© 2004 Wiley-Liss, Inc.

Cytometry Part A 60A:63–72 (2004)

Quantiﬁcation of Temporary and Permanent
Subpopulations of Bull Sperm by an Optimized
SYBR-14/Propidium Iodide Assay
Werner Grundler,1* Peter Dirscherl,1,2 Wolfgang Beisker,1 Frank Weber,2 Rudolf Stolla,2 and
Heinrich Bollwein2
1

Flow Cytometry Group, GSF, National Research Center for Environment and Health, Neuherberg, Germany
2
Department of Reproduction, Veterinary College, University of Munich, München, Germany
Received 16 April 2003; Revision Received 11 December 2003; Accepted 19 December 2003

Background: The quality of bull sperm is a key factor in
the ﬁeld of controlled reproduction. Viability-testing is an
important aspect of sperm quality deﬁnition, especially
after cryopreservation where multiple factors such as handling, freeze-thaw cycle, and preservation media, have an
impact on the metabolic and functional state of sperm
cells.
Methods: We investigated the commonly used SYBR-14/
propidium iodide (PI) assay to obtain functional information about sperm-dye and dye-dye interactions. After optimizing ﬁlter settings, dye concentrations and incubation
times we used these dyes for an interruption free ﬂow
cytometric kinetic analysis of a mixture of viable and dead
bovine sperm.
Results: For the sensitivity of this method and the separation of the different cellular subpopulations ﬂuorescence quenching of SYBR-14 by PI is mainly responsible.
Together with a spectral overlap of the two emission
spectra of about 5%, even for a wavelength greater than
700 nm, this quenching effect has to be taken into ac-

The quality of bull sperm is extremely important in the
ﬁeld of bovine reproduction. Handling, storage, and especially cryopreservation together with the necessary freezethaw cycle (1) have a distinct detrimental impact on
sperm function. Many assays have been introduced to
assess sperm function by morphological changes. A predominant factor is the plasma membrane integrity (i.e.,
viability) of sperm, followed by more functional parameters such as motility (2), mitochondrial function (3), acrosome reaction (4,5), or calcium inﬂux (6). The many
methods employed to evaluate the quality of bull sperm
are based primarily on light microscopy, as well as on ﬂow
cytometric techniques, although recently a ﬂuorometric
assay has been published (7). The ﬂow cytometric approach to assess bull sperm viability uses ﬂuorescence
signals from different dyes such as rhodamine 123 (8),
carboxyﬂuorescein diacetate and propidium iodide (PI)
(9), or a combination of PI, rhodamine 123, and pisum
sativum agglutinin (10). Dual DNA staining of bull sperm

