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ABSTRACT: We have investigated the effects of caffeine, pentox-

ifylline, and 2’-deoxyadenosine on the motion characteristics and
longevity of domestic cat spermatozoa. Freshly collected or cryo-
preserved domestic cat epididymal sperm were incubated with 0.01-
20 mM caffeine, pentoxifylline, or 2’-deoxyadenosine for 15 minutes
at 23#{176}C.The percent motility (MOD, curvilinear velocity (VCL), lin-
earity (LIN), straight line velocity (VSL), and amplitude of lateral head
displacement (ALR) were determined for each group using computer-

assisted semen analysis. Freshly collected domestic cat sperm ex-
hibited a strong forward progressive movement, and treatment with
caffeine, pentoxifylline, or 2’-deoxyadenosine did not consistently

alter sperm motion. Following cryopreservation, spermatozoa ex-
hibited decreased (P < 0.05) MOT, VCL, VSL, and ALH. Caffeine
and pentoxifylline increased (P < 0.05) the MOT, VSL, VCL, and
ALH of cryopreserved sperm at 0.01-20 mM, in a dose-dependent

manner. 2’-Deoxyadenosine also increased (P < 0.05) both VSL and
VCL at 1.0 mM, and MOT, VSL, VCL, and ALH at 10 mM. All
treatments shifted the percentage of nonhyperactive sperm to either
a transitional or hyperactivated state. The motility indices of cryo-
preserved samples were examined during a 6- hour incubation to
assess the effects of caffeine, pentoxifylline, and 2’-deoxyadenosine
on sperm longevity. Compared to untreated control samples, the
longevity of stimulated cryopreserved sperm was not reduced. These
results indicate that motility stimulants may prove useful for en-
hancing the fertility of cryopreserved cat sperm by increasing their
motility and producing hyperactivated motion.
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D omestic cats tend to be highly fertile, whereas many

nondomestic felids are reproductively compromised

(Wildt, 1990). Strategies employing artificial reproductive

techniques have been developed to help circumvent the

decreased fecundity of several endangered felid species

(Wildt, 1990, 1991). However, a high incidence of tera-

tozoospermia, low sperm motility, and decreased longev-

ity of semen samples have, in part, contributed to poor

in vitro fertilization (IVF) rates in nondomestic feuds

(Howardetal, 1984, 1990, 1991; Donoghueetal, l992a,b).

These characteristics are analogous to male-factor infer-

tility in humans (Aitken et al, 1 982b; Mahadevan et al,

1983; Mahadevan and Trounson, 1984; Cohen et al, 1985;

Jeulin et al, 1986; Chan et al, 1989). Therefore, methods

that improve sperm function in felids will be essential in

attaining fertilization rates necessary for the production

of offspring.
Many studies have shown computer-assisted semen

analysis (CASA) to be valuable for monitoring sperm mo-
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tion characteristics and understanding the relationship

between sperm movement and fertilization ability. In hu-

mans, reduced motion characteristics in either fresh or

cryopreserved specimens result in lower fertilization rates,
compared to sperm exhibiting normal motion character-

istics (Mahadevan and Trounson, 1984; Jeulin et al, 1986;

Steinberger et al, 1980; Davis et al, 1991). In general, an
elevation of percent motility (MOT), curvilinear velocity

(VCL), or amplitude of lateral head displacement (ALH)
has been correlated with increased sperm penetration of
human oocytes. Sperm hyperactivation, characterized by

a rapid, nondirectional trajectory (Burkman, 1984), is as-

sociated with mammalian capacitation and is thought to

facilitate fertilization (Robertson et al, 1988). Hyperac-

tivation has been shown to result in elevated values for

the CASA variables MOT, VCL, and ALH (Burkman,
1984; Robertson et al, 1988; Yanagimachi, 1988; Mor-

timer and Mortimer, 1990).
Cyclic adenosine 3’,5’-monophosphate (cAMP) is an

important cellular second messenger involved in various

aspects of sperm function including capacitation and fer-

tilization (Hoskins and Casillas, 1975; Fraser, 1979, 1981;

