration [6,41].
Additionally, the OPT proved to be a useful alternative method to evaluate several freeze-
thawing and chilling procedures for canine semen preservation more effectively [90] and
might even provide an alternative for the assessment of the sperm quality of wolves [71].
Indeed, preliminary investigations suggested that oocytes from domestic dogs can be used
to evaluate the sperm quality from wild canidae such as the timber wolf (Canis lupus) and
the red wolf (Canis rufus) [71].

6. Sperm—oviduct interaction

The fertile lifespan of spermatozoa in the reproductive tract of the bitch is considerably
longer than in most other domestic species [92,93]. To remain functionally competent until
the time of fertilization, storage of spermatozoa in a sperm reservoir is required [93].
Several in vivo studies reported that the major sperm reservoirs in the dog are located in the
uterine crypts [94,95] and the utero-tubal junction [95,96]. However, several authors
suggested that the sperm reservoir might be located in the oviduct since a number of in vitro
studies showed that sperm survival was prolonged by co-incubating canine spermatozoa
with homologous [39,97-99] or heterologous [35] oviductal epithelium.
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One can imagine that if a dog is unable to populate the sperm reservoir with a sufficient
number of spermatozoa, this might interfere with its fertility. Additionally, dogs may differ
in their capacity to establish a sperm reservoir. In vitro tests investigating the interaction of
spermatozoa with oviductal explants might, therefore, not only provide information about
the physiology and mechanisms of sperm—oviduct binding in dogs [35,39,97-99] but may
also be useful to evaluate and compare the binding capacity of individual ejaculates [39].
Our laboratory recently optimised a reliable in vitro approach to study sperm binding to
oviductal epithelium in bovine [100]. By means of this in vitro model, it was shown that the
capacity of spermatozoa to bind to oviduct explants varied among bulls and that the number
of spermatozoa bound to oviduct epithelial explants was positively correlated with the non-
return rates (i.e. preliminary pregnancy rates) [100]. Despite the fact that various aspects of
sperm—oviduct binding (i.e. effect of stage of the oestrous cycle, effect of the region of the
oviduct, homologous versus heterologous oviductal epithelium) [35,39,98,99] have been
investigated in dogs, the capacity of canine spermatozoa to bind to oviduct explants has not
yet been correlated with in vivo fertility. Moreover, regarding the conflicting findings on
the location of the sperm reservoir in the dog, it might also be interesting to evaluate
whether canine sperm interaction with epithelial explants from the uterine body or uterine
horn also leads to a prolonged flagellar activity and viability of spermatozoa and whether
this in vitro model is correlated with the in vivo fertility in dogs [95].

7. Conclusion

The last decade, canine semen quality assessment has progressed considerably. Several
new techniques have been introduced which allow for a very detailed and rapid evaluation of
various specific sperm functions that cannot be visualized by subjective light microscopic
techniques. Moreover, by means of CASA systems or flow cytometry, large numbers of
spermatozoa can be analysed simultaneously. However, few studies in dogs have correlated
sperm characteristics with in vivo fertility or defined threshold values. Since successful
fertilization is the result of a succession of various reactions, laboratory assays which assess a
single sperm function are unlikely to accurately predict potential fertility. A combination of
several sperm quality measurements probably has a better correlation with in vivo fertility
[27] than any single measurement. Therefore, futurer research in canine andrology should
determine which sperm characteristics are of the most useful for the prediction of in vivo
fertility. The difficulty in establishing correlations with in vivo fertility in the dog, however is
the rather limited number of breedings per dog in comparison with other species (e.g. cattle),
and the high incidence of conception failure due to poor breeding management in dogs, which
frequently results in mistimed breedings [101].

References

[1] Oettlé EE. Sperm morphology and fertility in the dog. J Reprod Fertil Suppl 1993;47:257-60.
[2] Van Soom A, Rijsselaere T, Van Den Broeck W, de Kruif A. Beoordeling van de fertiliteit van vers en
ontdooid hondensperma. Flemish Vet J 2001;70:262-70.