count for a quantitative understanding of the observed
ﬂuorescence intensity signals. The fraction of a temporary
“intermediate” population to be observed between the
viable and dead cells in an SYBR-14/PI-dot-plot diagram
becomes greater after stress on the sperm cells caused by
cryopreservation. The temporary fraction of “intermediate” cells is maximal at about 6 min after staining and
disappears after about 15 min by shifting towards the dead
sperm population. The estimation of this “intermediate”
population may be a good indicator for handling and
storage induced detrimental effects on bovine sperm cells.
Conclusion: The SYBR-14/PI assay is a fast, reliable and
sensitive method to assess the membrane integrity of bull
sperm and to separate viable, dead, and “intermediate”
sperm subpopulations. © 2004 Wiley-Liss, Inc.
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with PI and SYBR-14 (11) was introduced to achieve
better results in separating viable and dead sperm cells by
high SYBR-14 and low PI ﬂuorescence intensities for vital
cells and vice versa signals for dead cells. This technique
has been extended to a triple-stain cytometric method to
assess plasma- and acrosome-membrane integrity (12).
The aim of this study was mainly to address various
open questions regarding the SYBR-14/PI assay. We observed unexpected signal intensities of dead cells in the
SYBR-14 ﬂuorescence channel as well as in the PI channel.
According to the manufacturer’s information, dead cells
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should not emit SYBR-14 ﬂuorescence, whereas the intensity observed is higher by more than a factor of 30 than
cell autoﬂuorescence. In the PI channel, however, the
signal intensities are about 10-fold lower than measured
usually in other inactivated cell types compared with their
vital fraction. Finally, the occurrence of a transient subpopulation sometimes observed between the vital and
dead bull sperm cells (11,12) should be characterized.
Therefore, kinetic staining experiments with living and
dead cells should be carried out to provide a quantitative
answer to these open questions.
MATERIALS AND METHODS
Semen Collection and Handling
Freshly collected bovine semen was ﬁltered and suspended in Biociphos plus威 extender (IMV technologies,
L’Aigle Cedex, France). Sperm were counted with a hemocytometer chamber before further handling and diluted to 20 ⫻ 106 sperm/ml. The storage of cryopreserved
samples was performed at 196°C in liquid nitrogen. Before
all experiments, freshly collected or cyropreserved sperm
were suspended in buffer according to Garner and Johnson (13) (0.760 g NaCl, 0.030 g KCl, 0.252 g fructose,
0.238 g Hepes, 0.015 g CaCl2 ⫻ 2H2O, 0.010 g MgCl2 ⫻
6H2O, 0.100 g bovine serum albumin (BSA), and 100 ml
H2O (18 M⍀), pH 7.4) and diluted to a ﬁnal sperm concentration of 0.5 ⫻ 106/ml. In these kinetic studies a
buffer medium was used for avoiding disturbances by egg
yolk particles.
Cell Staining
Sperm were stained with the components of the live/
dead semen viability kit L-7011 from Molecular Probes
(Eugene, Oregon). The ﬁnal staining concentrations were
100 nM for SYBR-14 and 24 M for propidium iodide (PI).
These dye concentrations were used during the timedependent measurements as well as for cell prestaining by
one dye (SYBR-14: 100 nM, 10 min, or PI: 24 m, 6 min)
immediately before data registration.
Spectroﬂuorometry
The emission spectra for SYBR-14 and PI were measured by spectroﬂuorometry (luminescence spectrometer
LS 50B; Perkin-Elmer, Neuried, Germany). Both dyes diluted in phosphate-buffered saline (PBS) were excited by
an excitation bandwidth of 488 ⫾ 5 nm, where an absorption maximum (data not shown) could be found for
SYBR-14 as well as for PI. The emission spectra were
registered between 500 nm and 800 nm, using a slit width
of 5 nm.
Application of Dyes for Staining Kinetics in
Isothermal Condition
An optimized registration of kinetic cellular parameters
by ﬂow cytometry needs an interruption-free time and
volume controlled injection of stimulating or modifying
chemicals into the sample solution. These demands are
fulﬁlled by the adequate use of Hamilton microliter sy-

