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Abstract

The fertility of ram semen after cervical insemination is substantially reduced by 24 h of storage in liquid form. The effects of liquid

storage on the transit of ram spermatozoa in the ewe genital tract was investigated using a new procedure allowing direct observation

of the spermatozoa in the genital tract. Ejaculated ram spermatozoa were double labeled with R18 and MitoTracker Green FM, and used

to inseminate ewes in estrus either cervically through the vagina or laparoscopically into the base of the uterine horns. Four hours after

insemination, the spermatozoa were directly observed in situ using fibered confocal fluorescence microscopy in the base, middle and tip

of the uterine horns, the utero-tubal junction (UTJ) and the oviduct. The high resolution video images obtained with this technique

allowed determination of the distribution of spermatozoa and individual motility in the lumen of the ewe’s genital tract. The results

showed a gradient of increasing concentration of spermatozoa from the base of the uterus to the UTJ 4 h after intra-uterine insemination

into the base of the horns. The UTJ was shown to be a storage region for spermatozoa before their transfer to the oviduct. The in vitro

storage of spermatozoa in liquid form decreased their migration through the cervix and reduced the proportion of motile spermatozoa

and their straight line velocity at the UTJ and their transit into the oviduct.

Reproduction (2009) 138 45–53
Introduction

Fertility in the ewe after cervical insemination has been
shown to be reduced when semen have been stored
in liquid form for several hours, despite any major
reduction in semen quality as assessed by standard
in vitro parameters such as motility (Salamon & Maxwell
2000). A substantial decrease in fertility was also
reported when frozen–thawed semen was used for
cervical insemination, and this effect was partially
overcome by intra-uterine insemination (Gillan &
Maxwell 1999), which suggested that impaired
migration of spermatozoa through the cervix caused
reduced fertility in ewes inseminated with preserved
semen. Indeed, migration through the cervix appeared to
be the critical limiting factor for migration of ram
spermatozoa from the vagina to the oviducts (Lightfoot
& Restall 1971, Hawk & Conley 1975, Hawk 1983). The
migration of spermatozoa through the cervix may
involve increased contractility of the cervix at estrus
(Wergin 1985) because cervical myoelectrical activity
was found to vary during the cycle and reach a peak
around ovulation (Cavaco-Gonçalves et al. 2006).
The morphology of the cervix is very variable, and
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differences between animals, during the cycle (Kershaw
et al. 2005) and between breeds (Kaabi et al. 2006) have
been reported. The differences in fertility reported
between breeds of sheep after insemination with
frozen–thawed semen might be related to differences
in sperm transit in the genital tract of the ewe (Fair et al.
2005). The physiological study of sperm transit and
quality in the female genital tract has to date been
limited by the lack of techniques to observe the behavior
of spermatozoa in the genital tract of the living female at
a cellular level. A new technique, fibered confocal
fluorescence microscopy (FCM), provides direct obser-
vation of the microscopic structure of living tissue
(Laemmel et al. 2004, Thiberville et al. 2007). The
technique is based on the principle of confocal
microscopy, which provides an in-focus image of a
thin section within a biological sample, where the
microscope objective is replaced by a flexible fiber-optic
miniprobe. With this technique it is possible to obtain
images with endogenous or exogenous tissue fluoro-
phores through a fiber-optic probe of 1 mm diameter or
less. In this study, we developed a method based on
FCM to observe the behavior of individual spermatozoa
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and to determine quantitatively the in situ patterns of
migration along the genital tract of ewes inseminated
with fresh semen or semen preserved for 24 h at 15 8C.
Figure 2 Quantification of fluorescence in ram spermatozoa.
Fluorescence intensity after labeling spermatozoa with 300 mM R18
and 20 mM MitoTracker Green FM was quantified by flow cytometry.
Live and dead populations could be discriminated by MitoTracker
labeling, whereas R18 fluorescence was the same for live and dead
spermatozoa.
Results