716 T. Rijsselaere et al./Theriogenology 64 (2005) 706719

[3] Johnston SD. Performing a complete canine semen evaluation in a small animal hospital. Vet Clin North
Am Small Anim Pract 1992;21:545-51.

[4] Strom B, Rota A, Linde-Forsberg C. In vitro characteristics of canine spermatozoa subjected to two
methods of cryopreservation. Theriogenology 1997;48:247-56.

[5] Iguer-ouada M, Verstegen JP. Validation of the sperm quality analyzer (SQA) for dog sperm analysis.
Theriogenology 2001;55:1143-58.

[6] Hewitt DA, England GCW. The canine oocyte penetration assay; its use as an indicator of dog spermatozoal
performance in vitro. Anim Reprod Sci 1997;50:123-39.

[7] Iguer-ouada M, Verstegen JP. Evaluation of the ‘“‘Hamilton Thorne computer-based automated system” for
dog semen analysis. Theriogenology 2001;55:733—49.

[8] Pefia A, Johannisson A, Linde-Forsberg C. Post-thaw evaluation of dog spermatozoa using new triple
fluorescent staining and flow cytometry. Theriogenology 1999;52:965-80.

[9] Peiia Al, Quintela LA, Herradon PG. Flow cytometric assessment of acrosomal status and viability of dog
spermatozoa. Reprod Domest Anim 1999;34:495-502.

[10] Pefia Al Quintela LA, Herradon PG. Viability assessment of dog spermatozoa using flow cytometry.
Theriogenology 1998;50:1211-20.

[11] Linford E, Glover FA, Bishop C, Stewart DI. The relationship between semen evaluation methods and
fertility in the bull. J Reprod Fertil 1976;47:283-91.

[12] Morton DB, Bruce SG. Semen evaluation, cryopreservation and factors relevant to the use of frozen semen
in dogs. J Reprod Fertil Suppl 1989;39:311-6.

[13] Mayenco-Aguirre AM, Pérez Cortés AB. Preliminary results of hemizona assay (HZA) as a fertility test for
canine spermatozoa. Theriogenology 1998;50:195-204.

[14] Renton JP, Harvey MJA, Harkin S. A spermatozoal abnormality in dogs related to infertility. Vet Rec
1980;118:429-30.

[15] Oettlé EE, Soley JT. Infertility in a Maltese poodle as a result of a sperm midpiece defect. J S Afr Vet Assoc
1985;56:103-6.

[16] Plummer JM, Watson PF, Allen WE. A spermatozoal midpiece abnormality associated with infertility in a
Llasa Apso dog. J Small Anim Pract 1987;28:743-51.

[17] Hewitt DA, England GCW. Manipulation of canine fertility using in vitro culture techniques. J Reprod
Fertil Suppl 2001;57:111-25.

[18] Pefia A, Johannisson A, Linde-Forsberg C. Validation of flow cytometry for assessment of viability and
acrosomal integrity of dog spermatozoa and for evaluation of different methods of cryopreservation. J
Reprod Fertil Suppl 2001;57:371-6.

[19] Verstegen J, Iguer-ouada M, Onclin K. Computer assisted semen analyzers in andrology and veterinary
practice. Theriogenology 2002;57:149-79.

[20] Bangham AD, Hancock JL. A new method for counting live and dead spermatozoa. Nature 1955;176:656.

[21] Dott HM, Foster GC. A technique for studying the morphology of mammalian spermatozoa which are
eosinophylic in a differential ‘live/dead’ stain. J Reprod Fertil 1972;29:443-5.

[22] Risopatron J, Catalan S, Miska W, Schill WB, Sanchez R. Effect of albumin and polyvinyl alcohol on the
vitality, motility and acrosomal integrity of canine spermatozoa incubated in vitro. Reprod Domest Anim
2002;37:347-51.

[23] Hancock JL. The morphology of boar spermatozoa. J R Microsc Soc 1957;76:84-97.

[24] Mixner JP, Saroff J. Interference by glycerol with differential staining of bull spermatozoa. J Dairy Sci
1954;37:652.

