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ABSTRACT: Osmotic stress attributed to differences in the relative
permeability of cryoprotectants, such as glycerol and water, appears
to be an important factor in cryodamage. The objective of this study
was to characterize the osmotic tolerance of equine spermatozoa,
and to evaluate the effects of addition and removal of cryoprotec-
tants from equine spermatozoa on their motility, and membrane and
acrosomal integrity, as well as their mitochondrial membrane poten-
tial. Equine spermatozoa had a limited osmotic tolerance to anisos-
motic conditions. Although the addition of increasing concentrations
of glycerol decreased the motility and viability of equine spermato-
zoa, the rapid removal of glycerol by dilution in isosmotic media
resulted in an even greater decline in motility and viability compared
with spermatozoa maintained under anisosmotic conditions. Like-
wise, the addition and rapid removal of 1.0 M glycerol, ethylene gly-
col, dimethylsulfoxide, or propylene glycol resulted in a significant
decline in sperm motility and viability. Among these cryoprotectants,

ethylene glycol had the least detrimental effect on either viability or
motility of spermatozoa following the rapid addition and removal of
these cryoprotectants. These data demonstrate that equine sper-
matozoa have a limited osmotic tolerance compared with published
reports for mouse or human spermatozoa, and appear to be more
similar to boar spermatozoa in their osmotic tolerance. Of the 4 cryo-
protectants evaluated in equine spermatozoa, the addition and re-
moval of glycerol resulted in a more marked osmotic stress as in-
dicated by alterations in motility, viability, and acrosomal integrity.
These data suggest that alternative cryoprotectants should be con-
sidered for cryopreservation of equine spermatozoa in order to re-
duce osmotic stress associated with the addition of these agents
during semen freezing.
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Although the first foal born after insemination of cryo-
preserved equine semen was reported in 1957 (Bark-

er and Gandier, 1957), many aspects of semen cryopres-
ervation in the horse remain empirical with relatively lit-
tle information available on the basic cryobiologic and
biophysical stresses imposed during freezing and thawing.
The success of cryopreservation of equine semen varies
widely between stallions, and our understanding of the
factors associated with this large intermale variation is
poor (Amann and Pickett 1987; Vidament et al, 1997).
Improvements in the success of semen cryopreservation
in the horse require an understanding of the cryobiology
of spermatozoa from this species. Because there are
marked differences in the ability of spermatozoa from dif-
ferent species to survive cryopreservation, it is difficult
to extrapolate across species relative to specific aspects
of cryodamage. Therefore, parameters such as osmotic
tolerance must be determined for the species of concern.
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Damage to spermatozoa during freezing and thawing
can result in a reduction in the proportion of surviving
spermatozoa, as well as an altered functional capacity of
those spermatozoa that do survive (Watson, 2000). Dam-
age during cryopreservation has been attributed to chang-
es in temperature, ice crystal formation, oxidative dam-
age, alterations in sperm membrane, DNA damage, tox-
icity of cryoprotectants, and osmotic stress (Watson 1995,
2000; Gao et al, 1997). Spermatozoa appear to be sensi-
tive to osmotic stress associated with the addition and
removal of molar amounts of cryoprotectants as well as
alterations in solute concentrations during freezing (Gao
et al, 1997; Watson 2000).

Osmotic stress attributed to differences in the relative
permeabilities of cryoprotectants and water as well as the
temperature dependence of these permeabilities has been
the focus of considerable research efforts in spermatozoa
of human (Gao et al, 1992; Gilmore et al, 1995, 1997)
boar (Caiza de La Cueva et al, 1997c; Gilmore et al,
1998) bull (Watson et al, 1992; Liu and Foote 1998), ram
(Curry and Watson, 1994; Curry et al, 2000), mouse (Wil-
loughby et al, 1996; Phelps et al, 1999), and rabbit (Curry
et al, 2000). Unfortunately, there are few published stud-
ies concerning the osmotic tolerance of equine sperma-
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tozoa or the effects of cryoprotectants such as glycerol
on sperm function. Noiles et al (1992) estimated a rela-
tively high hydraulic conductivity (Lp) of equine sper-
matozoa (26 �M min�1 atm�1) with a critical osmolality
(osmolality at which 50% of spermatozoa lyse) of 47
mOsm. Other investigators have examined the relative in-
crease in equine sperm volume as determined by sper-
matocrit over the range of 300 to 50 mOsm (Lagares et
al, 2000) with concomitant reduction in sperm viability
as determined by eosin exclusion. In two studies, Caiza
de la Cueva et al (1997a,b) characterized the effects of
osmotic stress on equine sperm viability and motility as
well as ultrastructural changes associated with anisos-
motic conditions. These studies point to osmotic stress as
an additional factor to consider in cryodamage to equine
spermatozoa.

