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Osmotic Effects on Feline Spermatozoa from Normospermic
versus Teratospermic Donors
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Effects of osmolality stresses on the sperm of normospermic (>>60% normal sperm/ejaculate) versus terato-
spermic (<40% normal sperm) domestic cats and the normospermic leopard cat and the teratospermic clonded
leopard were studied. Spermatozoa were exposed to various anisotonic solutions in a single step or returned to
near isotonic conditions in a single step after exposure to anisotonic solutions. The percentage of sperm motility
was measured subjectively, and dual fluorescent stains were used to assess membrane integrity by flow
; cytometry. The percentage of sperm motility declined (P << 0.05) in domestic cat sperm cxposed to osmolalities
1 <200 and >450 mOsm. Spermatozoa from all felines underwent marked (P << 0.05) membrane disruption
w following a hypotonic stress, but sperm from teratospermic donors experienced greater (P < 0.05) membrane
i disruption in response to decreased osmolality. While feline spermatozoa appeared to be highly resistant to
hypertonic (600, 1200, and 2400 mOsm) conditions, with >>85% of the cells maintaining intact membranes,
severe membrane disruption occurred when cells were returned to isotomicity in a single step. There was no
dilTercnce (P > (.05) between a 1- and 5-min exposure to various anisotonic solutions. Similarly, sperm from
normospermic and teratospermic domestic cats responded identically after exposure to ionic or nonionic solute.
Results demonstrate that: (1) spermatozoa from teratospermic males are more vulnerable to a hypotonic stress
than sperm from normospermic counterparts; (2) in response to small deviations in osmolality, feline sperm
experience a more rapid decline in motility than membrane integrity; and (3) an abrupt return to isotonicity after
a hypertonic stress causes extensive sperm membrane damage regardless of ejaculate quality. @ 2000 Academic
Press
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sperm can survive a cryostress. Current meth-
ods to cryopreserve feline sperm were devel-
oped empirically, rather than by measuring bio-
physical properties of the specific gametes to be
cryopreserved. Although such an empirical ap-
proach eventually may yield success, an in-
creasing number of reports focus on understand-
ing the cryobiological properties of cells to be
cryopreserved (2, 3,9, 10, 21, 22). This strategy
relies on developing a database first on crucial
information, ranging from the membrane per-
meability to ionic impacts on the ability of cells
to survive cryopreservation.

Sperm cryopreservation involves equilibra-
tion of cells in relatively high concentrations of
CPA that minimize ice crystal formation within
the cell (5). The CPAs that are most commonly
used are glycerol and dimethyl sulfoxide, with
ethylene glycol and propylene glycol used less
often. During a typical cryopreservation proto-
col, spermatozoa are exposed to solutions that
are hypertonic with respect to the permeating
CPA and isotonic with respect to impermeable
salts. In response to such osmotic challenges,
the cell initially shrinks due to osmotic effiux of
intracellular water and then swells and returns
to its near isolonic volume as the CPA and
water enter (5). After thawing, it is necessary to
remove the CPA from the sperm before it is
used for Al or in vitro fertilization. Under such
circumstances, cells with high intracellular CPA
concentrations are exposed to near isotonic so-
lutions resulting in a rapid increase in cellular
volume due to osmotic influx of extracellular
water. As a function of time, the intracellular
CPA diffuses out and water follows to achieve
near isotonic volume. Thus, the osmotic stress
arising from both the freeze—thaw process and
the CPA imposes extreme osmotic stress that is
potentially injurious or lethal to sperm survival
or {function.

To better understand the cryobiological prop-
erties of cat gametes, we have initiated a series
of studies, including examining the sensitivity
of sperm to cold shock and osmotic challenges.
Recently, we demonstrated that domestic cat
spermatozoa are easily damaged when exposed
to a fast rate of cooling (4°C/min) to tempera-
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tures above 0°C (28). Sperm from the terato-
spermic males (<X40% morphologically normal
sperm/ejaculate) experience more disruption
than sperm from normospermic (>60% mor-
phologically normal sperm) males. We further
demonstrated that decreasing the cooling rate to
0.5°C/min or slower minimizes the structural
damage to spermatozoa from both cat popula-
tions.

In this report, we take the next step in under-
standing the biophysical properties of cat sperm
by examining the osmotic tolerance limits of
these cells to swelling and shrinking in hypo-
tonic and hypertonic solutions, respectively.
Studies were designed to simulate the osmotic
environment of sperm from the normospermic
domestic cat and leopard cat and the teratosper-
mic domestic cat and clouded leopard (Neofelis
nebulosa) during freezing and thawing. This
was accomplished in a series of experiments in
which sperm were cxposed abruptly (in a single
step) to various anisotonic solutions or allowed
to equilibrate to various anisotonic solutions
and then abrupily returned to isotonic condi-
tions in a single step. Thus, the specific aim was
to assess the impact of hypo- and hypertonic
stress as well as ionic (sodium chleride; NaCl)
versus nonionic (sucrose) nonpermeating sol-
utes on sperm motility and membrane integrity.
Maximal information was generated by evalu-
ating these variables across domestic cat popu-
laiions and feline species that routinely ejacu-
late ditferent proportions of structurally normal
spermatozoa.