Garbers and Kopf, 1980; Tash and Means, 1983; Panset

et al, 1983, 1985; White and Aitken, 1989). In a recent
study, Fraser and Monks (1990) induced sperm capaci-
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tation by elevating cAMP levels with adenosine analogues

and observed an associated hyperactivation of sperm mo-

tility. Intracellular concentrations of cAMP have been

elevated using 2’-deoxyadenosine, as well as the meth-

ylxanthines, caffeine and pentoxifylline, that inhibit phos-

phodiesterase activity. Using exogenous motility stimu-

lants, numerous investigators (Garbers et al, 1971; Aitken,

1983; Barkay et al, 1984; Ruzich, 1987; Yovich et al,

1988; Hammitt et al, 1989; Imoedemhe et al, 1992) have

enhanced the motion characteristics, respiration, longev-

ity, and fertilization ability of human spermatozoa from

both normospermic and teratospermic individuals. In ad-

dition to teratospermic samples, cryostored human sperm

exhibits reduced motility that is reversible upon the ad-

dition of reagents like caffeine and pentoxifylline (Schill

et al, 1979; Aitken, 1983). These studies have provided
helpful strategies for alleviating male-factor infertility in

certain individuals. If motility stimulants can elevate

sperm motion characteristics of cat sperm without com-

promising longevity this strategy may also be useful with

reproductive technologies employed in breeding endan-

gered felids.

Sustaining optimal genetic diversity in endangered fe-

lids through the distribution of gametes may require as-

sisted reproductive technologies using fresh, as well as

cryopreserved, spermatozoa. Modern reproductive tech-

niques, including artificial insemination (A!) and IVF,

represent a plausible strategy to circumvent sexual incom-

patibility, eliminate the risks associated with animal

transport, and provide a major avenue for using cryopre-

served germ plasm to infuse genes from wild stocks into

captive breeding populations. Because cryopreservation

will play an important role in the storage of genetic ma-

terial and its distribution, it is necessary to develop meth-

ods of optimizing the usage of cryopreserved gametes.

Thus, the purpose of the present study was to examine

methods for stimulating sperm motility and determine

their utility with cryopreserved cat spermatozoa. In a pre-

vious study, we demonstrated the ability of CASA to track

domestic cat sperm accurately (Stachecki et al, 1993).

Using the domestic cat as a model for nondomestic felids,

we have now determined the effects of caffeine, pentox-

ifylline, and 2’-deoxyadenosine on the motion character-

istics, longevity, and hyperactivation of fresh and cryopre-

served spermatozoa.

Materials and Methods

Sperm Collection, Processing, and
Cryopreservation

Immediately following castration, testes from 8-36-month-old

toms provided by local veterinary hospitals were placed in Ea-
gle’s media (Sigma Chemical Co., St. Louis, Missouri) supple-

mented with 25 mM Hepes and 4 mg/mI bovine serum albumin

(BSA, Sigma, Fraction V), and maintained at 23#{176}Cuntil pro-

cessing. Spermatozoa were collected as previously described

(Stachecki et al, 1993). Briefly, epididymides were washed in

Ham’s FlO medium (Sigma) containing 4 mg/mI BSA, and sper-

matozoa were released into 2 ml of fresh medium through punc-

tures made with a 30-gauge needle. Sperm were then concen-

trated by centrifugation (300 x g, 8 minutes) and resuspended

in medium to a working concentration of 40-70 million sperml
ml.

For cryopreservation, an aliquot of each epididymal sperm

sample was concentrated by centrifugation, diluted in Ham’s

FlO to a concentration of approximately 100 million sperm/ml,

and then mixed 1:1 with Test Yolk Buffer containing 10% glyc-

erol (Irvine Scientific, Santa Ana, California). The sperm solu-

tion was transfered to a 1.5-mi cryotube (Nunc Inc., Naperville,

Illinois), held above liquid nitrogen vapors for 12 minutes, and

then plunged into liquid nitrogen, where it remained until anal-

ysis. Samples were removed from liquid nitrogen after storage

for 1-6 months, incubated for 5 minutes in a 37#{176}Cwater bath,

diluted 1:1 with Ham’s FlO, centrifuged, resuspended to a work-

ing concentration of 40-70 million sperm/ml, and kept at 23#{176}C

until analysis.