Biophysical changes in the sperm plasma membrane
during solute addition and removal appear to account for
a least a portion of the damage incurred during cryopres-
ervation. When glycerol-loaded cells are abruptly trans-
ferred to an isotonic, glycerol-free medium (such as skim
milk extenders or to the female reproductive tract secre-
tions) the intracellular environment is hyperosmotic rel-
ative to the extracellular environment. Because the per-
meability of most cryoprotectants is much lower than that
of water, there is a net influx of water with a resulting
increase in cell volume. Mammalian spermatozoa appear
to behave as linear osmometers, and cell death occurs if
the spermatozoa swells or shrinks beyond species-specific
osmotic tolerances (Gilmore et al, 1995, 1996, 1998; Wil-
loughby et al, 1996). In addition to cell lysis, membrane
damage may occur secondary to rapid water movement
across the membrane (Muldrew and McGann 1990; Curry
and Watson, 1994).

The objectives of the current study were to characterize
the osmotic tolerance of equine spermatozoa and to de-
termine the effects of rapid addition and removal of per-
meable cryoprotectants on sperm motility, viability, ac-
rosomal integrity, and mitochondrial membrane potential.

Materials and Methods

Sample Preparation
Semen samples were collected with an artificial vagina from
light-horse stallions and filtered to remove gel. Raw semen was
layered on a discontinuous Percoll gradient (40%/80%), and cen-
trifuged (300 � g for 20 minutes) to isolate motile spermatozoa.
Spermatozoa were then washed in isosmotic Tyrodes albumin
lactate pyruvate (TALP; 325 mOsm) and resuspended to a final
concentration of 600 � 106 cells/mL.

Media Preparation
A modified isosmotic Tyrodes medium (Bavister, 1989) was
used in all experiments. Hypotonic TALP was prepared by re-

ducing the amount of NaCl. Hypertonic TALP was made by
adding NaCl, sucrose, or cryoprotectants to isosmotic TALP. In
each experiment, osmolality was confirmed by measurement
with a freezing point depression osmometer (Model 5004, Pre-
cision System Inc, Natick, Mass).

Experimental Design

Validation of Propidium Iodide Staining for Viability—The
use of propidium iodide (PI) for determination of sperm viability
via a microplate assay was validated by the use of fixed ratios
of viable:dead spermatozoa (100:0, 75:25, 50:50, 25:75, and 0:
100) with 4 ejaculates from 4 stallions (Papaioannou et al, 1997).
After separation of spermatozoa from seminal plasma via Percoll
gradient centrifugation, aliquots of spermatozoa were killed by
plunging them into liquid nitrogen and rewarming to 37�C (3
cycles). Membrane integrity was determined by PI staining (12
�M final concentration; Molecular Probes, Eugene, Ore). After
5 minutes of incubation with PI at 22�C, the samples were ali-
quoted in duplicate wells (200 �L each) and read by a fluores-
cence microplate reader (Model HTS 7000; Perkin Elmer, Nor-
walk, Conn). The �excitation and �emission for PI were 550 nm and
635 nm, respectively. The uptake and fluorescence of PI was
also determined in frozen-thawed spermatozoa after permeabil-
ization with digitonin (10 �g/mL) in order to control for the
effects of osmolality. After blank correction, PI fluorescence was
evaluated by regression analysis.

Experiment 1: Effect of Anisosmotic Conditions on Motility
and Membrane Integrity of Equine Spermatozoa—The effect of
osmolality on sperm motility and membrane integrity was eval-
uated by incubation of equine spermatozoa in TALP with os-
molality ranging between 90–600 mOsm. For this study, sper-
matozoa (325 mOsm, 600 � 106 cells/mL) were diluted (1:15)
in each anisosmotic TALP (90, 150, 200, 325, 400, 500, or 600
mOsm final osmolality) and incubated for 10 minutes at 22�C.
Sperm motility was determined in each sample by computer-
assisted semen analysis (CASA; CEROS Analyzer; Hamilton
Thorne Research, Beverly, Mass). Membrane integrity was de-
termined by exclusion of PI as described above. In a subset of
samples, spermatozoa were returned to near isosmotic conditions
by dilution (1:6) in isosmotic TALP, and motility was determined
by CASA at 1- and 5-minute intervals after dilution.