MATERIAL AND METHODS

Animals

Adult male domestic cats (normospermic,
n = 3; teratospermic, n = 3), leopard cats (n =
4), and clouded leopards (n = 4) were housed at
one of three institutions: the National Zoologi-
cal Park (Washington, DC, U.S.A)), the Conser-
vation & Research Center (Front Royal, VA,
U.S.A.), or the National Institutes of Health
Animal Center (Poolesville, MD, U.S.A.). Each
male was designated as normosperiic or ter-
atospermic on the basis of at least five semen
evaluations during the previous 6 months. Do-
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mestic cat males were maintained under 12 h
per day artificial lighting in individual cages and
provided dry cat food (Purina Cat Chow; Ral-
ston-Purina Co., St. Louis, MO, U.S.A) and
water ad libitum. Leopard cats and clouded
leopards were exposed to natural lighting with
varigble periods of artificial illumination. Ani-
mals were fed a commercial, nondomestic fe-
line diet (Nebraska Brand Feline Diet, North
Platte, NE, U.S.A.) daily with occasional whole
prey (rabbit or chicken) supplementation and
water ad libitum. All investigations were con-
ducted in accordance with the Guide for the
Care and Use of Laboratory Animals (Naticnal
Institutes of Health, 1996).

Semen Collection, Analysis, and Processing

Domestic cat and leopard cat males were
anesthetized with an intramuscular injection of
tiletamine hydrochloride-zolazepam (Telazol;
4.5 mg/kg, A.H. Robins, Richmond, VA,
U.5.A.), and clouded leopard males were anes-
thetized with ketamine hydrochloride (Ketaset;
11.0 mg/kg, Bristol Laboratories, Syracuse,
NY, US.A) (12, 14). Electroejaculation was
conducted following a standard protocol using a
60-Hz sine wave stimulator (P.T. Electronics,
Boring, OR, U.S.A.)) and a rectal probe with
three longitudinal electrodes (P.'T. Electronics)
(14). The diameter of the rectal probe used in
the domestic cat, leopard cat, and clouded leop-
ard was 0.6, 0.6, and 1.6 cm, respectively.
Eighty stimulations at 2—6 V were given over a
30-min interval. Ejaculates (3 ejaculates/ do-
mestic cat male and | ejaculate/leopard cat and
clouded leopard male) were immediately exam-
ined for volume, sperm concentration, sperm
percentage of motility, and forward progressive
motility (scale, 0 to 5; 5 == best) betfore process-
ing (14). Ejaculates from each male were main-
tained separately and utilized in the various
experiments. Ejaculates from the domestic cat
and leopard cat were immediately diluted 1:1 in
Hepes buffered Ham’s F-10 medium (Gibco-
BRL, Gaithersburg, MD, U.S.A.) containing
5% fetal calf serum (FCS) (HyClone Laborato-
ries. Logan, UT, U.S.A.) (osmolality. 300 = 5
mOsm). Clouded leopard ejaculates were pro-
cessed as above except that FCS was replaced
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with heat-inactivated 5% clouded leopard se-
rum (12). All samples were centrifuged (300g, 8
min), the supernatant was discarded, and sperm
pellets were resuspended in 0.6--0.7 ml of the
corresponding medium and maintained at room
temperature until further analysis. Ejaculates
from all males contained 70—85% motile sperm
with >85% viability. A 10-ul sample ol the raw
semen was fixed in 0.3% glutaraldehyde for
morphological examination (200 sperm/aliquot)
by phase-contrast miicroscopy (1000X) (14).

Flow Cytometric Analvsis of Plasma
Membrane Integrity

Plasma membrane integrity was assessed us-
ing the dual flucrescence staining described by
Garner et al. (8). Spermatozoa were stained
using the sperm viability kit (Molecular Probes,
Eugene, OR, U.S.A)) by adding 0.27 ul
SYBR-14 (0.01 mg/ml) and 2 pl propidium
iodide (Pi; 2 mg/ml) to each 500-ul cell sus-
pension. The percentage of cells exhibiting
SYBR-14 (green) and Pl (red) fluorescence was
measured for each treatment. Data were ob-
tained using an Epics Profile II (Coulter Corp..
Inc., Hialeah, FL., U.S.A.) flow cytometer (8). A
minimum of 1 X 10* spermatozoa/treatment
were counted within 30 min of staining using an
air-cooled argon laser operated at 488 nm and
15 mW. All samples were analyzed at room
temperature (22-25°C).

Single Exposure to Anisosmotic Conditions

All hypotonic solutions were prepared by di-
luting X Hepes-buffered Ham’s F-10 with re-
agent grade water, whereas hypertonic solutions
were prepared by adding 5 M NaCl or 5 M
sucrose stock solutions to Ham’s F-10. Osmo-
lalities of all solutions were determined using a
vapor pressure osmometer { Wescor, Inc. Logan,
UT, U.S.A) that was calibrated daily against
100, 290, and 1000 mOsm NaCl standards
(Wescor, Inc.) for accuracy within £5 mOsm.