Motility Evaluation

For CASA, a Cell Track/s System (Motion Analysis Corp., Santa

Rosa, California) was adjusted to track felid spermatozoa as

indicated in our previous study (Stachecki et al, 1993). Briefly,

a video digitizing rate of 60 frames per second was used to gather

30 frames of data for calculating kinematics and 5 frames of

data for determining MOT. All examinations were performed

at 23#{176}Cusing an Olympus BH2 microscope (Olympus; New

York, New York; 100 x) with a positive phase-contrast objec-

tive. Microscopic images were relayed to the Cell Track/s system

using a NEC (Woodale, Illinois) TI-23A CCD video camera and
recorded on video tape using a JVC (Elmwood Park, New Jersey)
HR-D940U video cassette recorder. A 5-l aliquot of each sam-

ple was loaded into a 1 2-sm-deep MicroCell chamber (Concep-

tion Technologies, Inc., San Rafael, California) and the VCL

(microns/second), straight line velocity (VSL; microns/second),

linearity (LIN; 1- 100%; VSL/VCL), ALH (microns), as well as

MOT were determined for at least 200 motile sperm.

Effect of Motility Stimulants on Motion
Characteristics

In order to analyze the effect of various motility stimulants on

the motion characteristics of fresh sperm and to test our hy-

pothesis that the motility of compromised cat sperm can be

enhanced using motility stimulants, we treated cryopreserved

sperm with caffeine, pentoxifylline, or 2’-deoxyadenosine. A 10-

l aliquot of a fresh or cryopreserved sperm sample was mixed

1:1 with Ham’s FlO containing either 0, 0.02, 0.2, 2.0, 20, or

40 mM caffeine or pentoxifylline, or 0.02, 0.2, 2.0, or 20 mM

2’-deoxyadenosine. The samples were incubated for 15 minutes

at 23#{176}Cand analyzed for short-term changes in motion char-

acteristics (Hammitt et al, 1989). A total of nine epididymal

samples were used in these studies, either fresh or following

cryopreservation. All nine samples were used to compare motion
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FIG. 1. Representative tracks from (A) nonhyperactivated, (B) tran-
sitional, and (C) hyperactivated domestic cat sperm. Sperm tracks were
selected by visual inspection of CASA-generated sperm paths using the
criteria outlined in the text. The trajectories represent the paths taken
by the sperm heads during 0.5 second of tracking at 60 Hz.

characteristics of fresh and cryopreserved spermatozoa. Seven
of the nine samples were used to study the effects of caffeine,
pentoxifylline, or 2’-deoxyadenosine on freshly collected sperm.

In three studies examining the stimulation of cryopreserved

sperm, all nine samples were treated with pentoxifylline, eight

of the nine samples were treated with caffeine, and eight of the
nine samples were treated with 2’-deoxyadenosine. The initial

analyses of fresh samples were completed within 3 hours of

castration.

Effect of Motility Stimulants on
Spermatozoa Longevity

A 20-gil aliquot of a cryopreserved (n = 10) sample was mixed

1:1 with Ham’s FlO containing either 0, 0.02, 0.2, 2.0 mM
caffeine, or 0.2,2.0, 20mM pentoxifylline or 2’-deoxyadenosine.
Samples were incubated for 6 hours at 37#{176}C.At hourly intervals,

a 5-1d aliquot was placed on a microscope slide, covered with

an 18-mm x 18-mm coverslip, and visually analyzed at 37#{176}C.

Upon visual analysis, the percent motility and speed of pro-

gression (SOP; based on the type of forward movement of the

sperm cell: 1 = no movement, 2 = slow, nonprogressive motility,

3 = slow forward progression, or 4 = steady, rapid forward

progression) were recorded (World Health Organization, 1992).
These values were used to calculate a sperm motility index (SMI),
used as an overall evaluation of sperm motility characteristics

(Howard et al, 1990). SMI = [percent motility + (SOP x 25)]

± 2. The 10 specimens used for this study were different than
those examined in the preceding experiments.

Effect of Motility Stimulants on Hyperactivation

Five of the nine samples used in the previous study comparing
the motion characteristics of fresh and cryopreserved sperma-
tozoa were analyzed for hyperactivation. Video recordings of

cryopreserved sperm exposed to 1 mM caffeine, pentoxifylline,
or 2’-deoxyadenosine for 15 minutes at 23#{176}Cwere examined
using CASA. Individual sperm were subjectively classified into
one of three groups depending on their swimming pattern (Fig.
I). The CASA-generated paths of 200 motile sperm per sample
were characterized using the criteria of Robertson et al (1988)

and Mortimer and Mortimer (1990). Briefly, sperm moving in
a short, straight line were classified as nonhyperactivated (Fig.