Validation of R18/MitoTrackerGreen FM labeling for
observing spermatozoa in vivo

The ability to observe spermatozoa in vivo depended on
their adequate labeling with bright and stable fluorescent
probes. Several fluorochromes were, therefore, tested for
their ability to label spermatozoa over several hours,
both in vitro and in vivo. The fluorochrome MitoTracker
Green FM is a vital stain that provided stable, green
fluorescent labeling of the mitochondria of live sperma-
tozoa (Fig. 1A). Fluorochrome R18 provided bright and
stable orange labeling over the surface of the whole
spermatozoon, including the flagella (Fig. 1B). Labeling
with R18 was independent of sperm viability, and live
and dead spermatozoa had the same orange fluor-
escence, but MitoTracker Green FM labeled only living
spermatozoa (Fig. 2).
Using FCM to image spermatozoa

Imaging of spermatozoa was first attempted in vitro.
Spermatozoa were labeled with R18 and MitoTracker
Green FM, diluted in PBS–BSA at 37 8C. The tip of the
FCM microprobe was placed at the bottom of a tube
containing spermatozoa and images were recorded. The
1.5 mm probe provided imaging of large populations of
spermatozoa (Fig. 3A, Supplementary Video 1, which
can be viewed online at www.reproduction-online.org/
supplemental/) at a resolution of 3.3 mm, thus allowing
spermatozoa to be counted and their motility analyzed.
The probe with a diameter of 4 mm provided imaging of
individual spermatozoa at high resolution (1.8 mm) so
that individual parts of a spermatozoon such as the
head, the intermediate piece and the flagella could
be examined in detail (Fig. 3B and C, Supplementary
Figure 1 Ejaculated live ram spermatozoa labeled with MitoTracker
Green FM (A) and R18 (B).
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Video 2, which can be viewed online at www.
reproduction-online.org/supplemental/). One of the
advantages of FCM is its ability to examine spermatozoa
that are not constricted between a slide and a coverslip
and thus, free to progress in a three dimensional
environment. Some features of sperm motility such as
rotation of the head can be clearly observed (Fig. 3D–H).

Although single labeling with R18 would have been
sufficient for sperm imaging with FCM, we used double
labeling with R18 and MitoTracker Green FM to provide
data on the live/dead ratio in vitro by flow cytometry and
in vivo using the FCM system.

Spermatozoa were imaged in situ in the genital tract of
anesthetized ewes 4 h after intra-uterine insemination at
the base of the uterine horn with spermatozoa labeled
with R18/Mitotracker Green FM. The uterine horns were
exteriorized at laparotomy and the FCM microprobe was
inserted into several anatomical regions (Fig. 4A). The
diameter of the probe (1.5 mm) allowed its insertion into
all regions analyzed, including the oviduct, whereas use
of the 4 mm probe was restricted to the uterine regions
and the utero-tubal junction (UTJ). In preliminary
experiments, we observed autofluorescence of the
endometrial wall of the uterus. This was not due to
fluorochrome leakage from spermatozoa because it was
also observed in control ewes which had not been
inseminated. Individual cells in the endometrial wall
could be identified with the 4 mm probe on the basis of
their autofluorescence (Fig. 4C).

However, the high signal-to-background ratio of
fluorescing spermatozoa allowed their identification in
the female tract. Populations of motile spermatozoa
www.reproduction-online.org
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Figure 3 In vitro imaging of live spermatozoa with the FCM system.
Ram spermatozoa labeled with R18 and MitoTracker Green FM were
imaged in an eppendorf tube using a 1.5 mm probe (Panel A) or a 4 mm
probe (Panels B and C). Populations of motile spermatozoa could be
observed using a 1.5 mm probe with a resolution of 3.3 mm, whereas
regions of individual spermatozoa could be observed with a 4 mm
probe with a resolution of 1.8 mm. Individual motility could also be
observed with the high resolution probe and features such as the
rotation of the sperm head could be seen (Panels D–H). The time
interval between two successive images of this figure was 83 ms.

