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Abstract
Purpose To define the effect of sperm agglutination, associated with incubation under capacitating conditions, on accuracy of
membrane assessment via flow cytometry and to develop methods to mitigate that effect.
Methods Sperm motility was measured by CASA. Sperm were stained with PI-PSA or a novel method, LD-PSA, using fixable
live/dead stain and cell dissociation treatment, before flow-cytometric analysis. Using LD-PSA, acrosome reaction and plasma
membrane status were determined in equine sperm treated with 10 μmA23187 for 10 min, followed by 0, 1, or 2 h incubation in
capacitating conditions.
Results Using PI-PSA, measured membrane integrity (MI; live sperm) was dramatically lower than was total motility (TMOT),
indicating spurious results (“zombie sperm”). Sperm aggregates were largely of motile sperm. Loss of motility after A23187
treatment was associated with disaggregation and increased MI. On disaggregation using LD-PSA, MI rose, and MI then
corresponded with TMOT. In equine sperm incubated after A23187 treatment, as the percentage of live acrosome-reacted sperm
increased, TMOT decreased to near 0.
Conclusion Flow cytometry assesses only individualized sperm; thus, agglutination of viable sperm alters recorded membrane
integrity. As viable sperm become immotile, they individualize; therefore, factors that decrease motility, such as A23187, result
in increased measured MI. Disaggregation before assessment allows more accurate determination of sperm membrane status; in
this case we documented a mismatch between motility and live acrosome-reacted equine sperm that may relate to the poor
repeatability of A23187 treatment for equine IVF. These findings are of profound value to future studies on sperm capacitation.
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Introduction

Conventional in vitro fertilization (IVF) is not successful in the
horse [1]. Current work toward understanding the basis of
equine IVF has been focused on factors affecting sperm capac-
itation in this species [2]. It is clear from multiple studies that
exposure to the calcium ionophore A23187 can result in fairly
consistent, but low, rates of fertilization [3–6]. While certain
media components (notably, calcium, bovine serum albumin
(BSA), and bicarbonate) are known to promote capacitation in

other species [7, 8], the effect of these components on capacita-
tion of equine sperm is unclear. For example, albumin is a cho-
lesterol acceptor which promotes cholesterol efflux from the
sperm plasma membrane – an important mechanism in capaci-
tation – in other species including humans, pigs, and mice
[9–11]. However, presence of BSA in the medium is not asso-
ciated with a reduction in membrane cholesterol levels in equine
sperm [12].

Evaluation of the effects of various medium components
on capacitation-related changes in equine sperm, including
induction of the acrosome reaction, could increase our under-
standing of factors affecting equine IVF. An important con-
sideration in accurate assessment of membrane integrity and
acrosome status is that incubation of sperm in “capacitation-
type” media, i.e., media containing calcium, bicarbonate, and
BSA, has been associated with pronounced head-to-head ag-
glutination in equine sperm, as in sperm of other species
[13–16]. In porcine sperm, this agglutination was found to
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be regulated by all three capacitation factors (calcium, bicar-
bonate, and albumin) and to be associated with the removal of
an epididymal “anti-agglutinin” from the sperm membrane
surface [17–19]. Subjective visual evaluation suggests that
agglutinated sperm may largely represent motile and thus
membrane-intact sperm [14, 20–22]. Agglutination becomes
an issue during sperm evaluation as flow cytometry, the major
technology utilized for high-throughput sperm analysis, ana-
lyzes only single cells. Thus, agglutinated sperm, which may
represent a large proportion of the membrane-intact sperm in a
population, may not be accurately evaluated by this method.

Two strategies could be applied to address the problem of
agglutination in sperm assessed by flow cytometry: (1)
preventing agglutination by finding substitutes for the factors
responsible for agglutination; or (2) disaggregating the sperm
after incubation, without altering the staining status of the
cells, before the sperm are analyzed. Of these, the first ap-
proach would limit our ability to evaluate medium compo-
nents known to be associated with capacitation, such as
BSA. Thus, for assessment of the effect of capacitation-
related components, developing a method for the second ap-
proach appears to be vital, that is, altering the procedures used
for assessment to maximize the proportion of sperm in a sam-
ple that is included in the analysis.

Initially, the aim of this study was to evaluate the effects of
calcium ionophore A23187 and BSA, alone or in combination,
on the proportion ofmembrane intact (viable), acrosome-reacted
equine sperm. After identifying problems associated with our
initial analysis, we then focused on evaluating the effects of
agglutination on measurement of these parameters. We devel-
oped a novel method to decrease agglutination in stained sperm
before analysis, and thus increase the accuracy of assessment.

Materials and methods

All of the procedures for these experiments were performed
according to the United States Government Principles for the
Utilization and Care of Vertebrate Animals Used in Testing,
Research and Training and were approved by Laboratory
Animal Care Committee at Texas A&M University (AUPs
2015-0026 and 2018-0032). All reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

Animals and semen collection

Four healthy, sexually active American Quarter Horse stallions,
7 to 24 years old, were used as semen donors. Semen samples
were collected using a Missouri-model artificial vagina
(Missouri Model; Nasco, Ft. Atkinson, WI, USA) with an in-
line nylon filter (Animal Reproduction Systems, Chino, CA,
USA). Except where indicated, for each study, three ejaculates
were collected from each of three stallions on separate days.

Initial spermmembrane integrity (viability) was evaluated using
the Nucleocounter (SP-100; Chemometec, A/S, Allerød,
Denmark) as previously validated [23]. Only ejaculates having
≥ 70% membrane intact (viable) sperm were used.

Sperm washing and treatment

Sperm washing

Immediately after collection, semen was extended 1:9 in
Hanks’ balanced salt solution (HBSS; ThermoFisher
Scientific, Waltham, MA, USA, #14025076), either with 7
mg/mL of essentially fatty-acid free bovine serum albumin
(BSA; Sigma A3803; HBSS-BSA) designated P (with pro-
tein), or with no BSA (N; no protein), both adjusted to pH
7.4, according to the assigned condition (see “Experimental
design”). The HBSS contains 4.17 mM sodium bicarbonate
and 1.26 mM calcium chloride as supplied by the manufac-
turer. Extended semen was centrifuged at 400×g for 5 min,
and the resultant pellet was resuspended to the same volume
with the assigned medium and centrifuged again. The super-
natant was removed, the pellet was resuspended in 1mL of the
assigned medium, and the concentration of the pellet was de-
termined using the Nucleocounter. The pellet was resuspend-
ed with the assigned medium to a final concentration of 40 ×
106 sperm/mL.

Sperm treatment

The washed sperm suspension was divided into aliquots of
495 μL each. Aliquots were treated with calcium ionophore
A23187 (A) or vehicle (V). For A23187 treatment, a primary
stock solution of 10 mg/mL (19.1 mM) A23187 was prepared
in DMSO, and aliquots stored at −20 °C. For use, an aliquot of
the primary stock solution was thawed and diluted with HBSS
to make a 1 mM A23187 2° stock solution. Vehicle was pre-
pared using the same ratio of DMSO:HBSS as for the A23187
2° stock solution (5.24% DMSO). In the experiment in which
the dosages of A23187 varied, the 1mM2° stock solutionwas
diluted with vehicle to obtain working stock solutions of
A23187 containing the same concentration of DMSO.
Treatment was performed by adding 5 μL of A23187 2° or
working stock solution, or 5 μL of vehicle, to a 495-μL sperm
aliquot. The final concentration of DMSO in the sperm sus-
pensions was 0.052%.