ringes (needle length 120 mm) and a modiﬁed sample
tube head developed by us (14).
This setup allowed an interruption-free data registration, whereas the time delay between stimulation and
registration of its response remains smaller than 3 s due to
a short transport time from tube to nozzle enabled by an
experimentally standardized stirring and boost procedure
(14). To run quantitative kinetic experiments with living
cells temperature regulation and stabilization are basic
requirements to be achieved for the sample tube solution
within small temperature limits (ⱕ 0.1°C) over long periods of time. The thermostatted sample tube holder (stabilizing the temperature at 37 ⫾ 0.1°C) is well suited for this
prerequisites (14,15). In practice, two of these holders
were used: one for the actual measurements, the other
one for prestaining or prewarming of the next sample
tube solution.
Flow Cytometry: Fluorescence Measurements and
Data Registration
Laser cytometric measurements of two cellular scatter
parameters and two ﬂuorescence signals, simultaneously
registered in time mode operation over 1,024 s, were
performed with a FACSTARPLUS ﬂow cytometer (Becton
Dickinson, Sunnyvale, CA). The laser (argon ion laser,
Innova 90, Coherent Radiation) was adjusted to the
488-nm line (1,000 mW) and used for the excitation of the
PI- and SYBR-14 ﬂuorescence as well as for the generation
of the two scatter signals. Pulse heights of both forward
light scatter (FSC) and 90-degree side scatter (SSC) were
collected using 488-nm bandpass ﬁlters (Becton Dickinson, 488 BP 10). The SYBR-14- and PI-emission signals
were recorded with the use of a 530-nm bandpass ﬁlter
(Becton Dickinson, 530 BP 30) and a 700-nm long-pass
ﬁlter (Schott, Mainz, Germany), respectively. The signal
separation was performed by a dichroic mirror (Becton
Dickinson, DM 560) as a beam splitter. The registration of
pulse height signals delivers, in a dot-plot diagram of both
ﬂuorescences, a better discrimination of the different
sperm subpopulations than pulse area registration.
Data recording was done with a HP 9000 Series 300
Computer (Hewlett Packard, Corvallis, OR) in list mode
using the FACSTARPLUS research software (Becton Dickinson, Lysis II). The electronic pulses were triggered on
the FSC signal set to a threshold level excluding debris
related signals and registrated on logarithmic scales with a
ﬂowrate of 150 –200 cells/s.
Data Analysis
All data analysis and display was carried out with the
Data Analysis Software (DAS) Version 4.40 (16). Using the
DAS macro programming, two macros have been written
to analyze the individual data sets.
First, in the FSC/SSC scatter diagram, a gate is set interactively to deﬁne all cellular events, excluding cell debris.
For the following steps, only cells in this particular gate
are used. In the dot-plot diagram of the two ﬂuorescences,
SYBR versus PI, the gates for different sperm subpopulations were deﬁned (live cells: high SYBR-14, low PI; dead
cells: low SYBR-14, high PI; intermediate cells: between
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FIG. 1. Staining kinetics of SYBR-14 in a mixture of viable and dead cells of fresh bull sperm. At 10 min after addition of SYBR-14 (arrow), viable sperm
cells are ﬁve times more intensively labeled than are dead cells (upper right). A similar ﬂuorescence histogram is observed in the propidium iodide (PI)
ﬂuorescence channel due to a 5% overlap of the emission spectra even by using a long-pass ﬁlter LP700 (see Fig. 2). Time-gates G1 and G2 are deﬁned in
the Time/SY diagram (upper row, left) and relate to 0 –3 min and 14 –17 min, respectively.

the two former ones). Second, a macro has been written
to provide an automatic quantiﬁcation of the experimental data by calculating the statistics of the previously deﬁned subpopulations.
RESULTS
To investigate the dye-cell and dye-dye interactions
we used a sample of fresh bull sperm containing a
mixture of viable and dead cells (25% and 75%, respectively). In this context, cells that were registered with
high green and low red signals are considered as viable.
Dead cells show the inverse signal strength of the two
registration channels. The subsequent steps of the
SYBR-14/PI staining method were analyzed separately
for dependence on time with a resolution of 1 s during
a time period of 17 min.

Fresh Sperm: Staining Kinetics and Sperm
Subpopulations
The addition of 100 nM SYBR-14 to a suspension of
unstained fresh bull sperm (Fig. 1, upper left) results, after
a lagtime of ⬃100 s, in a steplike homogeneous dye
uptake of all cells. After 200 s this homogeneous intensity
level is subdivided indicating the existence of two distinct
cell populations in the SYBR-14 channel (7 min after the
beginning of the staining procedure). These two stained
subpopulations show a 37-fold, respectively, 185-fold increase of SYBR-14 ﬂuorescence in comparison with their
autoﬂuorescence level (Fig. 1, upper right). A similar time
course as well as similar histograms of the ﬂuorescence
simultaneously recorded in the PI channel could also be
observed (Fig. 1, middle row). The corresponding SYBR14/PI dot-plots for unstained and SYBR-14-stained sperm
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FIG. 2. Emission spectra for SYBR-14 and propidium iodide (PI) show a spectral overlap of about 5% when using a LP700 long-pass ﬁlter for recording
the PI emission.

cells are shown in the lower row of Figure 1. To explain
the ﬂuorescence emission of only SYBR-14-stained cells,
recorded in the PI channel, the emission spectra of
SYBR-14 and PI were recorded spectroﬂuorometrically
using 488 nm as the excitation wavelength (Fig. 2).
The observed red channel recording of SYBR-14 signals
can be explained by the overlap of the ﬂuorescence emission spectra of SYBR-14 and PI by 5% even for wavelengths longer than 700 nm. The spectral overlap is determined as the SYBR-14 emission intensity that is ⬎700
nm corresponding to 5% of that PI emission intensity also
registered for wavelength ⬎700 nm and set to 100%.
To determine which peak of the ﬂuorescence histograms belongs to the viable or to the dead population,
dead cells only were prepared from fresh bull sperm. This
was achieved by storing sperm at ⫺20°C for 1 h without
the cyroprotectant glycerol. Staining of dead cells with
SYBR-14 results for the SYBR-14 and PI channel (Fig. 3,
upper and middle right) in a ﬂuorescence intensity comparable with the lower peak of the stained population of
viable cells (Fig. 1, upper and middle right). In the timedependent dot-plot of the SYBR-14 ﬂuorescence (Fig. 3,