Figure 4 In situ imaging of ram spermatozoa. The uterine horns,
oviducts and ovaries from adult ewes were exteriorized under general
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were found in the lumen of the uterus (Fig. 4B,
Supplementary Video 3, which can be viewed online
at www.reproduction-online.org/supplemental/), and,
individual parts of the spermatozoa (head, intermediate
piece, flagella) could be observed when using the 4 mm
probe (Fig. 4C).
anesthesia (Panel A). A microprobe (in this example the 3.3 mm
resolution probe) was inserted into the different regions of the female
tract. Spermatozoa were imaged in the base, middle and tip of the
uterine horns, in the utero-tubal junction and in the oviducts. The
blue spot on the picture shows the excited light emitted by the tip of
a probe inserted in the utero-tubal junction. Panel B shows
spermatozoa in situ at the utero-tubal junction observed using the
3.3 mm resolution probe. The lumen of the tract can be clearly
distinguished from the autofluorescencing epithelial wall of the uterus,
revealing individual spermatozoa labeled with R18 and MitoTracker
Green FM that can be easily seen because of their intense fluorescence.
Panel C shows the in situ imaging of spermatozoa at the utero-tubal
junction using a 1.8 mm resolution probe. The different regions (head,
intermediate piece and flagella) of a single spermatozoon can be seen
as well as the autofluorescencing cells of the epithelial wall of the
utero-tubal junction.
In vivo motility of spermatozoa

Ewes in estrus were inseminated at the base of the
uterine horns with D0 or D1 spermatozoa labeled with
R18/MitoTracker Green FM, and examined using FCM
4 h later. The uterine horns have regular and strong
contractions during estrus, and although sperm motility
could be clearly observed in the female tract at this time,
the rhythmic uterine contractions impeded the fine
discrimination of sperm motion caused by the beating
of the flagellum from motion induced by the uterine
contractions. However, the UTJ is a region with limited
contractile activity and sperm motility could therefore be
www.reproduction-online.org Reproduction (2009) 138 45–53
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Figure 5 In situ motility of spermatozoa in the utero-tubal junction.
Video images were recorded with fibered confocal fluorescence
microscopy at a rate of 12 frames/s (1 image/83 ms) allowing the direct
observation of motility of individual spermatozoa and estimation of the
proportion of motile spermatozoa. The time interval between two
successive images of this figure is 330 ms.
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quantitatively evaluated in the lumen of the UTJ. Images
of the motility of individual spermatozoa were recorded
(Fig. 5, Supplementary Video 4, which can be viewed
online at www.reproduction-online.org/supplemental/)
and their tracks drawn (Fig. 6).

The storage of spermatozoa at 15 8C for 24 h in a
milk-based diluent resulted in a significant (P!0.05)
reduction in the proportion of motile spermatozoa
but had no effect on their straight line velocity (VSL)
in the in vitro tests (Fig. 7A). The proportion of motile
spermatozoa after storage (D1) was reduced in vivo
(P!0.05) compared to D0 spermatozoa (Fig. 7B).
Reproduction (2009) 138 45–53
Similarly, the in vivo VSL of D1 spermatozoa was
lower (P!0.05) compared to D0 spermatozoa (Figs 6
and 7B).
Storage in vitro reduced sperm transit in the female
genital tract after AI

The concentration of spermatozoa in different regions
of the female tract was quantified for D0 and D1
spermatozoa 4 h after intra-uterine insemination. For D0
and D1 spermatozoa, an increasing sperm concentration
gradient was found from the base of the horn to the UTJ
(P!0.05). The sperm concentration was significantly
lower (P!0.05) in the oviduct compared to the UTJ
(Fig. 8A). A marked effect of storage was observed on
sperm transit and the sperm concentration was signi-
ficantly lower (P!0.05 for all regions) for D0 sperma-
tozoa compared to D1 spermatozoa in all the regions of
the uterine horns, the UTJ and the oviduct (Fig. 8). The
ability of spermatozoa to migrate through the cervix was
also investigated by observing spermatozoa in the uterus
after cervical insemination with D0 and D1 spermatozoa
(Fig. 8B). Four hours after insemination, spermatozoa
could only be found in the body of the uterus, very close
to the cervix, regardless of storage. The number of D1
spermatozoa in the body of the uterus was significantly
reduced (P!0.05) compared to D0 spermatozoa,
suggesting that migration of spermatozoa through the
cervix was affected by storage.
Discussion