The treated sperm aliquots were exposed to the ionophore
or vehicle at 37 °C in air for 10 min. Samples were then
centrifuged at 400×g for 5 min, and resuspended in either 1
mL of LPB medium (HBSS supplemented with sodium lac-
tate (38 mM), sodium pyruvate (1.17 mM), and 7 mg/mL
fatty-acid free BSA; pH 7.4, adjusted to 300 mOsm with dis-
tilled water) or 1 mL INRA96 (IMV, L’Aigle, France), ac-
cording to the experiment. The final sperm concentration was
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approximately 20 × 106 sperm/mL. Sperm samples for evalu-
ation were obtained immediately after resuspension (0 h) then
the aliquots were incubated at 37 °C in air and assessed again
after varying periods of incubation, as described below.

Sperm motility analysis

Sperm motility was analyzed by computer-assisted sperm
analysis (CASA, IVOS II, Hamilton-Thorne, Beverly, MA,
USA), as previously described by Salazar et al. [24]. Briefly,
a 6-μL sample was assessed; 10 different fields were mea-
sured and at least 500 sperm were evaluated for each sample,
at 45 frames/s at a frame rate of 60 Hz. Other settings were
minimum contrast 70; minimum cell size 4 pixels; minimum
static contrast 30; cell intensity 106 pixels; static head size
0.60–2.00 μM; static head intensity 0.20 to 2.01; static elon-
gation 40 to 85; and illumination intensity 2200. Sperm were
considered to be progressively motile if straightness (STR)
was >50% and velocity of the average path (VAP) was >30
μm/s. The percentage of total (TMOT) sperm motility, per-
centage of progressive sperm motility (PMOT), and the aver-
age curvilinear velocity within the motile sperm (VCL, μm/s)
were recorded.

Analysis of sperm plasma membrane and acrosome status

Spermmembrane integrity and acrosome status were assessed
by flow cytometry using two different methods, the use of
which varied among trials as outlined in the Experimental
Design, as follows.

PI-PSA method

Assessment via PI-PSA was performed using the method de-
scribed by Salazar et al. [24] with minor modifications.
Briefly, 40 μL of the selected sperm suspension was diluted
in 133 μL of Dulbecco’s phosphate-buffered saline without
calcium and magnesium (DPBS(–); Thermofisher). Then, 10
μL of a 62.5 μg/mL solution of FITC-conjugated Pisum
sativum agglutinin (FITC-PSA) in DPBS(–) and 2 μL of a
2.4 mM solution of propidium iodide (PI) in distilled water
were added, for final concentrations of 0.05 mg/mL PSA and
1.3 μM PI. The samples were then incubated at room temper-
ature in the dark for 10 min. After this, 40 μL of the stained
sample was added to 400 μL of DPBS(–) and this suspension
was placed in the feed of the flow cytometer (FACScan,
Becton Dickinson, Mountain View, CA, USA). The instru-
ment was equipped with a 488-nm argon laser. The voltage
settings were SSC 240, FSC 470, FL1 650, and FL2 657. The
compensation was set for FL1 as 1.9% of FL2, and for FL2 as
47.2% of FL1. Aminimum of 5000 total events was evaluated
per sample. “Gating” (% of gated events) refers to the propor-
tion of the total events that, based on forward scatter/side

scatter, were considered to represent individual sperm, and
thus were included in the analysis. Data were acquired using
a log scale and analyzed by WinlistTM software (Verity
Software House, Topsham, ME, USA). Experimental end-
points analyzed were the percentages of membrane-intact
sperm (MI), total acrosome-reacted (AR) sperm (tAR), and
membrane intact, acrosome-reacted sperm (MI-AR).

LD-PSA method

This procedure was developed after we obtained the results of
the preliminary studies using the PI-PSA method. The results
of those studies appeared to be inaccurate, as the proportion of
MI sperm was notably lower than was TMOT; we attributed
this to exclusion of agglutinated sperm on flow-cytometric
analysis (see “Results” and “Discussion”). The goal of devel-
oping the new procedure was to increase the accuracy of eval-
uation ofMI and AR in samples showing sperm agglutination.
A stock solution of LIVE/DEADTM fixable red dead cell stain
(LD; Thermofisher) was prepared by adding 50 μL of DMSO
to the vial of LD powder, according to manufacturer’s recom-
mendations. The LD stock solution was aliquoted and frozen
at −20 °C. To perform staining, 50 μL of the selected sperm
suspension was added to 950 μL of DPBS containing calcium
and magnesium to obtain a sperm concentration of 1 × 106

sperm/mL, then 1 μL of the LD stock solution was added. The
sample was mixed and held at room temperature in the dark
for 30 min. After this, 145 μL of 16% paraformaldehyde was
added for fixation, to achieve a 2% final concentration of
paraformaldehyde.

The fixed samples were stored at 4 °C in the dark until
samples had been obtained for all timepoints in that replicate
(2 to 6 h storage). The samples were then centrifuged, resus-
pended in 1 mL of DPBS (–) with 2 mg/mL non-fatty acid free
BSA (Sigma A9647; DPBS(–)B), and centrifuged again. The
pellet was suspended in 200 μL of Triton X, 1% in DPBS(–),
to permeabilize the membranes. This mixture was held at
room temperature in the dark for 10 min, then 800 μL of
DPBS(–)B was added and the suspension centrifuged again.
The supernatant was removed and the sperm pellet was resus-
pended in 133 μL of the cell dissociation solution, Accumax
(Innovative Cell Technologies, Inc., San Diego, CA, USA).
To this suspension, 10 μL of FITC-PSA was added (final
concentration 0.0375 mg/mL) and the sample was held at
room temperature in the dark for 10 min. This suspension
was diluted with 200 μL of Accumax and the mixture was
assessed by flow cytometry. The voltage settings for flow
cytometry in this method were SSC 240, FSC 553, FL1 650,
and FL2 657, and the compensation for this staining was set
for FL1 as 0.0% of FL2, and for FL2 as 98.0% of FL1. Gating
(% of gated events), MI, tAR, and MI-AR were recorded for
analysis.
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Experimental design

Preliminary Study A: Use of the standard flow cytometry
method (PI-PSA) to assess plasma membrane integrity
and acrosome status in equine sperm treated with A23187
under various conditions

This preliminary study was performed using four ejaculates
(one from each of four stallions). Aliquots of semen from each
ejaculate were assigned to be washed, as described above,
either in HBSS or in HBSS-BSA. Immediately after washing,
sperm were exposed to 0 (V), 1 (C1), 5 (C5), or 10 (C10) μM
A23187 for 10 min as described above. The sperm were then
washed, resuspended in LPB medium, and incubated for 0,
0.5, 1, or 2 h. At each timepoint, samples of sperm suspension
were removed for evaluation by CASA and for assessment by
flow cytometry using the PI-PSA method.