upper left) an enhanced SYBR-14 uptake can be observed
which leads after ⬃600 s to a constant intensity value.
Then, the inﬂuence of the second dye (24 M PI) on
fresh bull sperm prestained with 100 nM SYBR-14 was
investigated. At the beginning of the experimental run
(0 –3 min), the SYBR-14 prestained cells show SYBR-14
and PI channel ﬂuorescence histograms (Fig. 4, upper
right and middle right) comparable with those of the
14 –17-min time period (Fig. 1). Addition of PI causes the
following effects: In the SYBR-14 channel, the histogram
peak for the viable population remains unchanged,
whereas the ﬂuorescence emission of the dead cell population is drastically reduced (Fig. 4, upper right). This
ﬂuorescence reduction is the main effect for discriminating viable and dead cells by this assay. Regarding the red
ﬂuorescence emissions (Fig. 4, middle right) the viable
cell population shows nearly no increase in ﬂuorescence
intensity, whereas the ﬂuorescence intensity of the dead
population is increased by a factor of ⬃20. The twoparameter dot-plots (Fig. 4, lower row) represent this
behavior clearly by exhibiting a shift of the dead population only when comparing the dot-plots before (Fig. 4,
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FIG. 3. Staining kinetics of SYBR-14 in dead cells of fresh bull sperm. Addition of SYBR-14 (after 3 min, arrow) results in the peaks of lower intensity
observed in the two emission channels compared with Figure 2 (upper and middle right). The time kinetic (upper left) reveals also an enhanced SYBR-14
inﬂux into dead cells equilibrated after 600 s. The time-gates are deﬁned as in Figure 1.

lower left) and after (Fig. 4, lower right) PI addition,
whereas the live cell population remains nearly unchanged. The portion of “intermediate” cells is small as
seen in the relevant histograms of the ﬂuorescence intensities. The observed reduction of the SYBR-14 intensity
after addition of PI may be due to ﬂuorescence quenching.
To test this assumption, the relative ﬂuorescence intensities of SYBR-14-stained dead cells were measured at different PI concentrations. Data were normalized to unity
with respect to cells without any PI. As shown in Figure 5,
increasing PI concentrations cause a signiﬁcant decrease
in the relative SYBR-14 ﬂuorescence emissions. Additionally, these results suggest the use of a PI concentration of
24 M for enhancing the SYBR-14 signal separation between viable and dead cells.

Cryopreserved Sperm: Staining Kinetics and
Occurrence of a Transient Subpopulation
To investigate the effect of cryopreservation by this
optimized assay, an aliquot of the same fresh bull sperm
suspension was used and stored in Biociphos plus for 2
days at –196°C before thawing at 37°C. The relation of
viable to dead cells was 25% to 75% respectively (Fig. 6,
upper right) exhibiting no difference when compared
to fresh sperm cells, 6 h after semen collection and
staining (Fig. 4, upper right: dead 76%, viable 24%). In
this context, the deﬁnition of “dead” is based on the PI
inﬂux criterion without further proof of the sperm
fertilization quality.
Figure 6 summarizes the time dependence of the greenand the red-channel signals registered simultaneously
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FIG. 4. Staining kinetics of propidium iodide (PI) in a SYBR-14 prestained mixture of viable and dead cells of fresh bull sperm. PI addition to a stationary
SYBR-14-stained sperm population (0 –3 min) results in dead cells with as well a reduced SYBR-14 ﬂuorescence intensity as an enhanced PI intensity,
whereas in viable cells both ﬂuorescence intensities are nearly unchanged. The reduction of the SYBR-14 ﬂuorescence intensity in dead cells is essential
for the discrimination between viable and dead cells (lower row). The portion of “intermediate” cells (lower right) is small as can be recognized when
analyzing the relevant histograms (upper right). Time-gates G1 and G2 relate to 0 –3 min and 10 –12 min, respectively.