To determine the effects of osmotic stress on
motility, domestic cat sperm aliguands were
pelleted by centrifugation (300g; 8 min) and
resuspended in 100 ul of the respective test
solutions (hypotonic: 0, 35, 75, and 150 mOsm;
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hypertonic: 450, 600, 1200, and 2400 mOsm).
After a 10-min equilibration at room tempera-
ture, samples were assessed for sperm percent-
age of motility and forward progressive status.
In experiments assessing the effect of a single
exposure of spermatozoa to anisotonic solu-
tions, sperm aliquands (10 ul) were added mn
one step to 500 wl of the respective test solution
and incubated at room temperature for 10 min.
At the end of incubation, sperm were stained
with SYBR-14 and PI (as described above) and
evaluated for membrane integrity using flow
cytometry. The critical tonicity, the hypotonic
concentration that results in 50% cell lysis, was
determined from these data by extrapolation.

Exposure to Anisotonic Conditions and Return
to Isotonicity

After washing, sperm aliquands (10 pl) were
pipetted into 200 ul of each anisotonic solution
and thoroughly mixed. After a 1- or 5-min in-
cubation at room temperature, spermatozoa in
anisotonic Ham’s F-10 solutions of 0, 35, 75,
150, 600, 1200, and 2400 mOsm were returned
to isotonicity (300 = 10 mOsm) by a single-step
addition of 200 ul of 600, 565, 525, and 450
mOsm of Ham’s F-10 or 200, 600, and 1400 pl
of reagent grade water, respectively. Isotonic
(300 mOsm) controls were run in parallel for
each donor on the day of analysis. All samples
were stained with SYBR-14 and PI for assess-
ment of membrane integrity by flow cytometry,
as described above.

Effect of NaCl versus Sucrose on Domestic
Cat Sperm Membrane Integrity

Anisotonic solutions (600, 1200, and 2400
mOsm) were prepared by adding NaCl or su-
crose to Ham’s F-10 mediam. A 10-ul aliquant
of washed spermatozoa was added to 500 pl of
each hypertonic solution and equilibrated at
room temperature for 10 min before staining for
membrane integrity. The effect of resuspending
spermatozoa in solutions that were approxi-
mately isotonic after they had first been exposed
to hypertonic solutions was determined by add-
ing 10-pl aliquants of washed spermatozoa to
200 pl of each test solution (600, 1200, and

2400 mOsm). The samples were allowed to
equilibrate for 1 or 5 min, and then respective
volumes of 200, 600, and 1400 pi of reagent
grade water were added to them. After a 10-min
incubation, sperm were stained with SYBR-14
and PI and analyzed by flow cytometry, as
described above.

Statistical Analysis

Data were subjected to arcsine transforma-
tion and normalized to isotonic values. Data on
critical tonicity and return to isotonicity follow-
ing exposure to various anisotonic solutions
werc analyzed using standard analysis of vari-
ance procedures. Mean comparisons were con-
ducted using the least significant difference
multiple range test (30). All analyses were per-
formed using SAS procedures. Means are ex-
pressed as mean = SEM.

RESULTS

Ejaculate Traits and Sperm Morphology

Ejaculates from normospermic domestic cats
contained >60% morphologically normal sper-
matozoa compared to <40% morphologically
normal sperm in teratospermic ejaculates (Table
1). Ejaculates from leopard cats also contained
~>60% normal sperm compared to <25% nor-
mal sperm in clouded leopard ejaculates. Most
abnormalities in teratospermic domestic cat
ejaculates were midpiece and flagellar defects
compared to acrosomal and flagellar defects in
the clouded leopard.

Osmotic Stress on Domestic Cat Sperm
Motiliry

The motility of domestic cat spermatozoa
exposed to either hypertonic or hypotonic solu-
tions decreased rather sharply (Fig. 1). No dif-
ferences (P > 0.05) were observed between
normospermic and teratospermic donors. How-
ever, decline in sperm motility was more pro-
nounced after a hypotonic compared to a hyper-
tonic stress. Forward progressive motility was
maintained only within a narrow range of os-
molality (range, 150--450 mQsm; data not
shown) in which motility was observed. At
other osmolalities close to this range, the pri-
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TABLE 1
Seminal Traits and Incidence of Morphologically Normal and Abnormal Sperm in Felines®

Domestic cat

Normospermic
(n = 9 ejaculates)

Teratospermic Leopard cat Clouded leopard
(n = 9 ejaculatesy (n = 4 ejaculates) (n = 4 ejaculates}

Ejacnlate volume (ml} 02+ 02
Sperm concentration (X 10°/ml) 172.0 = 13.2
Sperm motility (%) 875+ 3.2
Morphologically normal sperm (%) 752 32
Morphologically abnormal sperm (%)
Head defects 02 = 01
Midpicee defects 11.3= 32
Flagellam defects 133 = 21

02= 0.1 0.5 = 0.1 1.5+£08
196.0 = 15.3 53.0 58 583 x93
83.6 = 5.1 77521 743 + 2.2
36.1 £ 3.3 764 £ 2.5 15323
1.6+ 02 24 *+06 425 * 36
286 24 13923 19.5 £ 4.1
33.7x 31 7315 227 x 35

“ Values represent means £ SEM.

mary pattern was either flagellar motility alone
and/or lateral head displacement. Spermatozoa
exposed to osmolalities below 35 mOsm and
above 1200 mOsm were completely immotile.