Preliminary study B: Effect of anti-agglutinant measures
(addition of D-penicillamine or use of milk-based extender)
after A23187 exposure on sperm motility and on viability
and acrosome status as assessed by the standard flow
cytometry method (PI-PSA)

In Preliminary Study A, we found that in some treatments, the
proportion of MI sperm as measured by PI-PSA was markedly
lower than was the total motility as measured by CASA (e.g.,
46% MI sperm, with 76% TMOT for P-Vehicle at 0 h; see
“Results,” Fig. 1). As for all mammalian sperm, motility of
stallion sperm requires membrane integrity [25]; thus, the pro-
portion of membrane-intact sperm should be equal to or exceed
the proportion of motile sperm. The results obtained (a lower
proportion ofMI sperm than total motile sperm) implied that the
data generated using the PI-PSA method were inaccurate. To
explore the reason for this, we observed that after incubation in
LPB, which contains albumin, the sperm were notably aggluti-
nated on visual microscopic evaluation, as previously reported
for equine and ovine sperm incubated in albumin-containing
media [13, 14, 16]. Additionally, on CASA, we observed that
samples with high motility tended to have sperm aggregates; in
contrast, samples with low or no motility consisted almost en-
tirely of individualized sperm. Thus, we hypothesized that via-
ble, motile sperm incubated in the presence of albumin tended to
agglutinate, and that as sperm lost motility, they disaggregated
and became individualized. This hypothesis was supported by
finding a significant negative correlation between both TMOT
and VCL (as measured by CASA) and the Gating (i.e., events
representing individual sperm) as measured on flow cytometry;
i.e., as motility (TMOT or VCL) decreased, Gating increased
(Results; Fig. 2d). This hypothesis was also supported by find-
ing on visual microscopic evaluation of sperm stained with PI-
PSA that the proportion of MI sperm appeared to be higher in
sperm aggregates than in individualized sperm (Fig. 2a). We

attributed the apparently spuriously low % of MI sperm in
high-motility samples to the gating-out of sperm aggregates,
which contained a large proportion of the MI sperm in the sam-
ple. This was supported by the paradoxical finding that at time 0,
increasing dose of A23187 was associated with an increase in
the reported percentage of MI (viable) sperm, while the sperm
motility decreased (Fig. 1). Thus, we concluded that sincemotile
viable sperm aggregated, in samples having high motility the
population of sperm that were present as individualized sperm
was biased toward being membrane-damaged (non-viable).

Preliminary study B was performed to evaluate the effects
of two potential anti-agglutination measures: addition of D-
penicillamine, which is reported to reduce agglutination in
ovine sperm incubated in albumin-containing medium [14],
or incubation in the commercial milk-based equine semen
extender, INRA96 (IMV Technologies, L’Aigle, France;
IN). One ejaculate from each of three stallions was used.
Sperm were washed in HBSS. Immediately after washing,
sperm were exposed to 0 (V) or 10 (C10) μM A23187 for
10 min. The sperm suspensions were then centrifuged and the
pellet resuspended in one of three media: LPB, LPB contain-
ing 1 mM D-penicillamine (Millipore Sigma, St Louis, MO,
USA; PEN) or IN. The suspensions were incubated for 0, 1, or
2 h. At each timepoint, samples were removed for evaluation
by CASA and for assessment using the PI-PSA method.

We noted that A23187-treated sperm that were subsequently
resuspended in IN underwent an immediate, drastic reduction in
motility, but not viability (see “Results,” Fig. 3). We hypothe-
sized that this might be due to excess calcium influx in the sperm
associated with residual amounts of A23187 interacting with a
high calcium content in thismilk-based extender. To explore this,
we submitted three separate samples of each of the threemedia to
the Clinical Pathology Laboratory at Texas A&MUniversity for
measurement of total (Vitros 4600, Ortho Clinical Diagnostics,
Raritan, NJ, USA) and ionized (Stat Profile pHOx Ultra, Nova
biomedical, Waltham, MA, USA) calcium.

Experiment 1: Comparison of measured sperm parameters
as assessed by PI-PSA vs. LD-PSA methods

The results of the above preliminary studies formed a basis for
our hypothesis on the interactions of agglutination and motil-
ity as they affect flow-cytometric measurement of membrane
parameters. We then proceeded to focus on developing a
method to mitigate the artifactual effect of the agglutination
associated with incubation of sperm in capacitating condi-
tions, i.e., in medium with calcium, bicarbonate, and notably
BSA, on measured parameters.

Over a series of trials (data not shown), we developed a
technique for membrane and acrosome staining which then
allowed post-staining treatment to reduce agglutination before
assessment by flow cytometry. This new protocol incorporat-
ed two anti-agglutination measures: treatment with Triton-X
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and the dissociating solution, Accumax. Since these treat-
ments caused membrane damage in live sperm, we utilized a
fixable live/dead stain (LD) that was compatible with sperm
fixation with paraformaldehyde after staining and thus
allowed subsequent post-fixation anti-agglutination treatment.

Experiment 1 was conducted to compare reported values, as
assessed using the PI-PSA method vs. the LD-PSA method, for
sperm membrane integrity and acrosome status after A23187
treatment followed by incubation in capacitating conditions.

Sperm from 9 ejaculates (3 ejaculates from each of 3 stal-
lions) were washed with HBSS and treated with either vehicle
(V) or 10 μMA23187 (C10) for 10 min, then centrifuged and
resuspended in LPB. The suspensions were incubated for 0, 1,
or 2 h. At each timepoint, samples were removed for

evaluation by CASA and for assessment with both PI-PSA
and LD-PSA methods. The effect of A23187 treatment on
motility as measured by CASA, and differences between
staining methods in the reported percentages of gated events,
MI, tAR, and MI-AR as measured on flow cytometry, were
compared for each A23187 treatment and timepoint.

Experiment 2: Comparison of results with the LD-PSA
anti-agglutination method under various protocol
modifications, including storage for 2 days before assessment

As the LD-PSAmethod is newly developed, this experiment was
conducted to evaluate factors that might affect the results obtain-
ed using this method, including (A) initial semen resuspension

Fig. 1 Effect of exposure of equine sperm to 0 (V), 1 (C1), 5 (C5), or 10
(C10) μMA23187 for 10 min in medium with (P) and without (N) 7 mg/
mL bovine serum albumin, followed by washing and incubation for 0,
0.5, 1, or 2 h in LPB medium. Sperm total motility (TMOT, a) was
assessed by CASA; membrane integrity (MI, b) and membrane intact-
acrosome reacted sperm (MI-AR, c) were assessed by the PI-PSA meth-
od. Values are expressed as mean ± SEM. Within timepoint, different
superscripts indicate significantly different values (P < 0.05). Panel d
shows relationships among TMOT, Gating (percent of events included

in flow cytometric analysis, i.e., individual non-agglutinated sperm), and
MI after 0.5 h of incubation. Note that Gating was inversely related to
TMOT, i.e., as TMOT decreased, the percentage of gated (individual)
sperm increased. MI was parallel to Gating; i.e., as the Gating increased,
the measured MI increased. In consequence, samples with lower TMOT
had higher measured MI. Remarkably, for samples with high TMOT (V
and C1 samples), the measured percentage of membrane-intact sperm
was notably lower than was the percentage of total motile sperm
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and washing in HBSS vs. HBSS-BSA; (B) removal of stain/
fixative by centrifugation before storage, which might allow a
longer storage time; and (C) increasing the duration of storage up
from ≤ 6 h to 48 h. The values for the measured parameters MI,
tAR, and MI-AR were compared for sperm under two condi-
tions: Vehicle at 0 h and 10 μM A23187 at 2 h.