Experiment 2: Effect of Glycerol Addition and Removal on
Motility, Mitochondrial Membrane Potential, Viability, and Ac-
rosomal Integrity of Equine Spermatozoa—The effect of addi-
tion and removal of the membrane-permeable cryoprotectant,
glycerol, on sperm motility and viability was determined in a
series of experiments. Spermatozoa were isolated on Percoll den-
sity gradients, washed, and resuspended at a final concentration
of 600 � 106 cells/mL in isosmotic TALP. This stock sperm
suspension was subsequently diluted (1:2.14) by the rapid ad-
dition of TALP with glycerol to yield final osmolalities of 325,
600, 900, 1200, 1500, and 1800 mOsm. Spermatozoa were in-
cubated for 10 minutes, and motility was determined by CASA.
Each treatment was subsequently diluted (1:7; final sperm con-
centration of 40 � 106 cells/mL) in either the corresponding
anisosmotic TALP or in isosmotic TALP, and motility was again
determined by CASA at 5 and 10 minutes after dilution. Samples
were loaded with PI (as in experiment 1), and fluorescence was
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Figure 1. Linear regression plot for PI fluorescence (arbitrary units) and
the proportion of viable spermatozoa. Spermatozoa were killed by freez-
ing and thawing and added to live spermatozoa to obtain various pro-
portions of live spermatozoa. Fluorescence of PI was determined by a
fluorescence microplate reader. Each line represents spermatozoa from
an individual stallion. Overall regression equation was Y � 10.766 �
0.097 � X; R2 � 0.927, where Y � PI fluorescence and X � % live
spermatozoa.

determined in duplicate wells for determination of membrane
integrity.

Effects on Mitochondrial Membrane Potential—For this ex-
periment, spermatozoa were prepared as above (experiment 2)
to yield a final concentration of 40 � 106 cells/mL. A 5.56-�L
volume of 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazo-
lylcarbocyanine iodide (JC-1; 250 �M; Molecular Probes) was
added to each 700-�L sample, and samples were incubated for
20 minutes at 22�C. Samples were loaded in 96-well microplates
as triplicate wells and orange (�excitation � 485; �emission � 595) and
green (�excitation � 485; �emission � 535) fluorescence was deter-
mined. Mitochondrial membrane potential was expressed as the
ratio of orange:green fluorescence normalized to control values
(325 mOsm; Gravance et al, 2000).

Effects on Viability and Acrosomal Integrity—Samples were
prepared as above, except final cell concentration was adjusted
to 25 � 106 cells/mL and viability and acrosomal integrity were
evaluated based upon a modification of the method of Wilhelm
et al (1996). To each aliquot of 100-�L sample, 4 �L of fluo-
rescein isothiocyanate–Pisum sativum agglutinin (FITC-PSA; 5
mg/mL) was added and incubated for 10 minutes prior to the
addition of 2 �L of PI (2 mg/mL). After 5 minutes of incubation,
samples were further diluted to 5 � 106 cells/mL before assess-
ment of individual samples for PI and FITC-PSA staining. A
total of approximately 10 000 gated events were analyzed per
sample with the flow cytometer (FACScan; Becton-Dickinson,
Franklin Lakes, NJ). The green fluorescence 1 (FL1-H: FITC-
PSA) was collected through a 525-nm bandpass filter and the
red fluorescence 2 (FL2-H: PI) was collected through a 635-nm
bandpass filter. The relative distribution of green- and red-stained
sperm populations were collected as dot plot histograms for FL1-
H and FL2-H, and expressed as the percentage of spermatozoa
in each histogram. Populations of spermatozoa were classified
as live-acrosome–intact, live-acrosome–damaged, dead-acro-
some–intact, or dead-acrosome–damaged based on analysis of
scatter plots.

Experiment 3: Effects of Addition and Removal of 1.0 M Con-
centrations of Permeable Cryoprotectants on Equine Sperm Mo-
tility, Viability, and Acrosomal Integrity—Spermatozoa were
separated from seminal plasma as described in experiment 2 and
resuspended in TALP at a final concentration of 600 � 106 cells/
mL in isosmotic TALP. This stock sperm suspension was sub-
sequently diluted (1:1) by the rapid addition of TALP containing
either 2.0 M glycerol, dimethylsulfoxide (DMSO), ethylene gly-
col (EG), propylene glycol (PG), or control (isosmotic TALP).
Samples were incubated for 5 minutes at 22�C prior to dilution
(1:6) in a 1.0 M concentration of the corresponding TALP (1.0
M group) or dilution in isosmotic TALP (return to isosmolar
group). Samples were subsequently incubated for 10 minutes
prior to determination of total and progressive motility via
CASA. Additional aliquots from each treatment were labeled
with PI and evaluated via a fluorescence microplate reader (see
experiment 1 for methods). The uptake and fluorescence of PI
was also determined in frozen-thawed spermatozoa after per-
meabilization with digitonin (10 �g/mL) in order to control for
the effects of cryoprotectants. In a separate experiment, sper-
matozoa were treated as above and viability and acrosomal in-

tegrity were determined via flow cytometry (see experiment 2
for methods).