Single Exposure to Hypotonic and Hypertonic
Stress

Spermatozoa from all of the males exhibited
a marked decrease in membrane integrity when
they were exposed to hypotonic solutions. How-
ever, significantly higher percentages (P <
0.05) of spermatozoa from the normospermic
domestic cats and leopard cats had intact mem-
branes compared to those of the teratospermic

100 -

50

254

Normalized Sperm Motility (%)

domestic cats and clouded leopards (Figs. 2a
and 2b). In contrast, feline spermatozoa ap-
peared to be highly resistant to hypertonic stress
with >85% of the cells maintaining intact mem-
branes after a single exposure (Figs. 2a and 2b).
There were no differences (P > 0.05) between
the two domestic cat pepulations or the leopard
cat and clouded leopard in sensitivity to hyper-
tonic stress.

Calculated critical tonicities (osmolality that
produced 50% cell lysis) were similar for the
normospermic domestic cat and leopard cat
(<60 mOsm; Table 2). In contrast, the terato-
spermic domestic cat and clouded leopard were

—13— Normospermic

........ @ Teratospernlic

I 1
0 200 400

1 I 1
600 800 1000 1200

Osmolality (mOsm)

FIG. 1. Effect of a single-step exposure to various anisotonic solutions on sperm motility in normospermic
versus teratospermic domestic cats. Values are means = SEM. Data are normalized to the percentage of motile

cells at 300 mOsm.
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FIG. 2. Effect of a single-step exposure to various anisotonic solutions on sperm plasma membrane integrity:
(a) normospermic versus teratospermic demestic cats; and (b) leopard cats versus clouded leopards. Values are
means + SEM. Data are normalized to the percentage of intact cells at 300 mOsm. An asterisk indicates

differences (P < 0.03) between populations of domestic cats {a) or leopard cats and clouded leopards (b) at

corresponding esmolalities.

more sensitive to hypotonic stress and demorn-
strated cell lysis at higher osmolalities (142 and
82 mOsm, respectively; Table 2).

Return to Isotonic Conditions after a Hypo-
or Hypertonic Stress

Spermatozoa from all felines experienced a
rapid decline in membrane integrity when cells
exposed to these anisotonic solutions were re-
turned in a single step to isotonicity (300 = 10
mOsm; Figs. 3a and 3b). Spermatozoa from
normospermic domestic cats experienced exten-
sive membrane damage (>50%) after exposure
to 75 mOsm and lower, followed by rapid return
to isotonic conditions (Fig. 3a). Leopard cat
spermatozoa also showed high levels of mem-
brane disruption upon returning the cells to iso-
tonic conditions after exposure to 35 mOsm
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solutions (Fig. 3b). Interestingly, no further
membrane damage was observed in sperm from
teratospermic donors, compared to the exten-

TABLE 2
Critical Tonicities for Spermatozoa at Room Temperature

Critical tonicity

Species {mQOsm) Reference
Mouse 34 20)
Rabbit 45.6 3
Bull 36 (16)
Stallion 47 (22}
Human 57 (23)
Normospermic domestic cat 58
Teratospermic domestic cat 142
Leopard cat 60
Clouded leopard 82
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FIG. 3. Effect of abruptly returning spermatozoa to isotonicity in a single step after exposure to various
anisotonic solutions on sperm plasma membrane integrity: (a) normospermic versus teratospermic domestic cats;
and (b) lcopard cats versus clouded leopards. Values are means + SEM. Data are normalized to the percentage
of intact cells at 300 mOsm. An asterisk indicates differences (P << 0.05) between populations of domestic cats
(a) or leopard cats and clouded leopards (b) at corresponding osmolalities.
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sive damage that resulted from the initial expo-
sure to these anisotonic conditions.

Although spermatozoa from all felines main-
tained intact membranes after a single exposure
to hypertonic conditions, returning the cells to
isotonic conditions in a single step severely
disrupted (P << 0.01) membranes (Figs. 3a and
3b). Membrane integrity decline was most rapid
for cells preexposed to osmolalities 600 mOsm
and higher, and the magnitude of damage was
greater for cells preexposed to higher osmolal-
ities. There were no differences (£ > 0.03) in
the proportion of intact membranes between
normospermic versus teratospermic domestic
cats, as well as between the leopard cat and
clouded leopard donors. Furthermore, there
were no differences (P > 0.05) in membrane
integrity when spermatozoa were returned to
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isotonic conditions after 1- or 5-min intervals
(data not shown).