Sperm from 9 ejaculates (3 ejaculates from each of 3 stal-
lions) were washed, then treated with 0 (V) or 10 (C10) μM
A23187. Sperm were resuspended in LPB and incubated for 0
or 2 h. Sperm were stained by the LD-PSA method as de-
scribed above (control), or by the LD-PSA method with pro-
tocol modifications in a cascading design (Fig. 4), as follows:

A) Washing was performed in either HBSS (control, N) or
HBSS-BSA media (protein-containing, P);

B) Sperm were treated with Vehicle or 10 μM A23187 for
10 min, then resuspended in LPB. Vehicle-treated sperm
were stained at 0 h; A23187-treated sperm were stained
after 2 h incubation.

C) After LD staining and addition of paraformaldehyde,
samples were assigned to control centrifugation
(CONT), i.e., two centrifugations after refrigerated stor-
age; or split centrifugation (CENT), i.e., the first post-
staining centrifugation and resuspension in DPBS(–)B
was performed before placement into refrigerated

Fig. 2 Interaction of equine sperm agglutination, Gating, and motility.
a, Sperm stained with PI-PSA showing agglutinated (outlined) and indi-
vidualized sperm, to help visualize the effect of agglutination on gating
and measured percentage of membrane-intact (MI) sperm. Non-stained
sperm are MI; stained sperm (red) are non-MI. Of 14 individualized
sperm, 7 (arrows) were MI. In aggregates of agglutinated sperm, the
proportions of MI/total sperm were the following (L to R): Small square,
3/3; rectangle, 9/11; large square, 14/17; oval, 6/10. Each outlined aggre-
gate would likely be read by flow cytometry as one event, which, due to
its greater side/forward scatter, would not be included in the gating. Thus,
while overall, 39/55 (71%) of sperm in this entire field were MI, the flow
cytometry measurement would include only the 14 individualized sperm

andwould thus report MI to be 7/14 (50%). The four aggregates would be
counted as four events; thus, the total events for this field would be 14
individualized sperm + 4 aggregates, or 18 events. Gating would thus be
reported as 14/18 (78%), whereas only 14/55 (25%) of the total sperm in
the field were included in the flow cytometric analysis. (B, C) Gating
profiles for samples from the same ejaculate, evaluated at 0.5 h of incu-
bation after exposure to 1 (b) or 10 (c) μMA23187 for 10 min, showing
the inverse relationship between TMOT and Gating. Total motility for the
samples was 89% and 36%, respectively; Gating was 55% and 83%,
respectively. d, Graph of linear regression showing the correlation be-
tween TMOT and Gating for all treatments (all replicates) at 0.5 h
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storage, and the second centrifugation after removal from
storage; and

D) To assess the effect of time in storage, each of the 8
conditions resulting from the above procedures was pre-
pared in triplicate. Individual samples were analyzed af-
ter storage at 4 °C in the dark for ≤ 6 h (D0), 24 h (D1), or
48 h (D2), resulting in 24 treatments. Samples were

analyzed by flow cytometry as described for LD-PSA
staining, above. Results for MI, tAR, and MI-AR were
compared within A23187 treatment between D0 and sub-
sequent days among the protocol modification groups.

Statistical analysis

Normality of the data distributions was evaluated using the
Kolmogrov-Smirnov test. Because the data showed equal var-
iance, comparisons among treatments over time were ana-
lyzed by repeated measures ANOVA with Greenhouse-
Geisser and Bonferroni corrections. Pairwise comparisons
were made with paired T-tests. Correlation between variables
was performed using the Pearson correlation. The results were
expressed as the mean ± standard error of the mean (s.e.).
Results of ANOVA for the different protocols in Exps. 1
and 2 were validated using Bland-Altman plots to analyze
the agreement between parameters. The differences between
paired measurements were calculated, and the mean of the
differences (d) was used to estimate the average bias of one
method relative to the other. The 95% limit of agreement was
calculated as d ± 1.96 SD, where SD is the standard deviation
of the differences between paired measurements [26]. All sta-
tistical analyses were performed using SPSS version 20 (SPSS
Inc, Chicago, IL, USA) and GraphPad Prism version 6
(GraphPad Software, San Diego, CA, USA) for Mac. The
level of significance was set at P < 0.05.

Results

Preliminary study A: Effect of A23187 concentration,
in medium with or without BSA, on sperm motility,
plasma membrane integrity, and acrosome status as
assessed by PI-PSA staining

The exposure of equine sperm to concentrations of calcium
ionophore A23187 ≥ 5 μM significantly altered motility, as
well as acrosomal membrane status and membrane integrity as
analyzed by the PI-PSA method, in comparison to that for
vehicle-treated controls (Fig. 1; suppl. Table 1).

Total motility (TMOT) was significantly decreased (P <
0.05) at 0 h when sperm were exposed to concentrations of
A23187 ≥ 5 μM in N medium (without BSA), and at 0.5 h
when sperm were exposed to ≥ 5 μM A23187 in P (BSA-
containing) medium (Fig. 1a). Progressive motility (PMOT)
followed the same pattern as did TMOT (suppl. Table 1). For
sperm that were both membrane-intact and acrosome-reacted
(MI-AR), significant differences from vehicle (P < 0.05) were
found only at 2 h of incubation, for A23187 concentrations ≥
5 μM in P (Fig. 1b). For total acrosome reaction (tAR),

Fig. 3 Effect of anti-agglutinant measures (1 mMD-penicillamine (PEN)
or milk-based extender (IN)) in sperm exposed to 0 (V) or 10 (C10) μM
A23187 for 10 min, followed by washing and incubation for 0, 1, or 2 h
on total equine sperm motility (TMOT) assessed by CASA and on mea-
sured membrane integrity (MI) and Gating (percentage of gated events,
i.e., individualized/non-agglutinated sperm) as assessed by the PI-PSA
method. Asterisks denote significant differences from control
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significant differences from vehicle (P < 0.05) were found at
2 h for A23187 concentrations ≥ 5 μM for both N and P
(suppl. Table 1).

Unexpectedly, the measured percentage of MI sperm was
significantly higher in samples treated with higher concentra-
tions of A23187 than in vehicle-treated controls in N medium
at 0 h and in P medium at 0.5 and 1 h (Fig. 1c). At these
timepoints, extraordinarily, in the lower A23187 concentra-
tions (vehicle and 1 μM A23187 treatments), the measured
MI, indicating the percentage of viable sperm, was markedly
lower than was the total motility as measured by CASA (data
for 0.5 h presented in Fig. 1d). As motility requiresmembrane
integrity, the higher motility than measured MI was incongru-
ous. Motility measurement on the CASA is a well-validated
technique and is visually confirmed during each analysis;
therefore, given both this incongruity and the increase in mea-
sured MI with increasing dose of A23187, we suspected that
the MI measurements as obtained by the PI-PSAmethod were
spurious.