In this study, using fibered confocal microscopy, we
observed individual spermatozoa in the female genital
tract in vivo and quantitatively followed their transit
through the uterus and their migration into the oviduct.
Quantitative studies of sperm transit in the female genital
tract have previously been based on histology, electron
microscopy or counting spermatozoa flushed from
different regions of the female genital tract after
ovariohysterectomy or slaughter (Scott 2000, Hunter
2005, Rodriguez-Martinez et al. 2005, Suarez & Pacey
2006). Spermatozoa have also been directly observed
ex vivo in the hamster (Katz & Yanagimachi 1980) and
the mouse (Suarez 1987) through the transparent wall of
excised oviducts. Few studies have investigated sperm
transit in the female genital tract using in vivo
procedures. Scintigraphy after vaginal insemination
with radiolabeled spermatozoa had indicated the
portions of the female genital tract containing sperma-
tozoa in vivo and provided indirect quantification of
sperm distribution in the ewe (Bruckner et al. 1982,
Balogh et al. 1995), rabbit (Bockisch 1993) and human
(Özgür et al. 1997, Kadanali et al. 2001). In the study
reported here, FCM provided high resolution images
of spermatozoa and allowed the in situ observation of
individual spermatozoa. However, the technique
www.reproduction-online.org
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Figure 6 Effects of storage for 24 h at 15 8C on the
velocity of spermatozoa in the utero-tubal junction.
Individual tracksweredetermined fromvideo images of
spermatozoa recorded with fibered confocal fluor-
escence microscopy in the utero-tubal junction 4 h
after intra-uterine insemination. The tracks were
constructed from 20 successive positions of the sperm
head over a total period of 1.6 s. Representative tracks
of D0 (A) and D1 (B) spermatozoa exhibiting straight
line velocity equal to the mean value of the whole
sperm populations are shown, indicating reduced
in vivo velocity of spermatozoa after storage.