Statistical Analysis
Data were analyzed by analysis of variance, and differences be-
tween individual means were compared with the Fisher protected
least significant difference (Statview; SAS Institute, Cary, NC).
In some experiments, data were normalized to control values
prior to analysis. Data are presented as least-squares means �
SEM.

Results

Validation of Propidium Iodide Staining for Viability
Propidium iodide fluorescence was linearly related to the
percentage of viable spermatozoa (Y � 10.766 � 0.097
� X; R2 � 0.927). For individual stallions, blank-cor-
rected PI fluorescence had regression coefficients of
greater than 0.99 (Figure 1). Changes in osmolality did
not (P � .5) affect PI fluorescence of digitonin-permea-
bilized, frozen-thawed spermatozoa (data not shown).

Experiment 1
When osmolality of TALP was altered by adjusting NaCl
content, motility of spermatozoa decreased (P 	 .01) at
isosmolar � 100 mOsm (Figure 2). Although reduction
in osmolality decreased the membrane integrity of sper-
matozoa as measured by exclusion of PI, increases in os-
molality did not affect membrane integrity through the
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Figure 2. Effect of osmolality on motility of equine spermatozoa. Sper-
matozoa were separated via Percoll gradient centrifugation and resus-
pended in TALP with osmolality adjusted by changing [NaCl]. Sperm
were incubated for 10 minutes (22�C), and motility was determined via
CASA. Data are least squares means � SEM. (n � 5 experiments, 3
stallions).

Figure 4. Effect of anisosmotic conditions on motility of equine sperma-
tozoa and subsequent change in motility after dilution to near isosmotic
conditions at 1 and 5 minutes of incubation. Spermatozoa were sepa-
rated via Percoll gradient centrifugation and resuspended in TALP with
osmolality adjusted by reducing [NaCl] in hypotonic media or adding su-
crose in hypertonic media. Sperm were incubated for 10 minutes (22�C),
and motility was determined (anisosmotic). Sperm were subsequently
diluted in isosmotic TALP, and motility was recorded at 1 and 5 minutes
after return to near isosmotic conditions. Data are least squares means
� SEM. (n � 4 experiments, 3 stallions).

Figure 3. Membrane integrity of equine spermatozoa after exposure to
different anisosmotic conditions as determined by exclusion of PI. Sper-
matozoa were separated by Percoll gradient centrifugation and resus-
pended in TALP with osmolality adjusted by altering [NaCl]. Spermato-
zoa were incubated for 10 minutes at 22�C and loaded with PI. Fluores-
cence was determined by microplate reader (excitation � 550 nm; emis-
sion � 635 nm) in triplicate wells of a 96-well plate. Data are normalized
to 325 mOsm. Values with different superscripts (a,b; c,d; e,f) differ (P
	 .01). Data are least squares means � SEM. (n � 5 experiments, 3
stallions).

Figure 5. Effect of glycerol addition and removal on motility of equine
spermatozoa. Osmolality of TALP was adjusted by the addition of glyc-
erol. Sperm were incubated for 10 minutes (22�C) and motility was de-
termined (anisosmotic). Sperm were subsequently diluted in isosmotic
TALP and motility was recorded at 5 and 10 minutes after return to near
isosmotic conditions. Data are least squares means � SEM. (n � 5
experiments, 4 stallions).

range of osmolalities tested (Figure 3). When equine sper-
matozoa were exposed to anisosmotic conditions and then
abruptly returned to near isosmotic conditions, motility
declined but did not differ from that observed when sper-
matozoa were maintained at anisosmotic conditions (Fig-
ure 4).