lonic versus Nonionic Solutes on Domestic
Car Sperm Membrane Integrity

A single-step addition of a sperm aliquot to
hypertonic solations of NaCl or sucrose main-
tained high proportions of intact membranes
(Fig. 4a). There were no differences (P > 0.05)
between spermatozoa exposed to NaCl or su-
crose both within and between domestic cat
groups. When sperm exposed to NaCl or su-
crose solutions were returned to isotonic condi-
tions in a single step, >>65% of the sperm un-
derwent membrane disruption at the highest
osmolality tested (Fig. 4b). There were no dif-
ferences (P > 0.05) in normosperinic versus
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FIG. 4. Effect of a single exposure (a) and an abrupt return to isotonicity (b) after expesure to various
anisotonic solutions of NaCl or sucrose on domestic cat spermatozoa. Values are means = SEM. Data are
normalized to the percentage of intact cells at 300 mOsm. Data from both normospermic and teratospermic

domestic cats were combined (b).

teratospermic domestic cats between the 1- and
5-min treatments (data not shown).

DISCUSSION

Conventional feline sperm cryopreservation
involves adding glycerol at the 4% (v/v) level
before cooling and removing glycerol in one
step after thawing (26). It now is clear that these
cells from diverse cat species and populations
experience extensive structural damage when
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exposed to such osmotic stress. Four important
observations were made from the present study.
First, susceptibility to hypotonic stress de-
pended, in part, on sperm quality of the donor
(i.e., teratospermic males were more vulnerable
to gamete damage than normospermic counter-
parts). Second, feline sperm motility was more
sensitive than membrane integrity to changes in
osmolality. Third, although spermatozoa ap-
peared to be resistant to hypertonic stress, a
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return to isotonic solution caused extensive
membrane damage. Finally, the changes ob-
served were not due to the direct effects of the
solute on sperm, but rather to osmolic stress,
because sperm exposed to hypertonic NaCl or
sucrose solutions experienced similar mem-
brane damage.

This report represented a first among carni-
vores in clearly identifying differences in os-
motic tolerance in spermatozoa from normo-
versus teratospermic males. Our most interest-
ing discovery was the biophysical differences in
membranes between spermatozoa of normo-
versus teratospermic donors. This finding was
significant because it implied that sperm quality
in terms of morphology and membrane integrity
likely influences the conditions required for
cryopreserving sperm  from specific donor
types. Thus, cryopreservation conditions for
males typically ejaculating high proportions of
morphologically abnormal spermatozoa per-
haps may have to be significantly modified to
account for their increased susceptibility to
membrane damage. It is possible, however, that
this phenomenon may extend beyond cats to
include humans, another species in which high
proportions of sperm pleiomorphisms are com-
mon (25, 33).

Similar to mouse (37), ram (2), boar (10},
bovine (16), and human (2, 7) spermatozoa, cat
sperm motility was more sensitive to changes in
osmolality than membrane integrity. Sperm mo-
tility markedly declined in response to small
deviations from isotonicity. Exposure to cither a
150- or a 600-mOsm solution resulted in a 40%
decline in motility, compared to a complete loss
of motility at osmolalities below 35 mOsm and
greater than 1200 mOsm. For all species inves-
tigated to date, exposure of spermatozoa to hy-
potonic solutions causes the cells to swell be-
yvond their isotonic volumes, resulting in loss of
sperm motility and ultimately cell lysis, Drevius
and Eriksson (4) first reported that exposing
rabbit, bull, or human spermatozoa to hypotonic
conditions caused the swelling and looping of
the sperm tail. Similar observations were re-
ported in mouse sperm, wherein exposure to
hypotonic conditions caused the sperm flagel-

lum and head to curl toward the midpiece,
thereby impairing progressive motility (37). A
hypertonic environment also reduces sperm mo-
tility, but by causing severe dehydration and
extensive shrinkage (5). More study is needed
to document the cellular modifications that oc-
cur in cat sperm after exposure to an osmotic
stress.

Another interesting observation from the
present stndy was that spermatozoa from nor-
mospermic donors maintained a high proportion
of intact membranes through a series ol hypo-
tonic challenges only to experience a sharp de-
cline at <75 mOsm. Similar findings have been
reported in fowl (35) and human spermatozoa
(2, 6). In contrast, spermatozoa from our terato-
spermic cat donors experienced a steep decline
in intact membranes following exposure to hy-
potonic conditions similar to ram, bull, and boar
spermatozoa (2, 10). These observations clearly
highlight the value of our domestic cat model
that suggests that differences in membrane sen-
sitivity may exist even between genotypes
within a species.