Table 1. Kinematic characteristics of freshly collected domestic feud spermatozoa treated with caffeine, pentoxifylline, or 2’-
deoxyadenosine#{176}

Stimulants % MOT VCL LIN VSL ALH

Control 79.1± 3.1 178.4 ± 2.9 32.6 ± 1.2 58.9 ± 2.8 9.7 ± 0.3

Caffeine

0.01 mM 82.3 ± 2.0 178.4 ± 4.0 31.0 ± 0.8 54.4 ± 1.3 10.4 ± 0.3
0.10mM 80.3 ± 2.6 177.3 ± 5.9 32.3 ± 1.5 55.0 ± 2.7 10.2 ± 0.3
1.00 mM 80.0 ± 2.7 169.0 ± 12.6 35.1 ± 2.0 54.9 ± 4.3 9.6 ± 0.6

10.0mM 75.3 ± 2.5 151.4 ± 15.8t 35.3 ± 2.2 47.1 ± 4.2t 8.9 ± 0.5
20.0mM 77.0 ± 3.1 140.4 ± 14.7t 36.0 ± 1.7f 45.7 ± 6.4t 8.5 ± 0.6t

Pentoxifylline

0.01 mM 79.6 ± 2.4 188.4 ± 7.7 30.6 ± 0.8 56.4 ± 3.0 10.4 ± 0.4t

0.10mM 79.7 ± 1.4 182.9 ± 4.0 32.0 ± 1.4 57.1 ± 2.0 10.2 ± 0.3

1.00mM 79.7 ± 2.2 182.3 ± 8.7 29.7 ± 1.2t 52.7 ± 3.8 10.0 ± 0.4

10.0mM 80.7 ± 1.4 181.7 ± 7.3 27.3 ± 0.6t 45.1 ± 2.7t 10.5 ± 0.4t

20.0mM 82.7 ± 2.3 181.8 ± 8.0 24.1 ± lOt 41.6 ± 2.7t 9.9 ± 0.5

2’-Deoxyadenosine

0.01 mM 79.0 ± 3.8 184.9 ± 6.6 31.1 ± 1.7 56.3 ± 2.9 10.2 ± 0.4

0.10mM 81.7 ± 2.6 190.6 ± 6.5 29.6 ± 1.Ot 55.0 ± 2.7 10.4 ± 0.3

1.00mM 77.6 ± 3.3 168.0 ± 8.5 31.0 ± 1.2 50.3 ± 4.Of 9.4 ± 0.5

10.0 mM 78.6 ± 3.2 168.6 ± 7.9 31.6 ± 1.3 49.7 ± 2.9f 9.5 ± 0.4

#{176}Values shown are the mean ± SEM for each characteristic determined. Data represent the average of seven samples, each containing at least
200 sperm.

t Values are different (P < 0.05) from controls.
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Table 2. Comparison of the kinematic characteristics of freshly collected and cryopreserved domestic fe/id spermatozoa#{176}

Treatment % MOT VCL LIN VSL ALH

Fresh 79.1 ± 2.3 178.3 ± 2.2 32.6 ± 0.9 59.0 ± 2.2 9.7 ± 0.2

Cryopreserved 52.9 ± 2.5t 107.8 ± 4.lt 33.2 ± 0.8 34.4 ± 1.9t 7.7 ± O.2t

Values shown are t he mean ± SEM for each characteristic determined. Data represent the aver age of nine samples, each containing at least 200

sperm.
t Values are lower (P < 0.05) than fresh.

IA). Sperm exhibiting heightened velocity and angular head dis-

placement, determined by the length and width of the path,

respectively, were classified as transitional (Fig. I B). Sperma-

tozoa swimming vigorously, in a random thrashing pattern, dem-

onstrated by star-shaped tracks, were classified as hyperactivated

(Fig. LC).

Statistical Analysis

CASA generates VCL, VSL, LIN, and ALH values averaged over
a population of sperm. These values and MOT of fresh and
cryopreserved domestic cat spermatozoa treated with and with-
out motility stimulants were recorded as means ± SEM. Dif-
ferences between the means were analyzed using repeated mea-
sures ANOVA. Differences between the sperm motility indices

at each time point and the percentage of nonhyperactivated,
transitional and hyperactivated sperm between control, caffeine,
pentoxifylline, and 2’-deoxyadenosine-treated samples were an-
alyzed using ANOVA. P values <0.05 were considered signifi-

cant.