Figure 7 Effects of storage for 24 h at 15 8C on in vitro and in utero
motility of ram spermatozoa. Proportions of motile spermatozoa were
determined on either the day of collection (D0) or after storage for 24 h
at 15 8C (D1). In vitro motility and straight line velocity were measured
by CASA (A) and in vivo motility and straight line velocity were
measured at the utero-tubal junction 4 h after intra-uterine insemina-
tion using video recording with fibered confocal fluorescence
microscopy (B). Data are expressed as meansGS.E.M. Asterisks indicate
significant differences (P!0.05) between D0 and D1.
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depends on the stability of the fluorochromes used to
label spermatozoa. MitoTracker Green FM labeled the
mitochondria of live spermatozoa (Garner et al. 1997)
and has been used previously to study the fate of the
mitochondria in spermatozoa during IVF (Sutovsky et al.
1996). Given the resolution and the sensitivity of FCM,
the restriction of MitoTracker Green FM labeling to the
intermediate piece of the spermatozoa was a limiting
factor for the in situ detection of spermatozoa in our
preliminary studies. We therefore decided to double
label spermatozoa with MitoTracker Green FM and
another fluorochrome. The second fluorochrome
required two main properties: 1) bright and stable
fluorescence over the entire surface of the spermatozoa
in order to detect them clearly in situ and 2) ability to
label all spermatozoa in situ regardless of viability in
order to quantify the whole sperm population in situ.
When tested, many probes suitable for in vitro labeling
of spermatozoa such as the DNA stain (SYTO 16) or lipid
membrane stain (DiA) was unstable under in vivo
conditions (data not shown). One stain, Octadecyl
rhodamine B (R18), labeled the spermatozoa bright
orange over the entire surface, irrespective of viability.
This fluorochrome has been used to assess fusion
between spermatozoa and R18-loaded prostasomes
(Palmerini et al. 2006) or liposomes (He et al. 2001).
Fusion with R18-loaded liposomes was not found to
modify the viability of spermatozoa from boars before or
after freezing (He et al. 2001), and in our preliminary
tests, labeling with R18 did not modify the in vitro
motility of fresh or preserved ram spermatozoa.
We therefore used double labeling with R18 and
MitoTracker Green FM and FCM to make direct
observations of ram spermatozoa in the genital tract of
the ewe. One striking and unexpected observation was
the autofluorescence exhibited by the endometrial wall
and the lining of the UTJ in ewes which had not been
inseminated with fluorescent spermatozoa. Autofluores-
cence after excitation/emission with 450/495 nm
wave length has been observed in situ in the human
cervix (Brookner et al. 2000, Drezek et al. 2003). This
fluorescence originated from both the epithelium and
the stroma, and the autofluorescence from the epithelial
www.reproduction-online.org
cells is associated with the metabolism of NADH
(Brookner et al. 2000). We used very similar conditions
to measure fluorescence (excitation/emission of 488/
525–575 nm) and the very short working distance of the
microprobe (!10 mm) suggested that the fluorescence
we observed was autofluorescence in the epithelium of
the uterus. Overcoming this problem required a higher
intensity of fluorescence labeling of spermatozoa
compared to the autofluorescence of the uterine
epithelium. This autofluorescence had an unexpected
Reproduction (2009) 138 45–53
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Figure 8 Effects of storing ram spermatozoa for 24 h at 15 8C on their
transit in the genital tract of the ewe. (Panel A) Sperm concentrations
were estimated in different regions of the genital tract (base, middle and
tip of the uterine horn, the utero-tubal junction (UTJ) and the oviduct)
using fibered confocal fluorescence microscopy 4 h after intra-uterine
insemination at the base of each uterine horn. (Panel B) Sperm
concentrations were determined in the body of the uterus 4 h after
cervical insemination. Data are expressed as meansGS.E.M. Asterisks
indicate significant differences (P!0.05) between D0 and D1.
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advantage because it helped to define the lumen of
the uterus and the spatial distribution of the spermatozoa
in the uterus. By contrast, no autofluorescence was
observed in the oviduct, suggesting differences in
composition or metabolism between the epithelium of
the uterus and oviduct.

Most free spermatozoa were found in the lumen of the
genital tract. Binding of spermatozoa to the surface
epithelium of the uterus was observed only rarely and
then only for immotile spermatozoa. The quantification
of spermatozoa in the different regions of the female
genital tract 4 h after insemination in the base of each
uterine horn revealed an increasing concentration
gradient of spermatozoa from the base of the uterus to
the UTJ. Given that the spermatozoa were deposited at
the base of each uterine horn, we expected to observe a
greater concentration of spermatozoa in this region.
Surprisingly, few spermatozoa were found at the site of
insemination, suggesting that spermatozoa that did not,
or could not, migrate toward the oviduct were quickly
flushed into the cervix and discarded, presumably by
descending uterine contractions (Toutain et al. 1985).

Ram spermatozoa were found in the base of the
uterine horn 4 h after cervical insemination and in the
oviduct 4 h after intra-uterine insemination into the base
of the each horn. This pattern of distribution over time
agrees with previous studies that have shown that the
migration of spermatozoa from the vagina to the oviduct
requires about 8–10 h (Hunter et al. 1980).