[25] Kumi-DiakaJ. Subjecting canine semen to the hypo-osmotic swelling test. Theriogenology 1993;39:1279-89.

[26] England GCW, Plummer JM. Hypo-osmotic swelling of dog spermatozoa. J Reprod Fertil Suppl
1993;47:261-70.

[27] Rota A, Strom B, Linde-Forsberg C. Effects of seminal plasma and three extenders on canine semen stored
at 4 °C. Theriogenology 1995;44:885-900.

[28] Rijsselaere T, Van Soom A, Maes D, de Kruif A. Effect of centrifugation on in vitro survival of fresh diluted
canine spermatozoa. Theriogenology 2002;57:1669-81.

[29] Yu L, Songasen N, Godke RA, Leibo SP. Differences among dogs in response of their spermatozoa to
cryopreservation using various cooling and warming rates. Cryobiology 2002;44:62-78.



T. Rijsselaere et al./Theriogenology 64 (2005) 706—719 717

[30] Sirivaidyapong S, Cheng FP, Marks A, Voorhout WF, Bevers MM, Colenbrander B. Effect of sperm diluents
on the acrosome reaction in canine sperm. Theriogenology 2000;53:789-802.

[31] Hewitt DA, England GCW. An investigation of capacitation and the acrosome reaction in dog spermatozoa
using a dual fluorescent staining technique. Anim Reprod Sci 1998;51:321-32.

[32] Garner DL, Johnson LA. Viability assessment of mammalian sperm using SYBR14 and propidium iodide.
Biol Reprod 1995;53:276-84.

[33] Chalah T, Brillard JP. Comparison of assessment of fowl sperm viability by eosin/nigrosin and dual
fluorescence (SYBR14-PI). Theriogenology 1998;50:487-93.

[34] De Pauw I, Verberckmoes S, Vanroose G, Van Soom A, de Kruif A. Comparison of eosin/nigrosin and Sybr-
14/P1 staining for the assessment of the membrane status of bull sperm. Lyon: Proceedings: 15¢ European
Embryo Transfer Association, 1999. p. 140.

[35] Petrunkina AM, Simon K, Giinzel-Apel AR, Topfer-Peterson E. Regulation of capacitation of canine
spermatozoa during co-culture with heterologous oviductal epithelial cells. Reprod Domest Anim
2003;38:455-63.

[36] Guérin P, Ferrer M, Fontbonne A, Bénigni L, Jacquet M, Ménézo Y. In vitro capacitation of dog
spermatozoa as assessed by chlortetracycline staining. Theriogenology 1999;52:617-28.

[37] Rota A, Pefia Al, Linde-Forsberg C, Rodriguez-Martinez H. In vitro capacitation of fresh, chilled and
frozen-thawed spermatozoa assessed by the chlortetracyclin assay and changes in motility patterns. Anim
Reprod Sci 1999;57:199-215.

[38] Kawakami E, Vandevoort CA, Mahi-Brown CA, Tollner TL, Overstreet JW. Comparison of a fluorescei-
nated lectin stain with triple staining for evaluating acrosome reactions of dog spermatozoa. J Exp Zool
1993;265:599-603.

[39] Petrunkina AM, Simon K, Giinzel-Apel AR, Topfer-Peterson E. Kinetics of protein tyrosine phosphoryla-
tion in sperm selected by binding to homologous and heterologous oviductal explants: how specific is the
regulation by the oviduct. Theriogenology 2004;61:1617-34.

[40] Ward CR, Storey BT. Determination of the time course of capacitation in mouse spermatozoa using a
chlortetracycline fluorescence assay. Dev Biol 1984;104:287-96.

[41] Rodrigues BA, Dos Santos LC, Rodrigues JL. Embryonic development of in vitro matured and in vitro
fertilized dog oocytes. Mol Reprod Dev 2004;67:215-23.

[42] Kawakami E, Vandevoort CA, Mahi-Brown CA, Overstreet JW. Induction of acrosome reactions of canine
sperm by homologous zona pellucida. Biol Reprod 1993;48:841-5.