Results

Stimulation of Fresh Epididymal Sperm

Motion characteristics of freshly collected domestic cat
sperm treated with caffeine, pentoxifylline, or 2’-deoxy-

adenosine are presented in Table 1. None of the motility

stimulants consistently altered sperm motion. Caffeine

treatment of fresh sperm decreased VCL and VSL at 10

and 20 mM and reduced LIN and ALH at 20 mM. Treat-
ment with 2’-deoxyadenosine lowered LIN at 0.1 mM
and VSL at both 1 and 10 mM. Pentoxifylline treatment

lowered UN at 1, 10, and 20 mM, lowered VSL at 10

and 20 mM, and increased ALH at 0.01 and 10 mM.
Overall, there were no specific trends in sperm motion

following the exposure of fresh sperm to any motility

stimulant.

Stimulation of Cryopreserved Epididymal Sperm

All motion characteristics, except LIN, were reduced in

cryopreserved sperm as compared to fresh sperm (Table

2). Motion characteristics of cryopreserved domestic cat

sperm treated with caffeine, pentoxifylline, or 2’-deoxy-

adenosine are presented in Tables 3-5. Addition of the
motility stimulants resulted in a consistent and dose-de-

pendent increase of the motion characteristics. Caffeine

increased the MOT, VCL, VSL, and ALH of treated sperm

at all of the concentrations tested, with the exception of

ALH when using 20 mM (Table 3). Pentoxifylline also had

a profound stimulatory effect, increasing MOT, VCL, VSL,

and ALH at the majority of concentrations tested (Table

4). 2’-Deoxyadenosine-treated spermatozoa were also en-
hanced in their motion characteristics but to a much lesser

extent than either caffeine or pentoxifylline treatment (Ta-

ble 5). MOT, VCL, VSL, and ALH were elevated using

10 mM 2’-deoxyadenosine. Additionally, 1 mM 2’-deox-

yadenosine increased both VCL and VSL. Due to the

constancy of the VSL/VCL ratio, LIN did not change,

except when exposed to 20 mM pentoxifylline (Tables 3-

5).

Effect of Motility Stimulants on
Sperm Longevity

Stimulation of cryopreserved cat spermatozoa using caf-
feine, pentoxifylline, or 2’-deoxyadenosine was not det-

rimental to the maintenance of motility (Fig. 2A-C). Mo-

Table 3. Kinematic characteristics of cryopreserved domestic felid spermatozoa treated with caffeine

Caffeine
concentration % MOT VCL LIN VSL ALH

0 mM 52.6 ± 2.8 108.3 ± 4.6 32.8 ± 0.8 34.1 ± 2.1 7.6 ± 0.3

0.01 mM 59.8 ± 5.5t 125.8 ± 9.7t 33.1 ± 0.9 39.1 ± 2.7t 8.6 ± 0.3t
0.10 mM 62.3 ± 3.5t 126.9 ± 6.8t 33.4 ± 0.9 40.0 ± 2.lt 8.7 ± 0.2t
1.00 mM 65.3 ± 2ff 133.3 ± 5.Of 33.4 ± 0.8 42.5 ± 2.lt 8.5 ± 0.3t

10.0mM 66.4 ± 3.2f 139.5 ± 3.7t 32.0 ± 1.1 41.3 ± l.5t 8.3 ± 0.3t
20.0 mM 68.3 ± 3.5t 137.9 ± 6.lt 32.1 ± 1.0 40.0 ± 3.lt 8.2 ± 0.4

* Values shown are the mean ± SEM for each characteristic determined. Data represent the average of 6 samples, each containing at least 200
sperm.

t Values are greater (P < 0.05) than control group.
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Table 4. Kinematic characteristics of cryopreserved domestic feUd spermatozoa treated with pentoxifylllne#{176}

Pentoxifylline
concentration % MOT VCL LIN VSL ALH

0 mM 52.9 ± 2.5 107.8 ± 4.1 33.2 ± 0.8 34.4 ± 1.9 7.7 ± 0.2
0.01 mM 54.6 ± 1.7 120.2 ± 5.6t 34.2 ± 0.9 39.3 ± 2.8t 8.3 ± 0.4t

0.10 mM 61.0 ± 3.2t 123.8 ± 3.7t 33.7 ± 0.9 40.2 ± 1.5t 8.1 ± 0.3

1.00 mM 62.1 ± 3.Ot 132.1 ± 3.4t 34.1 ± 1.6 42.8 ± 2.2f 8.4 ± 0.3t
10.0mM 66.4 ± 3.5t 142.7 ± 3.Ot 31.8 ± 1.4 42.1 ± 2.2t 8.7 ± 0.3t
20.0 mM 70.0 ± 3.8t 143.0 ± 4.lt 27.8 ± 1.4t 36.1 ± 2.2 9.0 ± 0.2t

* Values shown are the mean ± SEM for each characteristic determined. Data represent the average of nine samples, each containing at least 200
sperm.

t Values are different(P < 0.05) from control group.

tility indices of stimulated sperm paralleled those of

controls over the 6-hour incubation period. Most impor-

tantly, no concentration of motility stimulant resulted in

a significant decrease of sperm longevity.