To evaluate causes for this suspected inaccuracy, we exam-
ined the gating profile of the samples as generated by flow
cytometry. This parameter, Gating, reflected the % of gated
events, i.e., those included in the analysis. The Gating includ-
ed only the events within the forward scatter/side scatter (FSC/
SSC) parameters established for individual sperm, and thus
excluded events representing clumps of agglutinated sperm.
At 0, 0.5, and 1 h, as TMOT decreased due to loss of motility
in A23187-treated sperm, Gating increased, indicating that as

motility was lost, sperm became individualized. Reported MI
increased in parallel with Gating in these A23187-treated sam-
ples, i.e., as the percentage of gated (individual) sperm in-
creased, the measured MI increased. This suggested that the
non-motile sperm in A23187 treatments were largely still
membrane-intact. Thus, both MI and Gating were inversely
related to TMOT (shown at 0.5 h in Fig. 1d). We interpreted
this to reflect that in samples incubated in capacitating-like
conditions (presence of BSA, bicarbonate and calcium) such
as the LPBmedium in which all spermwere resuspended after
A23187 or vehicle treatment in this study, viable motile sperm
tend to agglutinate whereas non-motile sperm become indi-
vidualized. In high-motility samples such as seen in the vehi-
cle treatment, the non-motile, individualized sperm population
is thus enriched for non-viable (non-membrane-intact) sperm.
This hypothesis was supported by finding on microscopic
evaluation of sperm stained with PI-PSA that the proportion
ofMI sperm appeared to be higher in sperm aggregates than in
individualized sperm (Fig. 2a). For this reason, the MI report-
ed on flow cytometry has a lower value than would be expect-
ed for that sperm sample, based on its motility. As motility
decreased, especially in A23187-treated sperm, the percentage
of sperm included in the gating (i.e., the proportion of individ-
ual sperm in the sample) increased (Fig. 2b,c). A negative
correlation was found between TMOT and Gating at each
timepoint (0.5 h shown in Fig. 2d) and for all timepoints
combined (r = −0.608, P < 0.001). Similar results were found
for VCL and Gating (r = −0.538, P < 0.01). This suggested

Fig. 4 Flow chart showing the experimental design for Exp. 2. Sperm
were washed in Hanks’ balanced salt solution (HBSS) with (P) or without
(N) 7 mg/mL bovine serum albumin (BSA). Sperm were then exposed to
0 (vehicle) or 10μMA23187 for 10min, thenwashed and resuspended in
LPB medium. Samples were incubated for 0 h (vehicle) or 2 h (A23187),
before being stained with Live/Dead stain and fixed with paraformalde-
hyde. Samples were processed following the control (CONT,

immediately placed into storage) or the CENT (centrifuged prior to stor-
age) modification of the LD-PSA method. Samples were stored for ≤ 6 h
(D0), 24 h (D1), or 48 h (D2) then processed as for the LD-PSA method.
Plasma and acrosomal membrane parameters were compared among stor-
age times (D0 vs. D1 vs. D2) within protocol modification (CONT,
CENT)
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that as sperm lost motility, they disaggregated and became
individualized, and thus were included in the gating for flow
cytometric analysis.

Preliminary study B. Effect of anti-agglutinant mea-
sures (D-penicillamine or milk-based extender) after
A23187 exposure on sperm motility, membrane in-
tegrity, and acrosomal status as assessed by the PI-
PSA method

There were no significant differences (P > 0.05) in any eval-
uated sperm parameter at any time between samples resus-
pended in LPB and samples resuspended in LPB with 1 mM
D-penicillamine (Fig. 3). In contrast, for samples resuspended
in IN, Gating was significantly higher than in the LPB control
for vehicle-treated samples at all timepoints (Fig. 3), indicat-
ing that there was a higher proportion of individualized sperm
(i.e., less agglutination) in the vehicle-treated IN samples than
in the vehicle-treated samples resuspended in LPB. In agree-
ment with the hypothesis that in samples with low agglutina-
tion, individualized sperm (those analyzed by the flow
cytometer) are more likely to be membrane intact, for
vehicle-treated samples, the measured MI was significantly
higher in samples resuspended in IN than in those resuspend-
ed in LPB. In agreement with the hypothesis that in non-
agglutinated sperm, measured MI will be higher than
TMOT, for IN samples the MI was higher than was the
TMOT for V at all time periods. In agreement with the hy-
pothesis that in agglutinated samples, as sperm lose motility
they disaggregate and individualize, in LPB-suspended
sperm, Gating and MI increased as motility decreased over
time in A23187-treated sperm. The complete analysis is pre-
sented in Suppl. Table 2.

We noted that sperm resuspended in milk-based extender
after A23187 treatment (C10-IN) showed significantly lower
TMOT and PMOT (P < 0.001) than did controls. To explore
the cause for this, we evaluated the calcium content of the
different media. The values for total and ionized calcium were
1.2 ± 0.01 and 1.2 ± 0.01 mM, respectively, for HBSS; 1.1 ±
0.0 and 0.9 ± 0.0 mM, respectively, for LPB; and > 7 (above
the standards of the instrument) and 1.8 ± 0.01 mM for IN. In
IN medium, the measured MI became lower in the C10-IN
treatment than in V-IN at 1 and 2 h, possibly reflecting sperm
death due to prolonged excess intracellular calcium.

Experiment 1: Comparison of measured sperm
parameters as assessed by PI-PSA vs. LD-PSAmethods

Analysis via Bland-Altman plot (Suppl. Fig. 1) returned the
same significance information as did ANOVA; therefore, only
ANOVA results are presented. In this study, CASA evaluation
of sperm motility showed that at 1 h and 2 h, TMOT was
notably and significantly lower for A23187-treated than for

vehicle-treated sperm (Figs. 5 and 6; discussed in more detail
below). Figure 5 shows the comparison of measured sperm
parameters (MI, tAR, and MI-AR) assessed by the two eval-
uated methods (PI-PSA and LD-PSA). On flow cytometry,
recorded MI in V samples was significantly lower when
sperm were assessed with the PI-PSA method than with the
LD-PSA method at all timepoints. In V treatments, the MI
measured by the PI-PSA method was lower than TMOT by
22.9, 31.3, and 27.1 percentage points at 0 h, 1 h, and 2 h,
respectively. In contrast, the MI measured by the LD-PSA
method was lower than TMOT by 4.2 and 1.1 percentage
points at 0 h and 1 h, and higher than TMOT by 0.6 percentage
points at 2 h. There was also a difference between PI-PSA and
LD-PSA methods in the recorded tAR: Sperm assessed by PI-
PSA showed significantly higher tAR values than did those
assessed by LD-PSA at all time periods in the V treatment,
and at 0 h in the C10 treatment. tAR increased over time in the
V treatment as measured by PI-PSA (P < 0.05 for 2 h vs. 0 h)
but did not increase over time in the V treatment as measured
by the LD-PSA method. Gating was significantly lower for
PI-PSA than for LD-PSA for V at 0 and 1 h, and for C10 at 0
h, indicating a lower proportion of individualized sperm in the
PI-PSA method. There were no significant differences in the
measured MI-AR between the two methods. The complete
analysis is presented in Suppl. Table 3.