[43] Dahlbom M, Andersson M, Vierula M, Alanko M. Morphometry of normal and teratozoospermic canine
sperm heads using an image analyzer: work in progress. Theriogenology 1997;48:687-98.

[44] Talbot TL, Chacon RS. A triple-stain technique for evaluating normal acrosome reactions of human sperm.
J Exp Zool 1981;215:201-8.

[45] Watson PE. Use of Giemsa stain to detect changes in acrosomes of frozen ram spermatozoa. Vet Rec
1975;97:12-5.

[46] Cross NL, Meizel S. Methods for evaluating the acrosomal status of mammalian sperm. Biol Reprod
1989;41:635-41.

[47] Szasz F, Sirivaidyapong S, Cheng FP, Voorhout WF, Marks A, Colenbrander B, et al. 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;55:289-98.

[48] Kawakami E, Morita Y, Hori T, Tsutsui T. Lectin-binding characteristics and capacitation of canine
epididymal spermatozoa. J Vet Met Sci 2002;64:543-9.

[49] Bateman HL, Hay MA, Mastromonaco GF, Ryckman DP, Goodrowe KL. Characterization of canine
epididymal spermatozoa. Theriogenology 2000;53:486.

[50] Geussova G, Peknicova J, Capkova J, Kalab P, Moos J, Philimonenko VYV, et al. Monoclonal antibodies to
canine intra-acrosomal status during capacitation and acrosome reaction. Androl 1997;29:261-8.

[51] Brewis IA, Morton IE, Moore HD, England GC. Solubilized zona pellucida proteins and progesterone
induce calcium influx and the acrosome reaction in capacitated dog spermatozoa. Mol Reprod Dev
2001;60:491-7.

[52] Chong AP, Walters CA, Weinrieb SA. The neglected laboratory test. The semen analysis. J Androl
1983;4:280-2.



718 T. Rijsselaere et al./Theriogenology 64 (2005) 706719

[53] Jequier AM, Ukombe EB. Errors inherent in the performance of routine semen analysis. Br J Urol
1983;55:434-6.

[54] Mortimer D, Shu MA, Tan R. Standardization and quality control of sperm concentration and sperm
motility counts in semen analysis. Hum Reprod 1986;1:299-303.

[55] Baker HWG. Clarke GN. Sperm morphology: consistency of assessment of the same sperm by different
observers. Clin Reprod Fertil 1987;5:37—43.

[56] Kruger TF, du Toit TC, Franken DR, Menkveld R, Lombard CJ. Sperm morphology: assessing the
agreement between the manual method (strict criteria) and the sperm morphology analyser IVOS. Fertil
Steril 1995;63:134-41.

[57] Smith SC, England GCW. Effect of technical settings and semen handling upon motility characteristics of
dog spermatozoa measured by computer-aided sperm analysis. J Reprod Fertil Suppl 2001;57:151-9.

[58] England GCW, Allen WE. Evaluation of cellulose acetate/nitrate filter for measuring the motility of dog
spermatozoa. J Reprod Fertil 1990;88:369-74.

[59] Rijsselaere T, Van Soom A, Maes D, de Kruif A. Use of the Sperm Quality Analyzer (SQA-IIC) for the
assessment of dog sperm quality. Reprod Domest Anim 2002;37:158-63.

[60] Giinzel-Apel AR, Giinther C, Terhaer P, Bader H. Computer—assisted analysis of motility, velocity and
linearity of dog spermatozoa. J Reprod Fertil Suppl 1993;47:271-8.

[61] Rijsselaere T, Van Soom A, Maes D, de Kruif A. Effect of technical settings on canine semen motility
parameters measured by the Hamilton-Thorne analyser. Theriogenology 2003;60:1553-68.

[62] Rijsselaere T, Van Soom A, Maes D, Hoflack G, de Kruif A. Automated sperm morphometry and morphology
analysis of canine semen by the Hamilton—-Thorne analyser. Theriogenology 2004;62:1292-306.