Interestingly, there also were population and
species variations in critical tonicities at room
temperature. Sperm membranes from terato-
spermic domestic cats were inherently more
vulnerable to damage following a single-step
exposure to hypotonic stress than normosper-
mic counterparts. This finding is consistent with
earlier studies from onr laboratory demonstrat-
ing that even normally shaped sperm from ter-
atospermic males are compromised in fertiliza-
tion ability in vitro (15}, onset of capacitation
(17), and regulation of sperm protein phosphor-
ylation (27). During a hypotonic stress, cells
typically respond by swelling, a response that
can result m lysis if a maximum volume is
exceeded. Critical tonicities for the normosper-
mic domestic cat and leopard cat spermatozoa
are similar to that reported for human sperma-
tozoa, but are higher than that for the mouse,
rabbit, bull, and stallion (Table 2). However, the
values for critical tonicity of spermatozoa from
the teratospermic domestic cat and clouded
leopard far exceeded the values for other cat
species/populations or other mamnals studied
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to-date (Table 2). Surprisingly, there was a 2.4-
fold magnitude increase between the teratosper-
mic and normospermic domestic ¢at, which re-
inforced our previous assertions that gamete
structure and function are markedly different in
these two types of sperm donors (15, 17, 27).

When sperm are exposed to hypertonicity,
the first response is to shrink from intracellular
water loss (5), with extent of shrinkage depend-
ing on intracellular free water volume. Human
sperm apparently have an innate resistance to
hypertonic stress (2, 6). In contrast, ram sper-
matozoa express a resistance up to 1000 mOsm,
but then experience membrane damage at os-
molalities greater than 1000 mOsm (2). Like-
wise, little or no membrane damage is detect-
able when bull sperm are exposed to
osmolalities up to 800 mOsm, with higher os-
molalities causing extensive membrane damage
(16). This contrasted with our present observa-
tions in felines, where sperm maintained high
proportions of intact membranes even in solu-
tions up to 2400 mOsm irrespective of species/
domestic cat group. Although little is known
about the physicochemical properties of feline
sperm membranes, the extreme resistance o
hypertonicity observed suggests that feline
spermatozoa are remarkably different from spe-
cies examined to date.

Gao et al. (6) reported that the plasma mem-
brane of the human spermatozoon undergoes
extensive reorganization during hypertonic
shrinkage that places excessive demands on the
cellular cytoskeleton, with most of the related
damage being irreversible. Like mouse (29, 37),
bovine (16), and human spermatozoa (2, 6),
feline sperm appeared resistant to hypertonic
stress, but experienced extensive loss in mem-
brane integrity after return to isotonicity. This
overall response is similar to posthypertonic

hemolysis, first reported in human red cells (18,

39). There are at least two models proposed
explaining this phenomenon. First, when cells
are exposed to hypertonic solutions, it may
cause a net leak/influx of nonpermeating solutes
into the cells. This alteration is presumed to
arise from the solute’s ability to change the
conformation and stability of the hydrophilic
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portions of the plasma membrane. Subse-
quently, when cells are returned to isotonic so-
lutions, the difference in the osmolality within
the cell and the external environment triggers
the cells to swell beyond their normal isotonic
volume and lyse (19). Alternatively upon
shrinkage, cells lose portions of membrane, re-
ducing the effective area of the cell membrane,
which (upon return to isotonic conditions) re-
sults in cell lysis before their normal volume is
recovered (31). It remains unclear which of
these mechanisms is responsible for the cellular
damage observed in the present study. Interest-
ingly, Songsasen and Leibo (29) recently exam-
ined the osmotic tolerance of spermatozoa [rom
three strains of mice and demonstrated a genetic
basis for its susceptibility. Our findings further
confirm this relationship between genotype and
susceptibility to osmotic stress.

To fully understand the cryobiological prop-
erties of cells, it is critical to: (1) assess the
effect of permeating cryoprotectants (glycerol
and dimethylsulfoxide) on sperm motility and
membrane integrity; and (2) determine the
plasma membrane permeability to water (hy-
draulic conductivity) and cryoprotectant, as
well as the respective dependence of these vari-
ables upon temperature (5). Knowledge ol these
biophysical properties would allow calculating
the number of steps, as well as the volumes of
the diluent to be added, to minimize the effects
of osmotic stress on cells to be cryopreserved.
In the present study, similar to ram spermato-
zoa, feline sperm responded similarly to both
ionic and nonionic solutes based on membrane
integrity assessments (34). This contrasts to a
recent report where human spermatozoa ex-
posed to NaCl solutions were found to be more
susceptible to membrane damage than those
exposed to hypertonic sucrose solutions (6). Al-
though future studies may allow a better under-
standing of the physiological basis for these
differences, the present study clearly demon-
strates the need to thoroughly examine the cryo-
biological properties of sperm from each spe-
cies to be cryopreserved. It now seems logical
to develop a cryopreservation protocol for nor-
mospermic cats and then either modify or de-
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velop a different cryopreservation protocol for
spermatozoa from teratospermic cats. As ob-
served in the present study, a common approach
across a range of feline species/populations can
identify a host of mutually supportive findings
to strengthen hypothesis testing. Studies are in
progress examining additional characteristics of
feline spermatozoa, including lipid and fatty
acid composition of sperm membranes, effect of
permeating cryoprotectants on sperm motility
and membrane integrity, and permeability char-
acteristics of water and cryoprotectants. This is
the next logical step in developing a consis-
tently effective sperm cryopreservation method
for feline models.

ACKNOWILEDGMENTS

We thank Dr. Mitchell Bush (Conservation & Research
Center) for assisting with data collection from the clouded
Ieopards and Ms. Lena May Bush for technical support.