Experiment 2: Effects of Glycerol Addition and Removal
The addition of increasing concentrations of the permeant
cryoprotectant, glycerol, decreased the motility of equine
spermatozoa (Figure 5). When spermatozoa that were
equilibrated with glycerol were abruptly returned to near

isosmotic conditions by dilution, there was a significant
reduction (P 	 .0001) in motility for all concentrations
of glycerol tested (Figure 5). Motility did not differ be-
tween 5 and 10 minutes following re-equilibration of
spermatozoa into isosmotic conditions. Mitochondrial
membrane potential was not significantly altered by in-
creased osmolality associated with increased glycerol
concentration (Figure 6). When spermatozoa were abrupt-
ly returned to near isosmotic conditions, however, there
was a significant decline (P 	 .0001) in mitochondrial
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Figure 6. Effect of glycerol addition and removal on mitochondrial mem-
brane potential of equine spermatozoa. Osmolality of TALP was adjusted
by the addition of glycerol. Sperm were incubated for 10 minutes (22�C),
and sperm were loaded with JC-1 (anisosmotic). Additional aliquots of
sperm were subsequently diluted in isosmotic TALP, and loaded with
JC-1. After 20 minutes of incubation, samples were loaded into 96-well
microplates in triplicate wells. Orange (emission � 595) and green (emis-
sion � 535) fluorescence of JC-1 loaded sperm were determined via a
microplate reader (excitation � 485). Data are ratio of orange:green fluo-
rescence normalized to 325 mOsm. Data are least squares means �
SEM. (n � 4 experiments, 4 stallions).

Figure 7. Effect of glycerol addition and removal on membrane integrity
of equine spermatozoa. Osmolality of TALP was adjusted by the addition
of glycerol. Sperm were incubated for 10 minutes (22�C), and sperm
were loaded with PI (anisosmotic). Additional aliquots of sperm were
subsequently diluted in isosmotic TALP, and loaded with PI. After a 5-
minute incubation, samples were loaded into 96-well microplates in trip-
licate wells. Fluorescence of PI-loaded sperm was determined via a mi-
croplate reader (excitation � 550 nm; emission � 635 nm). Data are
normalized to 325 mOsm. Data are least squares means � SEM. (n �
7 experiments, 4 stallions).

Figure 8. Effect of glycerol addition and removal on viability and acro-
somal integrity of equine spermatozoa. Osmolality of TALP was adjusted
by the addition of glycerol. Sperm were incubated for 10 minutes (22�C),
and sperm were stained with FITC-PSA and PI (anisosmotic). Additional
aliquots of sperm were subsequently diluted in isosmotic TALP and load-
ed with FITC-PSA and PI (return to isosmotic). Fluorescence of stained
sperm was determined via flow cytometry and the percentage of live,
acrosome-intact sperm was determined. Values with different super-
scripts (a,b: P 	 .01; c,d: P 	 .05) differ. Data are least squares means
� SEM. (n � 6 experiments, 3 stallions).

membrane potential (Figure 6). Exposure of spermatozoa
to increasing glycerol concentrations increased (P 	 .01)
the uptake of PI at greater than 1500 mOsm (Figure 7);
however, return of equine spermatozoa to near isosmotic
conditions significantly (P 	 .005) increased the uptake
of PI compared with spermatozoa maintained at anisos-
motic conditions at all osmolalities greater than 325
mOsm (Figure 7). The percentage of live, acrosome-intact
spermatozoa did not decrease during exposure to in-
creased concentrations of glycerol; however, the abrupt
removal of glycerol by returning spermatozoa to near is-
osmotic conditions significantly reduced (P 	 .01) the
percentage of live, acrosome-intact spermatozoa (Figure
8). Changes in the percentage of live, acrosome-intact
spermatozoa were due entirely to changes in PI exclusion
because the percentage of acrosome-intact spermatozoa
was not significantly affected by changes in osmolality or
the subsequent removal of glycerol by dilution (data not
shown).

Experiment 3: Effect of Addition and Removal of 1.0 M
Cryoprotectants
There was no significant (P 
 .1) effect of cryoprotectant
on the uptake and fluorescence of PI in digitonin-per-
meabilized, frozen-thawed spermatozoa (data not shown).
There were significant (P 	 .0001) effects of treatment
(1.0 M cryoprotectant or return to isosmotic conditions),
and cryoprotectant (glycerol, EG, DMSO, PG, or control)
on viability and motility as well as a significant (P 	 .05)
treatment � cryoprotectant interaction on viability (Fig-
ures 9 and 10). The addition of 1.0 M glycerol decreased
viability, whereas the addition of 1.0 M DMSO improved