Enhancement of Sperm Hyperactivation
Using Motility Stimulants

Based on previous reports that showed hyperactivation

to be associated with an increase in VCL and ALH (Rob-

ertson et al, 1988; Mortimer and Mortimer, 1990) and

our finding in the present study that both VCL and ALH

of previously cryopreserved spermatozoa were increased

by treatment with motility stimulants, we determined

whether exposure to motility stimulants was causing the

sperm to become hyperactivated. Therefore, we examined

the proportion of sperm that exhibited either nonhyper-

activated, transitional, or hyperactivated swimming char-

acteristics (Fig. 1) in control and stimulated samples (Ta-

ble 6). Spermatozoa were treated with either 1 mM caffeine,

pentoxifylline, or 2’-deoxyadenosine. This concentration

of each stimulant consistently produced SMI values fol-

lowing a 6-hour incubation that were equal to or greater

than (F> 0.05) the controls (Fig. 2). All motility stimulant

treatments significantly altered the hyperactivation state

of the spermatozoa (Table 6). The percentage of nonhy-

peractivated sperm was reduced following caffeine and

pentoxifyuine treatment as compared to controls (38.0 ±

2.1% and 34.0 ± 4.0% vs. 53.8 ± 5.7%), and the pro-

portion of sperm that exhibited transitional motion was

increased in the caffeine group (54.0 ± 1.7%) as compared

to the control (42.6 ± 5.2%). Both pentoxifylline and 2’-
deoxyadenosine increased the proportion of hyperacti-

vated sperm (13.2 ± 2.1% and 8.2 ± 1.6%) as compared

to controls (3.6 ± 0.8%).

Discussion

This study examined the effects of motility stimulants on

the motion characteristics of felid spermatozoa in order

to assess their potential for enhancing the reproductive

efficacy of this taxon. All of the motility stimulants used

in this study have previously been shown to increase MOT,

VCL, VSL, and ALH and improve the fertilization ability

of mammalian sperm (Fraser, 1979; Barkay et al, 1984;
Pomeroy et al, 1988; Yovich et al, 1988; Hammitt et al,
1989; Hellstrom, 1989; Imoedemhe et al, 1992). The re-

sults of this study demonstrate that cryopreserved sperm

motion characteristics can be significantly stimulated by

caffeine, pentoxifylline, or 2’-deoxyadenosine, as assessed

using CASA. These results also extend previous reports

that cryopreservation decreases feid sperm motility (Platz

et al, 1978; Byers et al, 1989; Donoghue et al, 1992b).

Cryopreserved domestic cat sperm may thus provide a
better model of poorly functioning sperm obtained from
nondomestic felids than freshly collected sperm. Our data

suggest that motility stimulants can alter the swimming

pattern of previously cryopreserved sperm toward a more

Table 5. Kinematic characteristics of cryop reserved domestic feUd s permatozoa treated wi th 2-deoxyadenosine*

2’-Deoxy-
adenosine

concentration % MOT VCL LIN VSL ALH

0 mM 52.2 ± 2.7 105.5 ± 3.8 33.4 ± 0.9 33.7 ± 2.1 7.7 ± 0.3

0.01 mM 53.9 ± 3.5 111.0 ± 5.8 34.0 ± 0.8 35.6 ± 2.1 7.9 ± 0.2

0.10 mM 50.7 ± 1.9 113.0 ± 3.9 34.5 ± 0.8 37.1 ± 2.2 7.8 ± 0.3

1.00mM 57.4 ± 1.9 117.7 ± 4.2t 35.4 ± 1.3 40.6 ± 2.lt 8.0 ± 0.3

10.0 mM 59.2 ± 3.3t 130.7 ± 3.8t 32.9 ± 0.8 40.1 ± 1.9t 8.3 ± 0.2j

* Values shown are the mean ± SEM for each characteristic determined. Data represent the average of eight samples, each containing at least

200 sperm.
t Values are greater (P < 0.05) than control group.
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A be similar to epididymal sperm, there may be differences
in their motion characteristics. In the present study, con-

sistent stimulation of fresh cat sperm with motility stim-

ulants was not observed (Table 1), possibly because en-

dogenous cAMP levels were already high in these sperm.