REFERENCES

1. Byers, A. P, Hunter, A. GG, Seal, U. §., Binczik, G. A.,
Graham, E. F., Reindl, N. 1., and Tilson, R. L.
In-vitro induction of capacitation of fresh and frozen
spermatozoa of the Siberian tiger (Panthera tigris).
J. Reprod. Fertil. 86, 599--607 (1989).

. Curry, M. R., and Watson, P. F. Osmotic effects on ram
and human sperm membranes in relation to thawing
injury. Cryobiology 31, 39-46 (1994).

. Curry, M. R,, Redding, B. J., and Watson, P. F. Deter-
mination of water permeability coefficient and its
activation energy for rabbit spermatozoa. Cryobiol-
ogy 32, 175-181 (1995).

4. Drevius, 1.. O., and Eriksson, H. Osmotic swelling of

mammalian spermatozoa. Exp. Cell Res. 42, 136—
156 (1966).

5. Gao, D. Y., Mazur, P., and Critser, J. K. Fundamental
cryobiology of mammalian spermatozoa. In “Repro-
ductive Tissue Banking” (A. M. Karow and J. K.
Critser, Eds.), pp. 263-328. Academic Press, San
Dicgo, 1997.

6. Gao, D. Y., Ashworth, E., Watson, P. F., Kleinhans,
F. W., Mazur, P., and Critser, J. K. Hyperosmotic
tolerance of human spermatozoa: Separate effects of
glycerol, sodium chloride, and sucrose on spermol-
ysis. Biol. Reprod. 49, 112-123 (1993),

7. Gao, D. Y., Lin, 1, Lin, C., McGann, L. E., Watson,
P. F.. Kleinhans, F. W., Mazur, P., Critser, E. S., and
Critser, J. K. Prevention of osmotic injury to human
spermatozoa during addition and removal of glyc-
erol. Hum. Reprod. 10, 1109-1122 (1993).

8. Garner, D. L., Pinkel, D., Johnson, L. A., and Pace,
M. M. Assessment of spermatozoa function using

]

5]

103,

11.

13.

14.

16.

17.

18.

20.

21

Material may be protected by copyright law (Title 17, U.S. Code)

dual fluorescent staining and flow cytometric anal-
ysis. Biol. Reprod. 34, 127-138 (1986).

. Gilmore, 3. A., Liu, J., Gao, D. Y., and Critser, J. K.

Determination of optimal cryoprotectants and pro-
cedures for their addition and removal from human
spermatozoa. Hum. Reprod. 12, 112-118 (1997).

Gilmore, J. A., Liu, 1., Peter, A. T., and Critser, J. K.
Determination of plasma membrane characteristics
of boar spcrmatozoa and their relevance to cryo-
preservation. Biol. Reprod. 58, 28-36 (1998).

Hay, M. A., and Goodrowe, K. L. Compuarative cryo-
preservation and capacitation of spermatozoa from
epididymides and vasa deferentia of the domestic
cat. J. Reprod. Fertil. (Suppl.) 47, 297-305 (1993).

. Howard, J. G. Semen collection and analysis in nondo-

mestic carnivores. fn “Zoo and Wild Animal Medi-
cine IIT”" (M. E. Fowler, Ed.), pp. 390-399. Saun-
ders. Philadelphia, 1993.

Howard, J. G. Assisted reproduction techniques in car-
nivores. In “Zoo and Wild Animal Medicine 1V~
(M. E. Fowler and R. E. Miller, Eds.), pp. 449-457.
Saunders, Philadelphia, 1999.

Howard, 1. G, Brown, I, L., Bush, M., and Wildt, D. E.
Teratospermic and normospermic domestic cats:
ejaculate traits, pituitary—gonadal hormones and im-
provement of spermatozoal viability and morphol-
ogy after swim-up processing. J. Androl. 11, 204
215 (1990).

. Howard. J. G., Donoghue, A, M., Johnston, L. A., and

Wildt, D. E. Zona pellucida filtration of structurally
abnormal spermatozoa and reduced fertilization in
teratospermic cats. Biol. Reprod. 49, 131-139
(1993).

Liu, Z., and Foote. R. H. Bull sperm motility and
membrane integrity in media varying in osmolality.
J. Dairy Sci. 81, 1868 -1873 (1998).

Long. J. A, Wildt, D. E., Wolfe, B. A_, Crister, J. K.,
DeRossi, R. V., and Howard, I. G. Spermn capacita-
tton and the acrosome reaction are compromised in
teratospermic domestic cats. Biol. Reprod. 54, 638—
646 (1996).

Lovelock, J. E. The hemolysis of hnman red blood cells
by freezing und thawing. Biochim. Biophys. Acta 10,
414426 (1953).

Mazuor, P, Leibo, S. P., and Chu, E. H. ¥. A two-factor
hypothesis of freezing injury. Exp. Cell Res. 71,
345-355 (1972).

Noiles, E. E., Bailey. J. L., and Storcy, B. T. The
temperature dependence in the hydraulic conductiv-
ity, Lp, of the mouse sperm plasma membrane
shows a discontinuity between 4 and 0°C. Cryvobi-
ology 32, 220238 (1995) .