viability compared with the control (Figure 9). The abrupt
removal of all cryoprotectants decreased viability com-
pared with control (Figure 9). The decrease in viability
was comparable for DMSO, EG, and PG, and was sig-
nificantly lower than the decrease in viability observed
after the abrupt removal of glycerol (Figure 9). The ad-
dition or removal of all cryoprotectants significantly (P
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Figure 9. Effect of addition and removal of 1.0 M cryoprotectants (CPA)
on membrane integrity of equine spermatozoa. Osmolality of TALP was
adjusted by the addition of 1.0 M DMSO, EG, glycerol, or PG. Sperm
incubated in TALP alone served as the control. Sperm were incubated
for 10 minutes (22�C), and sperm were loaded with PI (anisosmotic).
Additional aliquots of sperm were subsequently diluted in isosmotic
TALP, and loaded with PI. After a 5-minute incubation, samples were
loaded into 96-well microplates in triplicate wells. Fluorescence of PI-
loaded sperm was determined via a microplate reader. Data are nor-
malized to 325 mOsm. Within treatments (1.0 M CPA or return to isos-
motic), values with different superscripts (a,b; c,d) differ (P 	 .05). Data
are least squares means � SEM. (n � 10 experiments, 4 stallions).

Figure 10. Effect of addition and removal of 1.0 M cryoprotectants on
motility of equine spermatozoa. Osmolality of TALP was adjusted by the
addition of 1.0 M DMSO, EG, glycerol, or PG. Sperm incubated in TALP
alone served as the control. Sperm were incubated for 10 minutes
(22�C), and motility was determined by CASA. Additional aliquots of
sperm were subsequently diluted in isosmotic TALP, and motility was
determined by CASA. Within treatments, values with different super-
scripts (a,b; c,d) differ (P 	 .05). Data are least squares means � SEM.
(n � 10 experiments, 4 stallions).

	 .05) reduced total motility (Figure 10, top) compared
with control. Likewise, the addition or abrupt removal of
1.0 M cryoprotectants reduced (P 	 .01) both total and
progressive motility compared with control for all cryo-
protectants except EG, which did not differ from control
(Figure 10, bottom). Of the cryoprotectants tested, the
abrupt removal of glycerol after returning cells to isos-
motic conditions resulted in the greatest (P 	 .01) de-
crease in total and progressive motility (Figure 10). In
contrast, the abrupt removal of EG resulted in the lowest
(P 	 .01) decline in total and progressive motility of all
cryoprotectants tested. Based on FITC-PSA and PI stain-
ing, abrupt removal of glycerol resulted in the largest de-
cline in viable, acrosome-intact spermatozoa (Figure 11).

Discussion

Osmotic Tolerance of Equine Spermatozoa
Equine spermatozoa appear to have a limited osmotic tol-
erance compared with spermatozoa of mouse (Willough-
by et al, 1996) or human (Gao et al, 1995) and appear
similar to boar spermatozoa, which also have a very lim-
ited osmotic tolerance (Gilmore et al, 1998). Total motil-
ity of equine spermatozoa fell to less than 50% at isos-
molal � 100 mOsm and declined to less than 10% at 100
and 500 mOsm. Although motility declined rapidly under
hyperosmotic conditions, there was no change in plasma
membrane integrity through 600 mOsm, similar to reports

in spermatozoa of human (Gao et al, 1995), boar (Gilmore
et al, 1996), bull (Liu and Foote, 1998), and mouse (Wil-
loughby et al, 1996). The decline in sperm motility noted
under hyperosmotic conditions did not appear to be re-
lated to changes in ionic strength because similar declines
were noted when either NaCl or sucrose was used as the
osmolyte. Because integrity of the plasma membrane was
not altered under the range of hyperosmotic conditions
tested, it appears that the alteration in sperm motility must
be due to other factors.

In contrast to hyperosmotic conditions, both motility
and plasma membrane integrity decreased under hypos-
motic conditions. similar to reports in other mammalian
spermatozoa (Gao et al, 1995; Gilmore et al, 1996; Wil-
loughby et al, 1996). For equine spermatozoa, the reduc-
tion in sperm viability appeared linear in the range of
100–325 mOsm, which is well above the critical osmo-
lality of 47 mOsm estimated previously for equine sper-
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Figure 11. Effect of addition and removal of 1.0 M cryoprotectants on
viability and acrosomal integrity of equine spermatozoa. Osmolality of
TALP was adjusted by the addition of 1.0 M DMSO, EG, glycerol, or PG.
Sperm incubated in TALP alone served as the control. Sperm were in-
cubated for 10 minutes (22�C), and sperm were stained with FITC-PSA
and PI (anisosmotic). Additional aliquots of sperm were subsequently
diluted in isosmotic TALP, and also loaded with FITC-PSA and PI (return
to isosmotic). Fluorescence of stained sperm was determined via flow
cytometry, and the percentage of live, acrosome-intact sperm was de-
termined. Within treatments, values with different superscripts (a,b) differ
(P 	 .01). Data are least squares means � SEM. (n � 6 experiments,
3 stallions).