The UTJ clearly appeared to be a barrier because the
concentration of spermatozoa was lower in the oviduct
than in the UTJ. Contractions were less frequent at
the UTJ compared to the other regions of the uterus.
Contractions were so frequent in the uterus that the
individual motility of spermatozoa could not be
Reproduction (2009) 138 45–53
precisely estimated. However, because the rhythm of
contractions was slower in the UTJ, motility of individual
spermatozoa could be assessed. Spermatozoa showed
linear trajectories, with a motility pattern similar to the
progressive motility observed in vitro. Quantification
showed that the in situ motility of spermatozoa in the
UTJ 4 h after intra-uterine insemination was significantly
reduced by in vitro preservation for 24 h, with an overall
decrease in the percentage of motile spermatozoa. This
considerable decline in in situ motility contrasts
strikingly and importantly with the small decline in
in vitro motility for stored spermatozoa. Fertility after
cervical insemination was markedly reduced after
storage for 24 h at 15 8C or after freezing and thawing
(Salamon & Maxwell 2000). However, fertility after intra-
uterine insemination with stored or frozen and thawed
semen that ‘by-passed’ the cervix was not reduced,
suggesting that the cervix is a barrier limiting the success
of fertilization when using stored or frozen and thawed
spermatozoa. Indeed, the in vivo observation of
spermatozoa, in this study, demonstrated that the ability
of spermatozoa to traverse the cervix was markedly
reduced after semen storage for 24 h. In vitro preser-
vation of semen therefore decreased the ability of its
spermatozoa to traverse the cervix, and decreased their
intra-uterine motility and their ability to migrate to the
oviduct. The available in vitro methods of measurement
of semen quality such as motility and IVF do not
satisfactorily account for the loss of fertility of ram
spermatozoa following their preservation (Sanchez-
Partida et al. 1999, Papadopoulos et al. 2005, O’Meara
et al. 2008). Indeed, the in vitro parameters of semen
quality have been reported to be little modified by
in vitro storage for 24 h at 15 8C, whereas the loss of
in vivo function of these spermatozoa as assessed in this
study was of a similar magnitude to the loss of fertility
seen in other studies (Maxwell & Salamon 1993). This
suggests that storage and preservation of spermatozoa
resulted in a proportionally much greater change in
their in utero and cervical physiology in the female
genital tract.

The preliminary images of in vitro motility observed
with FCM suggest its potential for the study of sperm
motility in a three dimensional environment. This could
help overcome the drawbacks to the study of sperm
motility induced by their restriction between slide and
coverslip and hence refine the in vitro analysis of sperm
motility. Studies could be performed in situ in the tube
without interaction with the spermatozoa. However,
this requires the development of new analytical methods
to determine the parameters of motility in these new
conditions.

This study was performed in ewes but the method of
sperm imaging we have developed could be applied to
other species. We have used the same procedure to label
boar spermatozoa, to perform cervical insemination in
sows and to observe spermatozoa in different regions of
www.reproduction-online.org
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the genital tract of the anesthetized sow (preliminary
findings). Interestingly, boar spermatozoa could be
found in the UTJ at times ranging from 15 min to at
least 18 h after insemination. Moreover, a pregnancy of
normal litter size was achieved after in vivo imaging
of fluorochrome-labeled spermatozoa, suggesting that
the fertilizing ability of spermatozoa from boars is not
compromised by this technique. If this proves to be
correct after more extensive investigation in sows and
the females of other species, then sperm transit and
survival in the female genital tract could be studied in
various physiological conditions over extended periods
of time after insemination. In other species such as cattle
where the optical probe could be non-surgically inserted
into the cervix or the uterus in the unanesthetized,
standing cow, sperm transport could be studied over time
in the same animal.

This study highlights the need for further investigation
of the role of the cervix in the physiological functions
of spermatozoa in the genital tract of the ewe and as a
determinant of fertility following AI with semen that has
been chilled and stored with a preservative or frozen and
thawed. The method we have developed for the
observation of spermatozoa in the female genital tract
will help to understand the physiological processes
involved in sperm transit and survival.
Materials and Methods

Reagents and media

Octadecyl rhodamine B chloride (R18, O-246) and Mito-
Tracker Green FM (M-7514) were purchased from Molecular
Probes (Eugene, OR, USA). Stock solutions of R18 and
MitoTracker Green FM (30 and 2 mM respectively) were
prepared by re-suspension of the dried products in DMSO
and stored in aliquots at K20 8C. All other chemicals were of
reagent grade and purchased from Sigma.
Rams and semen collection