from a sample consisting of a mixture of living/dead cryopreserved bull sperm.
Three time windows deﬁned by the gates G1, G2, and
G3 (Fig. 6, upper left) describe the intensity distributions
emitted by SYBR-14 prestained cells before, just after, and
15 min after PI addition.
The SYBR-14 histogram of the prestained cells (Fig. 6,
upper middle, 0 –3 min, G1) separates weakly between
viable (corresponding to the low asymmetric part at the
right of the 0 –3-min histogram) and dead cells compared
to the fresh sperm situation (Fig. 4, upper right, 0 –3 min).
Within the second time window (6 –9 min, G2) two distinct observations are important.
Once again, SYBR-14 quenching by PI causes the discrimination of the three different subpopulations viable, dead,
and “intermediate” (IM). The occurrence of this third subpopulation is the second important result seen in this Figure

6, where its existence is clearly documented by the histograms and the dot plot diagram of the middle column. The
time dependence of this IM population, however, can be
distinctly recognized by the density lines in Figure 6 (upper
left), where the upper band (high SYBR-14 intensity) belongs
to viable cells, the lower one to dead cells and ﬁnally, the one
connecting both to the IM subpopulation.
The dot-plot diagrams of the lower row (Fig. 6) normally used in the assay for cell discrimination clearly
documents the clustered distribution of the IM cells for
the three time-gates in use. The percentage values of the
four gates (in the relevant SY/PI-dot-plot diagrams) help
quantify the shifting process of the IM subpopulation.
Since the energy transfer to PI molecules is obviously
the decisive process for the indication of non viable cells,
we investigated the inﬂuence of this dye alone on the
appearance of the different subpopulations (Fig. 7, upper
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FIG. 5. SYBR-14 quenching by propidium iodide (PI). The relative ﬂuorescence intensity of SYBR-14 from dead sperm cells is reduced with increasing
PI concentrations due to ﬂuorescence quenching.

row) followed by SYBR-14 addition for completing the
reserved staining sequence on cryopreserved bull sperm.
The addition of 24 M PI (after 180 s) to unstained cells,
immediately, leads to the appearance of the three distinct
populations. One population (dead cells: d) with bright PI
ﬂuorescence, one with immediate (IM) and one population (live cells: l) with very dim PI ﬂuorescence, only 5
times brighter than the autoﬂuorescence (upper row middle). Addition of 100 nM SYBR-14 to these PI-prestained
cells (Fig. 7, middle and lower row) is followed by a
remarkable uptake of this dye into the viable subpopulation (enhancement by a factor of 100), whereas the 530
nm ﬂuorescence of the dead subpopulation is characterized by a small increase. The analysis of the red channel
signals after addition of SYBR-14 reveals the following
ﬁndings: The PI ﬂuorescence signals show a small right
shift (due to the spillover effect), and the disappearance of
the IM subpopulation is observable already after 14 –17
min (Fig. 7, lower row).
DISCUSSION
Mammal sperm cells have to be in an adequate functional and morphological state during a deﬁned time
frame to fertilize the female gamete (17). For bull sperm it
is widely known that the individual status of the bull as
well as the handling of the sperm samples, especially the
process of cyropreservation, have remarkable inﬂuences

on the quality of semen samples (1,18). To assess the
quality of this bull sperm, a variety of morphological and
functional assays are in use (2,5,7,19 –22). All these assays
have to prove their validity against the statistical evaluation of fertility, especially the non-return rates (4,23). It is
therefore mandatory to optimize the assays in use in respect to their ability of fertility testing.
The SYBR-14/PI assay analyzed in this report is widely
used not only for investigating the status of bull sperm
(11), but also for the examination of sperm from humans,
ram, boar, rabbit, or mouse (13). Therefore, the main
features found by us and explaining the cellular distribution of the signals registered in this assay, are discussed
below.
Analyzing the time-dependent staining properties of
SYBR-14 as the ﬁrst dye, it becomes evident that SYBR-14
stains viable as well as dead bull sperm but with an
approximately ﬁve times lower intensity (Fig. 1, upper
right). This observation is in accordance with ﬂuorescence microscopic ﬁndings by other investigators (11,13).
This reduced SYBR-14 loading of dead cells may be due to
a change in DNA-structure or/and in ionic content of the
cell plasma. Both changes could cause a reduced retention
of the membrane permeable SYBR-14 molecule. Additionally, the spectral overlap of the emission spectra of about
5%, even using a long-pass ﬁlter for 700 nm (Fig. 2),
explains the spillover signals in the red PI channel after
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FIG. 6. Staining kinetics of propidium iodide (PI) in a SYBR-14 prestained mixture of viable and dead cells of cyropreserved bull sperm. (The time-gates
G1, G2, and G3 deﬁned in the Time/SY-diagram (upper row, left) belong to the time windows 0 –3 min, 6 –9 min, and 14 –17 min, respectively.) After
addition of PI, an additional temporary “intermediate” cell population is observable which reaches its maximum portion within 6 –9 min (lower row,
middle) and begins to disappear or disintegrate after 14 –17 min (lower row, right).