Based on the more appropriate relationship between
TMOT and MI measured by the LD-PSA method, as detailed
above, we selected the results generated by the LD-PSAmeth-
od to examine the effect of A23187 on equine sperm mem-
brane parameters over time (Fig. 6). Figure 6 also shows more
clearly the dramatic reduction in TMOT over time induced by
10min exposure to 10 μMA23187 (C10). At 2 h, TMOTwas
2.4 ± 0.8% for C10, vs. 70.5 ± 5.0% for V. Treatment with
A23187 also significantly loweredMI by 2 h. Despite this, the
percentage of membrane-intact acrosome-reacted sperm (MI-
AR) increased significantly at 2 h after A23187 exposure. The
tAR also increased significantly in the C10 treatment at 2 h.
There were no significant changes in any parameter (TMOT,
MI, MI-AR, or tAR) in the V treatment over time.

Experiment 2: Comparison of results with the LD-PSA
anti-agglutination method under various protocol
modifications, including storage for 2 days before
assessment

Results for the control LD-PSA method (CONT) analyzed by
flow cytometry on the same day the samples were fixed and
stored (D0), i.e., the technique used in Exp. 1, were evaluated
to assess the effect of 7 mg/mL BSA (P) during exposure to V
or A23187 onmeasured parameters. Evaluation of these results
(Fig. 7) showed that for the V-0 h treatment, there was no effect
of P during processing and exposure on any parameter. For the
C10-2 h treatment, samples processed and exposed to A23187

2473J Assist Reprod Genet (2021) 38:2465–2480



in P medium showed significantly higher MI (60.3 ± 2.3%)
than did those processed and exposed in medium without BSA
(42.0 ± 3.0% , P < 0.001; this significance is not indicated on
the figure as the emphasis is on differences among days). Both
t-AR and MI-AR were significantly higher in C10-2 h than in
V-0 h samples for both media.

We then evaluated the effect of variations in the LD-PSA
protocol on results. There were no differences in MI over the
days of storage for either processing treatment (Fig. 7). Samples
that were centrifuged before storage (CENT) were not different
from samples processed by the control method (CONT) at D0.
Samples processed using CENT showed no changes in any
measured parameter over the 2 days of storage (D0–D2). In
contrast, samples processed using CONT showed significantly
andmarkedly higherMI-AR and tAR values at D1 and D2 than
at D0. Bland-Altman plots for these comparisons are shown in
Suppl. Fig. 2; the complete ANOVA results are presented in
Suppl. Table 4. The changes in population distribution on flow
cytometry scatter plots, for membrane integrity and acrosomal
status over storage time in the CONT and CENT treatments for
one C10-2 h replicate, are shown in Fig. 8.

Discussion

In this report, using a novel method for membrane analysis
(LD-PSA), we present new information on the physiology of
equine sperm exposed to the calcium ionophore A23187.
While the results outlining the response of equine sperm to
A23187 are interesting, more important are our findings on
the problems inherent with analysis of incubated sperm by
flow cytometry.

The results of our studies show conclusively that the cur-
rent standard method of analysis of sperm membrane integrity
via flow cytometry, i.e., direct staining with propidium iodide
and PSA (PI-PSA), can provide non-representative results for
membrane integrity. In our first preliminary experiment, using
the PI-PSA method, in the vehicle treatment the percentage of
motile sperm was much higher than was the percentage of
membrane-intact (viable) sperm. These results would indicate
that a proportion of membrane-damaged (dead) sperm were
motile, which should not be possible [23, 25]. We termed this
phenomenon (i.e., that MI < TMOT) the “zombie sperm”
dilemma.

When addressing the cause for the zombie sperm dilemma,
we noted that the sperm in our studies that were resuspended
in a capacitation-type medium (LPB) showed a high amount
of agglutination. On microscopic evaluation, we noted that
these sperm aggregates were formed largely of viable sperm,
a finding noted previously by others [14, 20–22]. We hypoth-
esized that, due to their large size, these aggregates of viable
sperm were not included in the gated population analyzed on
flow cytometry, and thus the remaining sperm that were

Fig. 5 Comparison of results obtained with the PI-PSA vs. LD-PSA
methods. The percentage of total sperm motility (TMOT) was measured
by CASA and for clarity is shown in comparison to both PI-PSA and LD-
PSA results.Membrane integrity (MI), total acrosome reaction (tAR), and
membrane intact–acrosome reacted sperm (MI-AR) were assessed in
samples exposed to 0 (V) or 10 μM A23187 (C10) for 10 min, followed
by washing and incubation for 0, 1, or 2 h. Parameters for which the LD-
PSA results differed significantly from the PI-PSA results (P < 0.05) are
shown by asterisks. Note that membrane integrity agrees with total mo-
tility (i.e., MI is the same as or higher than TMOT) for LD-PSA but not
for PI-PSA
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analyzed (the individualized sperm) were not representative of
the entire sperm population in that they were biased toward
dead (non-membrane-intact) sperm.

In addition, we noted that when the sperm became immo-
tile, they disaggregated. An advantage of the current experi-
mental design for exploration of this phenomenon was that we
were using a treatment (A23187) that induces immobility due
to accumulation of excess intracellular calcium; however,
these immobilized sperm initially remain viable [27, 28].
Thus, in our studies, there were two reasons that sperm be-
came immotile: (1) because they were immobilized by
A23187 treatment, but were still membrane-intact (viable);
or (2) because they became membrane-damaged over time
(dead).

These two hypotheses, i.e., that gating-out of sperm aggre-
gates biases the reported measurements, and that sperm disag-
gregate when they lose motility, explain the seemingly illog-
ical finding for MI as measured by PI-PSA that at time 0, MI
increased with increasing A23187 dose. Following these hy-
potheses, it is likely that in sperm treated with high A23187
concentrations, the sperm became immotile, but theywere still
initially membrane-intact. These sperm disaggregated and be-
came individualized; thus, these immotile but still viable
sperm were able to be analyzed by flow cytometry. The mea-
sured MI appeared to be higher than in control sperm because
the individualized population included membrane-intact, im-
motile sperm; whereas in controls, a proportion of viable
sperm were aggregated and thus absent from the individual-
ized population. Over more time, A23187-treated sperm
underwent membrane damage (died) due to prolonged excess

intracellular calcium. These sperm were individualized and
thus included in the Gating, but they were not membrane-
intact; thus, the measured MI decreased over time.