Semen from three adult Lacaune rams was collected using an
artificial vagina. The ejaculates were pooled and placed into a
water bath (35 8C) immediately after collection. Mass motility
of undiluted semen was assessed by wave motion using phase
contrast microscopy (100!) and graded (scale 0–5). Sperm
concentration was estimated using a spectrophotometer.
Semen was used when the mass motility score was over 4
and the sperm concentration was at least 3!109 sperm/ml.
Labeling of spermatozoa and storage of semen

The semen was diluted in a 15 ml tube to a final concentration
of 1!106 spermatozoa/ml in a warm (35 8C) milk-based
extender prepared from skimmed milk powder (11% w/v)
and distilled water, heated to 95 8C for 10 min and supple-
mented with gentamycin (50 mg/ml). The diluted semen was
divided into two aliquots. One aliquot was supplemented with
www.reproduction-online.org
1% (v/v) stock solution of R18 and MitoTracker Green FM
(to final concentrations of 300 and 20 mM respectively) and
incubated for 10 min at 37 8C just before insemination (Day 0
(D0) semen). The fluorochrome MitoTracker Green FM labels
the mitochondria of live spermatozoa only, whereas R18 labels
the surface of live and dead spermatozoa (see results). The
other aliquot was allowed to cool to 15 8C in an incubator for
storage for 24 h at 15 8C. After 24 h, the stored semen was also
labeled using R18 and MitoTracker Green FM prior to
insemination (Day1 (D1) semen) as described above.
Flow cytometry assessment

The intensity of labeling of D0 and D1 spermatozoa with
fluorescent probes was measured with an EPICS-XL flow
cytometer (Beckman-Coulter, Villepinte, France) using an air-
cooled argon laser operating at 488 nm and 15 mW. Aliquots
(10 ml) of D0 and D1 spermatozoa labeled with the R18 and
MitoTracker Green FM fluorochromes, as described above,
were diluted in 1 ml PBS with BSA (1mg/ml) and incubated at
37 8C for 10 min. Forward scattering and side scattering were
recorded to define the size characteristics and provide gating
parameters for selection of the sperm population. Green
fluorescence (MitoTracker Green FM) and orange fluorescence
(R18) were then quantified for a minimum of 104 cells for
each analysis.
Cervical and intra-uterine insemination

Estrus was synchronized in 24 Romanov!Ile de France ewes
with progestagen-impregnated intravaginal sponges containing
30 mg fluorogestone acetate. The sponges were removed after
13 days and the ewes were injected i.m. with 500 IU pregnant
mare serum gonadotrophin.

Cervical and intra-uterine insemination with D0 and D1
spermatozoa was performed using standard techniques 55 h
after removal of sponges (Colas 1984). Immediately after the
spermatozoa had been labeled, mini straws (0.25 ml, IMV
Technologies, L’Aigle, France) were filled with 250!106 or
150!106 spermatozoa and used for cervical or intra-uterine
insemination respectively. Cervical insemination was per-
formed on 12 ewes (six ewes per treatment with D0 and D1
semen) using two straws per ewe, resulting in an insemination
dose of 500!106 spermatozoa per ewe. Semen was deposited
as near as possible to the cervix. Intra-uterine insemination was
performed using standard laparoscopic techniques (Colas
1984) except that the semen was placed at the base of each
horn. Half of one straw was used for each horn, resulting in a
dose of 75 ! 106 spermatozoa per horn or 150!106

spermatozoa per ewe. Twelve ewes were used; six ewes per
treatment (D0 and D1 semen).
Fibered confocal fluorescence microscopy

FCM, or FCM1000 (Leica Microsystems, Wetzlar, Germany) is
based on Cellvizio technology (Mauna Kea Technologies, Paris,
France), which was designed for in vivo imaging. FCM makes
use of a laser scanning unit (lZ488 nm) associated with a
range of miniaturized fiber-based optical microprobes, with
Reproduction (2009) 138 45–53
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different tip diameters (300 mm to 4.2 mm) and lateral
resolutions (1.4–3.3 mm). A dedicated image acquisition and
post processing software drives the scanning unit and enables a
real-time (12 frames/s) reconstruction of the images delivered
by the bundle of optical fibers. Sperm quantification in the
female genital tract was performed with the S1500 microprobe
(1.5 mm :, 3.3 mm lateral resolution, 500!600 mm field of
view), thanks to its size compatibility with the lumen of the
uterus and the oviducts and its capability to record dynamic
images of the motile spermatozoa. High resolution in vitro and
in vivo images of individual spermatozoa were also acquired
with the M microprobe (4.2 mm tip :, 1.4 mm lateral
resolution).
In vivo imaging of sperm