SYBR-14 staining of live and dead sperm cells (Figs. 1 and
4, middle right). After addition of SYBR-14 to dead sperm,
Figure 3 (upper left) documents an enhanced inﬂux of this
membrane permeating dye into the cells. After diffusion to
the nucleus and intercalation into the DNA the equilibration process between free and bound dye may be ﬁnished
7 min after addition (24). For an understanding of the
mechanisms of this assay the effect of SYBR-14 quenching
by PI is extremely important (Fig. 5).
The addition of PI to a SYBR-14 prestained mixture of
viable and dead fresh bull sperm results after 10 min in a
viable population with constant SYBR-14 ﬂuorescence as
well as in a dead population with drastically reduced
SYBR-14 ﬂuorescence (a factor of ⬃25; Fig. 4 upper right).
This ﬂuorescence quenching is the main reason for discriminating viable and dead cells by this assay. Quenching
may be achieved by ﬂuorescence resonance energy transfer, since the absorption spectrum of the absorber (PI:
maximum of Fex ⫽ 535 nm) overlaps the emission spectrum of the donor (SYBR-14: maximum of Fem ⫽ 525 nm).
Although behavior and molecular structure of SYBR-14 are
unknown, SYBR-14 must be a DNA-intercalating molecule
such as PI, since a spatial distance as small as 10 nm

between SYBR-14 and the PI molecule is necessary to
achieve this effect of energy transfer. Obviously, this effect resembles the ﬂuorescence quenching process of
TO-PRO-3 by PI (25). (A second ﬂuorescence quenching
process due to the absoption of SYBR-14 emitted photons
by PI is also possible.) The power of ﬂuorescence quenching is impressively seen in the two parameter dot-plots of
Figures 4 and 6 (lower row), where the addition of PI to
SYBR-14 prestained cells causes the dead population to
shift from the lower left to the upper left position.
The differences between fresh bull sperm and cryopreserved bull sperm after thawing recognized by the timedependent use of the SYBR-14 PI assay can be documented by comparing the results of the Figures 4 and 6.
The ﬁrst difference is the intensity distribution of viable
and dead cells after SYBR-14 staining alone. The double
peak of fresh cells (Fig. 4, upper right) for the time-gate
0 –3 min is reduced to one asymmetric peak (Fig. 6, upper
middle) indicating a reduction in SYBR-14 binding ability
by the viable cells of the cryopreserved sperm. This observation may point to a reduction of both the intercalating capability of the dye into the DNA and the probability
that the dye will be retained by the cell membrane.
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FIG. 7. Upper row: Cryopreserved sperm staining with propidium iodide (PI) alone results in an immediate appearance of all three subpopulations.
Middle and lower row: Reversed staining kinetics by addition of SYBR-14 to a PI prestained mixture of viable and dead cells of cyropreserved bull sperm.
Addition of SYBR-14 causes an intense staining of viable cells (middle row, middle) and a small right shift of ﬂuorescence signals in the red channel (lower
row, middle). During the reversed staining procedure, the disappearance of the “intermediate” cell population is also observable also after 14 –17 min
(diagrams at the right). Time-gates are as deﬁned in Figure 6.