When initially exploring the zombie sperm dilemma (i.e.,
MI < TMOT), it was not clear whether the incongruous find-
ing was a result of artificially high TMOT or of artificially low
MI in samples with high agglutination. Performance of CASA
also relies on analysis of individual sperm, and agglutination
is generally accepted as affecting CASA results [14], although
we could not find reports presenting data on this effect.
Aggregates were present in samples assessed by CASA, as
visualized on the associated sperm-tracking videos, and, as
noted above, these aggregates appeared to be composed large-
ly of motile sperm (sperm with vigorous tail movement). The
CASA sperm-tracking function showed that some sperm
within the aggregates, especially those aggregates in which
sperm were less compact, were included in the motility anal-
ysis. Thus, two possibilities exist regarding a potential effect
of agglutination in confounding CASA results: (A) that highly
motile sperm aggregate; when in these aggregates they are less
likely to be counted on CASA, resulting in artifactually low
reported motility; or (B) that immotile sperm included in a
moving aggregate might be counted as motile on CASA,
resulting in artifactually high reported motility. In reviewing
our data to clarify this point, we noted in Preliminary study B
that in the vehicle treatment at time 0, the reported TMOTwas
slightly but non-significantly higher in LPB (an agglutinating
medium) than in IN (a non-agglutinating medium; Fig. 3),
which runs counter to hypothesis A above. These findings
could support hypothesis B, or could indicate actual higher

Fig. 6 Effect of exposure of equine sperm to vehicle (V) or 10 μM
A23187 (C10) for 10 min, followed by washing and incubation for 0,
1, or 2 h on total sperm motility (TMOT) as measured by CASA, and
membrane integrity (MI), membrane intact-acrosome reacted sperm (MI-
AR), and total acrosome reacted sperm (tAR) as assessed by the LD-PSA

method. For each parameter, significant differences (P < 0.05) between
vehicle and A23187-treated samples at the same timepoint are represent-
ed by asterisks. At 1 h, A23187 significantly decreased TMOT. At 2 h,
A23187 treatment significantly decreased total motility and MI, and in-
creased both MI-AR and tAR
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motility in LPB medium. In agreement with the possibility
that LPB supports higher motility than does IN was the

finding that VCL was significantly higher in LPB than in IN
at 0 h (Suppl. Table 2). We developed the LPB medium, a
novel medium, based on findings that HBSS supported greater
longevity of motility in incubated equine sperm than did other
tested basal media [3, 29]; we added BSA at a concentration (7
mg/mL) similar to that used in studies reporting successful
equine IVF (3 to 10 mg/mL) and added lactate and pyruvate
as metabolic substrates, as it has been shown that equine
sperm depend largely on oxidative phosphorylation for gen-
eration of ATP [30, 31].

The finding that ascertained that the zombie sperm dilem-
ma (MI < TMOT) was related to a lowMI reading, rather than
a high TMOT reading, was that at time 0, the measured MI of
vehicle-treated sperm resuspended in LPB (49%) was abso-
lutely and significantly lower than was the measuredMI of the
same sperm resuspended in IN (76%; Fig. 3). The data that
established that this low MI was related to agglutination was
that the finding of MI < TMOT was observed in the medium
that promoted agglutination (LPB) but not in the medium that
does not promote agglutination (IN, a milk-based semen ex-
tender especially designed for use in the stallion). In LPB, as
sperm became immobilized by the action of A23187, they
disaggregated (as shown by an increase in Gating) and the
MI increased accordingly (Fig. 3). Sperm do not agglutinate
in IN; thus in IN, while A23187 treatment induced a drastic
reduction in motility,MI did not change; in IN, theMIwas not
significantly different between vehicle- and A23187-treated
sperm at time 0 (MI > TMOT in both treatments). Over time
(at 1 h and 2 h), the A23187-treated sperm in IN lost viability,
possibly due to a more extreme calcium influx due to the
higher calcium concentration in this extender, and measured
MI then decreased (Fig. 3).

Previous studies have indicated that incubation in capaci-
tation conditions (BSA, calcium, and bicarbonate) is associat-
ed with sperm agglutination [12, 13, 15–18]. In boar sperm, an
anti-agglutinin produced in the epididymis is found on ejacu-
lated sperm, and is released during incubation for capacitation,
especially in the presence of serum [19]. Head-to-head agglu-
tination in boar sperm is induced by bicarbonate and activa-
tion of cAMP, and requires calcium [32]. Agglutination ap-
pears to be related to changes in sperm membrane proteins; in
ram sperm, agglutination is associated with formation of
disulfide bonds on copper-binding sperm membrane pro-
teins, hypothesized to be cell adhesion proteins of the
disintegrin and metalloproteinase (ADAM) family [33].
With this understanding, we performed experiments to try
to decrease this agglutination. First, we tried addition of
the thiol D-penicillamine (PEN), which decreases aggluti-
nation of bull and ram sperm in capacitating-type medium,
associated with reduction of disulfide bonds on membrane
proteins [14, 20, 33], and has been used to protect stallion
sperm from oxidative stress [34]. On analysis by CASA
and PI-PSA, the addition of 1 mM PEN to the medium

Fig. 7 Effect of variations in the LD-PSA procedure on the percentages
of sperm membrane integrity (MI), total acrosome reaction (tAR), and
membrane intact acrosome reacted sperm (MI-AR). The procedural fac-
tors evaluated were absence (N) or presence (P) of 7 mg/mL bovine
serum albumin (BSA) in the washing medium; performing the centrifu-
gation to remove the stain and fixative after (CONT) or before (CENT)
storage; and duration of storage (up to 6 h (D0), 24 h (D1), and 48 h (D2)).
The values for the measured parameters MI, tAR, and MI-AR were com-
pared among procedural variations under two conditions: Vehicle at 0 h
and 10 μM A23187 at 2 h. Within treatments and conditions, significant
differences (P < 0.05) between days are marked with an asterisk
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was not associated with a difference from control for any
parameter at any timepoint. The lack of effect of PEN on
agglutination in our study, in contrast to the findings of
Leahy et al. in the ram [14], could possibly be due to the
action of PEN as a chelator of metals, including copper
[14, 34–36]. Ram sperm are highly sensitive to copper,
and ovine serum, used as protein source by Leahy et al.
[14], contains appreciable levels of copper [37].

The application of IN was a second approach to attempt
to limit agglutination. This was done only to study the ef-
fect of agglutination, as use of IN does not allow individual
evaluation of medium components associated with capaci-
tation, one of our overall goals. As noted above, the amount
of agglutination accordingly decreased, as reflected in a
significantly higher gated population (Fig. 3) and concom-
itantly, the recorded % of MI sperm increased vis-à-vis the
LPB control. The immediate precipitous drop in motility in
sperm resuspended in IN after exposure to A23187 was
unexpected. As noted above, this decrease in motility, and
subsequent loss of viability, could be associated with the
higher calcium concentration in this extender, especially as

equine sperm appear to be relatively sensitive to increased
calcium concentrations [25].

After finding PEN and milk-based extender either inef-
fective or problematic for use in our studies, we tried the
cell-dissociating agent Accumax. As described by the ven-
dor (Millipore Sigma), Accumax is a commercial solution
of proteolytic and collagenolytic enzymes and DNAses,
and other components, designed to prevent cell agglutina-
tion. We found that use of Accumax on fresh sperm result-
ed in sperm death (data not shown) likely due to digestion
of sperm membranes by this solution. Therefore, we decid-
ed to utilize a fixable Live/Dead stain, to allow fixation of
sperm after they had been stained to establish membrane
status. Anti-agglutination measures could then be applied
on the fixed sperm without affecting sperm membrane
analysis. The Live/Dead stain uses dyes that fluoresce
when covalently bound to amines. In membrane-damaged
sperm, the dyes have access to amines in the cell interior,
resulting in intense fluorescence. The reaction of the dye
with amines is irreversible; thus, the discrimination is pre-
served after fixation [38, 39]. Because the sperm were