[63] Rodriguez-Martinez H, Ekwall H, Linde-Forsberg C. Fine structure and elemental composition of fresh and
frozen dog spermatozoa. J Reprod Fertil Suppl 1993;47:279-85.

[64] Strom Holst B, Rota A, Andersen Berg K, Linde-Forsberg C, Rodriquez-Martinez H. Canine sperm head
damage after freezing-thawing: ultrastructural evaluation and content of selected elements. Reprod Domest
Anim 1998;33:77-82.

[65] Burgess CM, Bredl JCS, Plummer JM, England GCW. Vital and ultrastructural changes in dog spermatozoa
during cryopreservation. J Reprod Fertil Suppl 2001;57:357-63.

[66] Strom Holst B, Larsson B, Linde-Forsberg C, Rodriquez-Martinez H. Sperm binding capacity and
ultrastructure of the zona pellucida of stored canine spermatozoa. J Reprod Fertil 2000;119:77-83.

[67] Ivanova M, Mollova M, Ivanova-Kicheva MG, Petrov M, Djarkova TS, Somlev B. Effect of cryopreserva-
tion on zona-binding capacity of canine spermatozoa in vitro. Theriogenology 1999;52:163-70.

[68] Strom Holst B, Larsson B, Rodriquez-Martinez H, Lagerstedt AS, Linde-Forsberg C. Zona pellucida
binding-assay—A method for evaluation of canine spermatozoa. J Reprod Fertil Suppl 2001;57:137—40.

[69] Strom Holst B, Larsson B, Linde-Forsberg C, Rodriquez-Martinez H. Evaluation of chilled and frozen-
thawed canine spermatozoa using a zona pellucida binding assay. J Reprod Fertil 2000;119:201-6.

[70] Kawakami E, Hori T, Tsutsui T. Changes in semen quality and in vitro sperm capacitation of semen
collection in dogs with both asthenozoospermia and teratozoospermia. J Vet Met Sci 1998;60:607-14.

[71] Hay MA, King WA, Gartley CJ, Leibo SP, Goodrowe KL. Canine spermatozoa—cryopreservation and
evaluation of gamete interaction. Theriogenology 1997;48:1329-42.

[72] Mastromonaco GF, Hay MA, Goodrowe KL. The effects of oocyte storage and cumulus cell presence on
canine pellucida penetration by domestic dog spermatozoa. Theriogenology 2002;57:1123-34.

[73] Magerkurth C, Topfer-Petersen E, Schwartz P, Michelmann HW. Scanning electron microscopy analysis of
human zona pellucida: influence of maturity and fertilization on morphology and sperm binding pattern.
Hum Reprod 1999;14:1057-66.

[74] Edwards RG. Meiosis in ovarian oocytes of adult mammals. Nature 1962;196:446-50.

[75] Edwards RG. Maturation in vitro of mouse, sheep, cow, pig, rhesus monkey and human ovarian oocytes.
Nature 1965;208:349-51.

[76] Edwards RG. Mammalian eggs in the laboratory. Sci Am 1966;215:72-81.

[77] Foote RH, Onuma H. Superovulation, ovum collection, culture and transfer. A review. J Dairy Sci
1970;53:1681-92.

[78] Eppig JJ, Schroeder AC. Culture systems for mammalian oocyte development: Progress and prospects.
Theriogenology 1986;25:97-106.



T. Rijsselaere et al./Theriogenology 64 (2005) 706—719 719

[79] Farstad W. Assisted reproductive technology in canid species. Theriogenology 2000;53:175-86.

[80] Luvoni GC, Chigioni S, Allievi E, Macis D. Factors involved in vivo and in vitro maturation of canine
oocytes. Theriogenology 2005;63:41-59.

[81] Mahi CA, Yanagimachi R. Maturation and sperm penetration of canine ovarian oocytes in vitro. J Exp Zool
1976;196:189-96.

[82] Shimazu Y, Yamada S, Kawano Y, Kawayi H, Nakazawa M, Naito K, et al. In vitro capacitation of canine
spermatozoa. J Reprod Dev 1992;38:67-71.