The second difference is documented by the fast timedependent uptake of PI molecules through the cell membrane followed by SYBR-14 quenching in the DNA of the
dead cryopreserved subpopulation (upper and middle
row, left of Figs. 4 and 6). Obviously, the freeze-thaw
process induces an enhanced membrane labilization in
dead cells, causing a very rapid PI inﬂux (⬍10 s) compared with the PI uptake period of 200 s in dead cells of
fresh sperm.
The third difference is the distinct appearance of a
transient dual-stained IM population after addition of PI to
a cryopreserved sperm suspension (Fig. 6 upper and middle row; SY- and PI histograms of the 6 –9-min time period). The existence of this IM population was also observed by Garner et al. (11,13) and termed “moribund”
sperm. Recently, Nagy et al. (12) succeeded in quantifying
this type of sperm subpopulation, which is shifted from
SYBR-14-positive to PI-positive staining. Probably the
freeze-thaw cycle induces this IM population in viable
cells of cryopreserved sperms. At ⬃200 s after PI addition,
these IM cells become evident (Fig. 6 upper and middle
row, left) starting their transition from the viable cell
intensity level and reaching the one of dead cells after
600 s. In comparison with Figure 4 (time dependent runs
at the left) one can see that this population has the same

kinetics as the dead cell population of fresh bull sperm.
The appearance of these IM-stained sperm cells becomes
evident between 3 and 6 min after PI uptake (Fig. 6, lower
row middle). They shift to the dead population and become indistinguishable from that population about 10 min
later (Fig. 6 lower row, right). Quantitatively, this is documented by comparing the percentage values of four
different population-gates in these two dot-plot diagrams
that are related to the time-gates 6 –9 min and 14 –17 min.
Whereas the fraction of the viable cells (22%) as well as
cell debris (6% and 5%) remain constant, the fraction of
the IM population is reduced (from 20% to 12%) by nearly
the same amount as the dead-cell fraction is increased
(from 52% to 61%).
The staining with PI is obviously the key factor for the
appearance of the IM population as shown in Figure 6 by
the temporal kinetics of the different subpopulations.
Conﬁrmation of this assumption was obtained by applying
the reverse staining procedure.
Staining with PI alone (Fig. 7, upper row) results immediately in the appearance of the three populations. The
addition of SYBR-14 as the second dye leads to a fast and
intense uptake of this dye into cells of the viable population, whereas the dead population shows only weak
SYBR-14 emission due to instant ﬂuorescence quenching
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by already intercalated PI (Fig. 7, middle row). During this
reversed staining procedure, the simultaneously recorded
signals in the red-channel (Fig. 7, lower row) show a small
increase in ﬂuorescence intensity due to the spillover of
the SYBR-14 emission effect. Since PI prestaining takes 6
min, the 0 –3-min histogram of the lower row equals the
6 –9-min histogram of the upper row showing the small
amount of uncertainty of this kind of experiments. The
disappearance of the IM population is already documented by the corresponding histograms in Figure 7 (middle and lower row, right).
The precision of this method permits observation of a
peculiar feature. Bull sperm cells from the dead population are characterized by a PI ﬂuorescence histogram with
two distinct peaks separated by a factor of two. These
peaks are more pronounced in cryopreserved cells (Fig. 7,
upper and lower row, right) than in fresh sperm cells (Fig.
4, middle row, right) and become evident within 3 min
after staining with PI. An additional analysis of these double peak populations was performed with the DAS software (16). It could be shown that sperm cells with the
higher PI ﬂuorescence have generally both a higher forward scatter signal and a higher SYBR-14 ﬂuorescence
intensity. These cells are consequently dead cells with
increased cell volume. They may have a perturbed DNA
condensation that allows the ﬁxation of a higher amount
of dye molecules.
We conclude that the SYBR-14/PI assay is a fast, reliable
and sensitive method to assess the viability and the membrane integrity of bull sperm. Fluorescence quenching is
mainly responsible for the sensitivity of this assay and has
to be taken into account together with the spectral overlap of both dyes for a fully understanding the observed
effects. The appearance of an intermediate population is a
time-dependent process of cryopreserved cells shifting
from the viable to the dead cells population occurring
between about 3 and 15 min after staining. The portion of
IM cells becomes greater after cryopreservation inducing
stress on the cellular membrane integrity and functions.
The estimation of this IM population may be a good
indicator for handling and storage induced detrimental
effects on bull sperm cells.
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