The transit of spermatozoa in the female genital tract was
quantified by in vivo imaging 4 h after insemination. Ewes were
placed under general anesthesia and the genital tract (uterine
horns, oviducts and ovary) exteriorized after laparotomy. In
order to insert the 1.5 mm microprobe into the lumen of the
genital tract, 2 mm openings were made through the wall of
the genital tract using electrocautery at different levels; i.e. the
uterine body near the cervix, the base of the uterine horn and
the tip of the uterine horn, near the UTJ.The probe was carefully
inserted through these different openings and directed towards
the region being analyzed; i.e. the cervix, the base, middle and
tip of the uterine horn, the UTJ and the isthmus of the oviduct.
Image acquisition was standardized and video sequences of
2 min were recorded for the various regions of the genital tract.
Data were acquired for both ipsi and contralateral horns of
each ewe. Videos are provided as Supplementary Material
(Videos (SV1–4)).
Analysis of in vivo data

Quantification was performed using the software provided with
the imaging system as follows: 10 frames were selected from
each video sequence and the number of spermatozoa in each
frame was determined by manual counting. In vivo fluor-
escence of spermatozoa was also quantified using the software.
Each of the 12 000 individual optical fibers in the miniprobe
provided a single intense fluorescence. The area of a single
spermatozoon was covered by a mean of 10 and 30 optical
fibers for the 1.5 and 4 mm miniprobes respectively. The mean
fluorescence of individual spermatozoa was then computed.
Fluorescence was compared using a total of 100 D0 and D1
spermatozoa from the UTJ.
Assessment of motility

In vitro motility of D0 and D1 spermatozoa was assessed after
labeling with R18/MitoTracker Green FM using a computer-
assisted analysis system (Hamilton-Thorn, Beverly, MA, USA).
A 10 ml aliquot of labeled semen was diluted in 1 ml PBS with
BSA (1 mg/ml) and incubated at 37 8C for 10 min. Two 10 ml
drops were then transferred to a preheated slide and four fields
per drop were analyzed to determine the proportion and VSL of
motile spermatozoa.
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In vivo motility was calculated from video sequences
acquired at the UTJ. Examination of 20 successive positions
of the sperm head allowed motile spermatozoa to be
distinguished from non-motile spermatozoa so that the
proportion of motile spermatozoa could be calculated for a
minimum of 100 spermatozoa. Trajectories of spermatozoa
were drawn from 20 successive positions of the head. The
straight line distance between the first and the last point was
measured using the scale of the images provided by the
IC-viewer software. Given the rate of acquisition of 12 images
per second, two successive positions were separated by 83 ms.
The VSL was calculated by dividing the straight line distance by
the time elapsed between the first and the last points.
Statistical analyses

Statistical analyses were carried out using SAS software (SAS
Institute, Cary, NC, USA). The data for in vitro and in vivo
motility were analyzed by ANOVA using the GLM procedure to
determine the effects of semen storage on these parameters. The
effects of semen storage on sperm transit in the female genital
tract were estimated using the generalized estimated equation
method in the GENMOD procedure. As the number of
spermatozoa per field followed a Poisson distribution, a log
link between the number of spermatozoa and the different
factors of the model was used. The model was:

gðyijÞZbi Ccj

where g is the log function and yij is the mean number of
spermatozoa per field associated with the method of semen
preservation (i), and the region of the female genital tract (j).
Thus, bi is the fixed effect of the method of semen preservation
(D0 or D1) and cj is the fixed effect of the region of the
female genital tract (base, middle and tip of the horn, the UTJ,
and the oviduct). Ewes were included in the model as a
repeated measure.
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