[83] Yamada S, Shimazu Y, Kawaji H, Nakazawa M, Naito K, Toyoda Y. Maturation, fertilization and
development of dog oocytes in vitro. Biol Reprod 1992;46:853-8.

[84] Yamada S, Shimazu Y, Kawao Y, Nakazawa M, Naito K, Toyoda Y. In vitro maturation and fertilisation of
pre-ovulatory canine oocytes. J Reprod Fertil Suppl 1993;47:227-9.

[85] Otoi T, Muramaki M, Fujii M, Tanaka M, Ooka A, Suzuki T, et al. Development of canine oocytes matured
and fertilised in vitro. Vet Rec 2000;146:52-3.

[86] England GCW, Verstegen JP, Hewitt DA. Pregnancy following in vitro fertilization of canine oocytes. Vet
Rec 2001;148:20-2.

[87] Fulton RM, Keskintepe L, Durrant BS, Fayrer-Hosken RA. Intracytoplasmatic sperm injection (ICSI) for
the treatment of canine infertility. Theriogenology 1998;48:366.

[88] Hay MA, King WA, Gartley CJ, Goodrowe KL. Influence of spermatozoa on in vitro nuclear maturation of
canine ova. Biol Reprod 1994;50:362.

[89] Saint-Dizier M, Salomon JF, Petit C, Renard JP, Chasant-Maillard S. In vitro maturation of bitch oocytes:
effect of penetration. J Reprod Fertil Suppl 2001;57:147-50.

[90] Hay MA, King WA, Gartley CJ, Leibo SP, Goodrowe KL. Effects of cooling, freezing and glycerol on
penetration of oocytes by spermatozoa in dogs. J Reprod Fertil Suppl 1997;51:99-108.

[91] Hewitt DA, Fletcher S, England GCW. Test of canine sperm function in vitro using primary homologous
oocytes with fluorescence and confocal microscopy. J Reprod Fertil Suppl 2001;57:127-36.

[92] England GCW, Allen WE, Blythe SA. Variability of the time of calculated luteinising hormone release in
218 canine pregnancies. Vet Rec 1989;125:624-5.

[93] England GCW, Pacey AA. Transportation and interaction of dog spermatozoa within the reproductive tract
of the bitch: comparative aspects. Centre Reprod Biol 1998;3:57-84.

[94] Doak RL, Hall A, Dale HE. Longevity of spermatozoa in the reproductive tract of the bitch. J Reprod Fertil
1967;13:51-8.

[95] Rijsselaere T, Van Soom A, Van Cruchten S, Coryn M, Gortz K, Maes D, et al. Sperm distribution in the
genital tract of the bitch following artificial insemination in relation to the time of ovulation. Reproduction
2004;128:801-11.

[96] England GCW, Burgess C. Survival of dog spermatozoa within the reproductive tract of the bitch. Reprod
Domest Anim 2003;38:325-6.

[97] Ellington JE, Meyers-Wallen VN, Ball BA. Establishment of a coculture system for canine sperm and
uterine tube epithelial cells. Vet Rec 1995;136:542-3.

[98] Pacey AA, Freeman SL, England GCW. Contact of dog spermatozoa with homologous uterine tube
epithelium prolongs flagellar activity in relation to the stage of the estrous cycle. Theriogenology
2000;54:109-18.

[99] Kawakami E, Kashiwagi C, Hori T, Tsutsui T. Effects of canine oviduct epithelial cells on movement and
capacitation of homologous spermatozoa in vitro. Anim Reprod Sci 2001;68:121-31.

[100] De Pauw I, Van Soom A, Laevens H, Verberckmoes S, de Kruif A. Sperm binding to epithelial oviduct
explants in bulls with different non-return rates investigated with a new in vitro model. Biol Reprod
2002;67:1073-9.

[101] Johnston SD, Root Kustritz MV, Olsen PNS. Clinical approach to infertility in the bitch. In: Kersey R,
editor. Canine and Feline Theriogenology. London: WB Saunders Company; 2001. p. 257-73.