Fig. 8 Representative scattergrams showing flow cytometry for
membrane integrity and acrosome reaction of sperm from one stallion
ejaculate processed using the LD-PSA method, over 0, 1, and 2 days of
storage (0D, 1D, and 2D). The centrifugation to remove the stain and
fixative was performed after (CONT) or before (CENT) storage. MI =
membrane intact; AR = acrosome-reacted. There were no significant
differences in MI, MI-AR, or total AR (tAR) between CONT and

CENT at D0. For the CONTpreparations, there was a significant decrease
(P < 0.05) in membrane-intact, acrosome-intact sperm (oval) between D0
and the later days, and a concomitant increase in MI-AR and tAR. This
indicated increased staining of the acrosome during storage in the pres-
ence of 2% paraformaldehyde and live/dead stain. There were no signif-
icant changes in any parameter over time for the CENT preparations
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fixed, we were then able to utilize Accumax as an anti-
agglutination measure. In addition, a high concentration
of Triton-X was added after fixation. Triton-X, a detergent,
is utilized to complete the permeabilization of the acroso-
mal membrane begun by the paraformaldehyde, so that the
acrosome, if present, can be completely visualized. Triton-
X also has anti-agglutination activity, as it may decrease
head-to-head membrane binding; however, it cannot be
used on fresh sperm as it causes dissolution of equine
sperm membranes at low concentrations [25]. In the LD-
PSA protocol, we increased the Triton-X concentration to
10 times that needed for permeabilization, to increase the
anti-agglutination effect. Fixable Live/Dead staining in
combination with an acrosomal-binding lectin has been
used on equine and bovine sperm [40, 41], but to the best
of our knowledge, has not previously been incorporated
with anti-agglutination measures to address the problem
of agglutination. We found that use of the Live/Dead stain
followed by fixation, treatment with Accumax and high-
dose Triton-X, staining with PSA, and re-suspension in
Accumax (the LD-PSA method) yielded data having an
appropriate correspondence of MI with TMOT (Fig. 5).

Interestingly, PI-PSA and LD-PSA protocols showed signif-
icant differences not only in measured MI, as discussed for the
zombie sperm dilemma, but also in total AR (tAR). Thismeasure
in vehicle-treated sperm was higher in PI-PSA than in LD-PSA
at time 0 and 1 h (Fig. 5). This is logical, as in PI-PSA, due to
agglutination of viable sperm, the individualized (analyzed) pop-
ulation is biased toward membrane-damaged sperm, which are
more likely to be acrosome-reacted. In contrast to tAR, there
were no significant differences for MI-AR between PI-PSA
and LD-PSAmethods. This is likely associated with the fact that
in our study, appreciable proportions ofMI-AR spermwere seen
only after A23187 treatment, which also caused sperm to be
immobilized. The immotile sperm disaggregated and became
individualized, thus eliminating the effect of agglutination, and
so the population included in the Gating (the population included
in the analysis) was similar for both PI-PSA and LD-PSA assess-
ment methods.

As the LD-PSA method appeared to provide representative
results, and might be adopted for general use, we explored the
effect of procedural variations for this novel assessment method
on measured sperm membrane integrity and acrosome status.
There was no effect of sperm storage onMI, supporting previous
findings that Live/Dead-stained equine sperm samples could be
stored after fixation for up to 5 days, with onlyminor (about 10%
loss in MI/day) effects on viability results [42]. We based our
initial protocol of Live/Dead staining on this previous report [42];
because those authors wanted to utilize the stain on sperm col-
lected by referring veterinarians in the field, the fixed samples
were stored without centrifuging to remove the dye and parafor-
maldehyde, to assess the effects of storage. While, as per this
previous report, using this methodology we did not find an effect

of storage onMI, we found in Exp. 2 that storage in the presence
of the dye and paraformaldehyde (i.e., without centrifugation and
resuspension before storage) for 1 or 2 days (D1 andD2) resulted
in apparent loss of the acrosome, as shown by a significant and
marked increase in the proportion of sperm classified as acro-
some-reacted. This change over time was prevented if the para-
formaldehyde and dye was removed by centrifugation before
storage, as recommended by the manufacturer of the Live/Dead
stain; we recommend that this precaution be taken when the
method is applied to sperm that will not be analyzed immediate-
ly. The ability to store sperm for later analysis is of profound
value in allowing assessment of sperm sampled at multiple
timepoints, or at satellite facilities.

The results of our analyses in these studies do provide new
data on the effect of calcium ionophore treatment on equine
sperm. To the best of our knowledge, this is the first study in
which the effects of A23187 on motility, and on proportion of
acrosome-reacted viable sperm, have been objectively inves-
tigated in equine sperm under the conditions in which A23187
has been used for IVF, i.e., brief exposure of sperm to the
ionophore followed by washing and incubation in a
capacitation-type medium [3–6]. With this protocol, we were
able to repeatedly generate a population of up to 20% mem-
brane-intact, acrosome reacted sperm. We found that equine
sperm did not respond to exposure for 10 min to 1 μM
A23187 (Fig. 1) but did respond to concentrations of 5 and
10 μMA23187, showing immediate significant loss of motil-
ity. Motility decreased over time to almost zero after 2 h in-
cubation. Total motility decreased more rapidly when sperm
were exposed to A23187 in medium without BSA; this is
expected as albumin binds A23187 and reduces A23187-
induced calcium influx in equine sperm [43]. There was an
increase in the population of membrane-intact, acrosome-
reacted sperm, but only at 2 h after ionophore exposure.
Indeed, through all the studies, it appeared that the motility
decreased in direct relation to the ability of that treatment to
induce the acrosome reaction (Figs. 1 and 6). This suggests
that one of the factors that may be related to the low rate of
equine IVF associated with sperm treatment with A23187
could be that for treatments capable of stimulating the acro-
some reaction, sperm lose motility before the acrosome reac-
tions initiated by the treatment occur.

Notably, sperm that were not treated with ionophore (vehi-
cle treatment) but were incubated in capacitation-type media
(LPB: presence of BSA, calcium and bicarbonate) for 2 h
showed no changes in any parameter (TMOT, PMOT, MI,
MI-AR, or tAR) over time. This reflects the inability to induce
capacitation-like changes in equine sperm under conditions
that would stimulate this change in other species. This lack
of capacitating effect has been associated with the inefficiency
of equine IVF [2, 44].

In summary, the finding that sperm agglutination signif-
icantly affects the results of flow cytometric evaluation is
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important to consider when performing sperm evaluations.
This is especially relevant to sperm incubated under capac-
itating conditions, as these conditions are associated with
increased sperm agglutination. When no measures were
taken to reduce agglutination (PI-PSA method), the mea-
sured proportion of membrane-intact sperm was markedly
lower than was total motility as measured by CASA, indi-
cating that the results were not representative of the popu-
lation being assessed. Our conclusions after performing
these studies are that viable, motile equine sperm incubated
in capacitating conditions tend to aggregate, and that as
sperm lose motility due to either membrane damage or, in
our studies, A23187-induced calcium overload, they dis-
aggregate. These two factors differentially affect measure-
ments on flow cytometry, in which only individualized
sperm are assessed. Methods to reduce sperm agglutination
before flow cytometry was performed (LD-PSA method)
resulted in more correspondent MI data. These findings are
extremely important in relation to studies assessing sperm
membrane integrity.
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