matozoa (Noiles et al, 1992). In an earlier study, the vol-
ume of equine spermatozoa increased linearly on the basis
of spermatocrit measurements between 300 to 100 mOsm,
and there was a rapid loss of viable spermatozoa between
100 and 50 mOsm (Lagares et al, 2000). Together, these
studies suggest that critical osmolality of equine sper-
matozoa is approximately 50 mOsm, and that equine sper-
matozoa may act as linear osmometers within this range
of osmotic pressure. Measurement of sperm volume
changes in response to changes in osmolality will be
needed to confirm this hypothesis for equine spermatozoa.

From these studies, it appears that damage to the
equine sperm plasma membrane occurs as a result of os-
motic stress at osmolalities above that at which the cell
has reached its maximal volume. Under hyposmotic con-
ditions, at least part of the reduction in motility appeared
related to damage of the plasma membrane, as reflected
by an increased uptake of PI. In addition to lysis of the
cell under hyposmotic conditions, damage to the plasma
membrane has been related to a high water flux through
the plasma membrane under hyposmotic conditions
(Muldrew and McGann, 1990). Whatever damage was in-
duced after exposure to hyposmotic stress was not re-
versible after return of equine spermatozoa to isosmotic
conditions because motility did not improve subsequent
to reestablishing normal osmolality. This result is similar
to that reported in boar spermatozoa (Gilmore et al,
1998); however, in both mouse and human spermatozoa,
motility improved subsequent to return to isosmotic con-
ditions (Gao et al, 1995; Willoughby et al, 1996). The
difference in response subsequent to return of sperm to

isosmotic conditions may reflect differences in the rela-
tive osmotic tolerance of sperm from these species.

Although the basis for species differences in osmotic
tolerance is not well defined, previous studies with equine
spermatozoa indicate that resistance to osmotic stress is
dependent upon a ouabain-sensitive Na�/K� ATPase and
an amiloride-sensitive Na�/H� antiporter (Caiza de la
Cueva et al, 1997a,b). These ion pumps appear to play
an important role in the maintenance of normal intracel-
lular osmolality in equine sperm, and inhibition of these
pumps reduced the tolerance of equine spermatozoa to
changes in osmotic pressure (Caiza de la Cueva et al,
1997a).

In addition to the active movement of ionic constitu-
ents, there is increasing evidence that spermatozoa may
possess selective water channels that facilitate movement
of water across the sperm membrane at a greater rate than
can be accounted for by diffusion alone. Spermatozoa
generally have a very high water permeability (Noiles et
al, 1993; Liu et al, 1995) that appears to be mediated by
the presence of water channels (Curry et al, 1995; Liu et
al, 1995; Ishibashi et al, 1997; Sitaramam and Sauna
2000). Evidence for the nature of these water channels
(aquaporins) in spermatozoa has been lacking (Liu et al,
1995); however, an aquaporin has recently been identified
in rat testis and spermatozoa, and appears to serve as a
channel that allows permeation of both water and glycerol
(Ishibashi et al, 1997). Although the functional signifi-
cance of a high water permeability through specific chan-
nels in spermatozoa has not been well defined, there is a
suggestion on an evolutionary basis that such mechanisms
may be important in the function of spermatozoa from
aquatic species with external fertilization (Sitaramam and
Sauna, 2000). Whatever the evolutionary basis for these
water channels, the high water permeability of sperma-
tozoa directly effects their sensitivity to osmotic stress
induced during the addition and removal of permeable
solutes such as glycerol.

Effect of Addition and Removal of Glycerol on Equine
Sperm Function
The addition of increasing concentrations of the perme-
able solute, glycerol (600–1800 mOsm), resulted in a de-
cline in sperm motility and viability; however, the reduc-
tion in motility was not as great as that observed when
osmolality was increased by the addition of nonpermeable
solutes. This observation is consistent with earlier studies
in bull (Liu and Foote, 1998), mouse, boar, and human
spermatozoa (Gao et al, 1995) and reflects the ability of
glycerol to reach equilibrium across the plasma mem-
brane.