Noiles, E. E., Thompson, K. A., and Storey, B. T.
Water permeability, Lp, of the mouse sperm plusma
membrane and its activation energy are strongly
dependent on interaction of the plasma membrane
with the sperm cytoskeleton. Cryvobiology 38, 79-92
(1998).




150

PUKAZHENTHI] ET AL.

22. Noiles, E. E., Mazur, P., Benker, F. W., Kleinhans,

J
(1

26.

29.

31.

F. W., Amann, R. P., and Critser, J. K. Critical
osmolality, water and glycerol permeability coeffi-
cient determination of equine spermatozoa. Biol.
Reprod. 46, Abstract 177 (1992).

Noiles, B. E., Mazur, P., Watson, P. F., Kleinhans,
F. W., and Critser, J. K. Determination of water
permeability coeflicient for human spermatozoa and
its activation energy. Biol. Reprod. 48, 99-109
(1993).

4. (FBren, S. J. Molecular genetics in the domestic cat

and its relatives. Trends Genet. 2, 137-142 (1986).

. Ombelet, W.. Mcnkveld, R., Kruger, T. F., and Steeno,

0. Sperm morphology assessment: Historical review
in relation to fertility. Hum. Reprod. Update 1, 543~
557 (1995).

Platz, C. C., Wildt, D. E., and Seager, S. W. J. Preg-
nancy in the domestic cat after artificial insemina-
tion with previously frozen spermatozoa. J. Reprod.
Fertil. 52, 279-282 (1978).

. Pukazhentbi, B. S., Wildt, D. E., Ottinger, M. A, and

Howard, J. G. Compromised sperm protein phos-
phorylation after swim-up and zona peflucida expo-
sure in teratospermic domestic cats. J. Androl. 17,
409-419 (1996).

. Pukazhenthi, B. S., Pelican, K., Wildt, D. E., and

Howard, J. G. Sensitivity of domestic cat (Felis
catus) sperm from normospermic versus teratosper-
mic donors to cold-induced acrosomal damage. Biol.
Reprod. 61, 135-141 (1999).

Songsasen, N., and Leibo, S. P. Cryopreservation ol
mouse spermatozoa: Relationship between survival
after cryopreservation and osmotic tolerance of sper-
matozoa from three strains of mice. Crvobiology 35,
255-269 (1999).

. Steel, R. D., and Torrie, J. H. “Principles and Proce-

dures of Statistics,” McGraw—Hill, New York, 1980.
Steponkus. P. A., and Wiest, S. C. Freeze-thaw induced
lesions in the plasma membrane. In “Low Temper-

33.

34.

35.

37.

73]
e ]

39,

ature Stress in Crop Plants: The Role of the Mem-
brane” (J. M. Lyons, D. Graham, and J. K. Raison,
Eds.). pp. 231-254. Academic Press, New York,
1979.

Swanson, W. F., Roth, T. L., Blumer, E., Citino, S. B.,
Kenny, D., and Wildt, D. E. Comparative cryo-
preservation and functionality of spermatozoa from
the normospermic jaguar (Panthera onca) and ter-
atospermic cheetah (Acinonyx jubatus). Theriog-
enology 45, Abstract 241 (1996).

Terriou, P.. Giorgetti. C., Auquier, P., Han, S., Spach,
J. L., Salzmann, I., and Roulier, R. Teratozoosper-
mia influences fertilization rate in vitro but not em-
bryo quality. Hum. Reprod. 12, 10691072 (1997).

Watson, P. F., aund Duncan, A. E. Effect of salt con-
centration and unfrozen water fraction on the viabil-
ity of slowly frozen ram spermatozoa. Cryobiology
25, 131-142 (1988).

Watson, P. F., Mazur, P., Kunze, E., Cramer, P., and
Hammerstedt, R. H. A comparison of critical osmo-
larity, hydraunlic conductivity and its activation en-
ergy in fowl and bull spermatozoa. J. Androl. 13,
131138 (1992).

. Wildt, D. E. Genome resource banking. Impact of biotic

conservation and society. /n “Reproductive Tissue
Banking” (A. M. Karow and J. K. Critser, Eds.), pp.
399_439. Academic Press, San Diego, 1997.

Willoughby, C. E., Mazur, P, Peter, A. T., and Critser,
J. K. Osmotic tolerance limits and properties of
murine spermatozoa. Biol. Reprod. 55, 715721
(1996).

. Wood, T. W., Swanson, W. F., Davis, R. M., Anderson,

I. E., and Wildt, D. E. Functionality of sperm from
normo- versus teratospermic domestic cats cryopre-
served in pellets or straw containers. Theriogenol-
ogy 39, Abstract 342 (1993).

Zade-Oppen, A. M. The effect of mannitol, sucrose,
raffinose and dextran on posthypertonic hemolysis.
Acta Physiol. Scand. 14, 195-206 (1968).

Material may be protected by copyright law (Title 17, U.S. Code)

k2

;;i;;

=,

@