The rapid, one-step removal of glycerol from equine
spermatozoa by dilution to near isosmotic conditions re-
sulted in a marked decline in both motility and plasma
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membrane integrity for all concentrations of glycerol test-
ed. Similar reductions in sperm motility have been noted
after the rapid removal of glycerol from human (Gao et
al, 1995; Gilmore et al, 1997) and mouse (Phelps et al,
1999) spermatozoa. In contrast, changes in human sperm
viability subsequent to the rapid, one-step removal of 1.0
or 1.5 M glycerol did not appear as marked as those noted
after the addition and removal of 1.0 M glycerol from
equine spermatozoa in the present study (Gao et al, 1993,
1995).

The origin of osmotic stress after the rapid removal of
molar concentrations of glycerol has been reported for
many cell types (Gao et al, 1997) and is related to dif-
ferences in the relative permeability of glycerol and water
across the sperm plasma membrane. After exposure to
increasing concentrations of a permeable solute such as
glycerol, spermatozoa shrink due to a loss of water and
then swell as water and the permeating solute move into
the cell. When glycerol-loaded spermatozoa are placed
into an isosmotic media, cells initially swell as water en-
ters the cell and then shrink as water and the solute move
out of the cell. The differential movement of water and
glycerol across the sperm plasma membrane appears to
account for the rapid decline in both motility and viability
in spermatozoa after the rapid removal of glycerol by di-
lution.

Changes in motility of spermatozoa after addition and
removal of glycerol in the present study may have been
associated with disruption of plasma membrane integrity
(as determined by PI uptake) as well as to a disruption
or loss of mitochondrial membrane potential (as measured
by JC-1 fluorescence). Willoughby et al (1996) reported
that increasing osmolality did not reduce uptake of rho-
damine 123 by murine spermatozoa; however, return to
isosmotic conditions resulted in a posthyperosmotic stress
with a significant reduction in R123 uptake. Therefore, it
appears that damage to the plasma membrane along with
disruption of the mitochondria may be associated with the
decline in motility noted with osmotic stress.

Effect of Addition and Removal of 1.0 M
Cryoprotectants
Our results demonstrate a deleterious effect of rapid ad-
dition and an even greater effect of rapid removal of 1.0
M concentrations of cryoprotectants on equine sperm vi-
ability and motility. These findings are similar to those
reported previously in human (Gilmore et al, 1995, 1997)
and mouse (Phelps et al, 1999) spermatozoa. Of the cryo-
protectants tested, EG appeared to have the least detri-
mental effect on sperm viability and motility, whereas
glycerol had the greatest deleterious effect on these pa-
rameters compared with spermatozoa maintained in isos-
molar TALP. This observation is also consistent with pre-
vious work in mouse (Phelps et al, 1999) and human (Gil-

more et al, 1997) spermatozoa. A differential effect on
rapid removal of EG and glycerol is consistent with the
measured permeabilities of these cryoprotectants as re-
ported in human (Gilmore et al, 1995), boar (Gilmore et
al, 1998), and mouse (Phelps et al, 1999) spermatozoa.
In those species in which permeability estimates are avail-
able, the permeability of EG is approximately 1.5–3 times
that of glycerol.

It is interesting that the results observed with DMSO
appeared to differ from those predicted from relative per-
meability of this cryoprotectant in other species. DMSO
was approximately 10 times less permeable than EG in
human spermatozoa (Gilmore et al, 1995) and 2 times less
permeable in boar spermatozoa (Gilmore et al, 1998).
However, in the present study, DMSO and PG were in-
termediate between glycerol and EG in posthyperosmotic
stress measured by changes in either motility or viability.
There appears to be considerable species difference in the
relative permeability of cryoprotectants and determination
of these parameters for equine spermatozoa along with
estimates of their temperature dependence will be impor-
tant in determining improved methods for addition and
removal of cryoprotectants during cyropreservation of
equine sperm.

Summary—Relevance to Sperm Cryopreservation
Although the experiments reported here dealt only with
unfrozen equine spermatozoa, the results of these studies
provide new information relative to osmotic tolerance of
equine spermatozoa, as well as the relative effects of rapid
addition and removal of various cryoprotectants from
equine spermatozoa. As reported for other species, the
rapid addition, and more importantly, the rapid removal
of glycerol from equine spermatozoa, resulted in marked
decline in viability, motility, as well as mitochondrial
membrane potential. Of the four cryoprotectants evalu-
ated, glycerol appeared to induce the greatest osmotic
stress, whereas DMSO and PG were intermediate, and EG
caused the least osmotic damage subsequent to rapid re-
moval of the cryoprotectant. These data suggest that al-
ternative cryoprotectants such as EG should be consid-
ered as cryoprotectants for equine spermatozoa and that
continued research is required in order to gain a better
understanding of osmotic stress as it applies to cryopres-
ervation of spermatozoa in the horse.
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