In contrast to fresh sperm, treatment of previously frozen

domestic cat sperm with motility stimulants resulted in

a dose-dependent increase in sperm motion characteristic

0 . values (Tables 2-4). Nearly all concentrations of caffeine

and pentoxifylline resulted in elevated values for MOT,
B VCL, VSL, and ALH, whereas only the highest doses of

2’-deoxyadenosine were stimulatory.

CASA has been used to ascertain the motion charac-

teristics that are most closely associated with fertilization

ability (Aitken et al, 1 982a; Mahadevan and Trounson,
1984; Holt et al, 1985; Jeulin et al, 1986; Chan et al, 1989;

Davis et al, 1991). These studies indicate that MOT, VCL,

and ALH are the most important characteristics associ-

ated with IVF rates in humans. On the basis of these

reports, other investigators have used motility stimulants

that elevate MOT, VCL, and/or ALH, to increase fertil-

ization rates of sperm compromised by cryopreservation

or teratospermia (Aitken et a!, 1983; Yovich et al, 1988;

Imoedemhe et al, 1992). Therefore, it is possible that

exposure of fresh or cryopreserved felid sperm to caffeine,

pentoxifylline, or 2’-deoxyadenosine may improve fertil-

ization ability by altering sperm motion characteristics.

The impact of motility stimulants on fertilization ability

can be quite impressive. Pomeroy et al (1988) demon-

strated that fresh capacitated munne spermatozoa treated

with caffeine achieved an 89% fertilization rate using a

brief, 15-minute insemination period, whereas the fertil-

ization rate of the control was only 27%.

Freshly collected, washed epididymal (unpublished ob-

servations) or ejaculated (Wildt, 1991) domestic cat sper-

matozoa remain motile for approximately 30 hours with

a gradual reduction in their motility over time, whereas

cryopreserved sperm motility is greatly reduced after only

6 hours (Fig. 2). In a recent study, Donoghue et al (1 992a)
hypothesized that, in cheetahs, the etiology of poor re-

productive performance is more male than female related

and demonstrated a correlation between fertilization rates
and longevity of spermatozoa. In a similar study, Don-
oghue et al (1 992b) revealed that fertilization rates were
reduced among cryopreserved tiger spermatozoa that ex-

hibited decreased longevity patterns. We were concerned

that in elevating the motion characteristics of cryopres-

erved sperm longevity may be decreased. Hammitt et al

(1989) noted that longevity of human sperm declined fol-

lowing incubation with motility stimulants, while Ruzich

et al (1987) reported that caffeine can extend sperm lon-

gevity. In our study, however, we observed no significant

reduction in sperm longevity following exposure to any

of the motility stimulants.

hyperactivated state without decreasing their longevity.

Furthermore, these data lend support to a method for

improving the reproductive utility of cryostored sperm

that has proven effective in other mammalian species.
We have demonstrated (Stachecki et al, 1993) that

freshly collected epididymal cat spermatozoa exhibit high

swimming velocities (VCL 178.4 uim/second) and an el-

evated ALH (9.7 Mm), as compared to ejaculated human

sperm (VCL 52.0 Mm/second; ALH 3.0 Mm) (Davis et al,
1992). Although we expect washed ejaculated sperm to
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FIG. 2. Effect of motility stimulants on cryopreserved domestic cat
sperm longevity. Spermatozoa were recovered from cat epididymides,
incubated at 37#{176}Cin medium containing (A) 0 mM (closed circles), 0.01
mM (open circles), 0.1 mM (open squares), 1.0 mM (open triangles)
caffeine; (B) 0mM (closed circles), 0.1 mM (open squares), 1.0mM (open
triangles), 10.0 mM (open circles) pentoxifylline; or (C) 0 mM (closed
circles), 0.1 mM (open squares), 1.0mM (open triangles), 10.0mM (open
circles) 2’-deoxyadenoslne, and analyzed each hour for 6 hours. MOT
and SOP were determined manually, based on the type of forward move-
ment of the sperm cell: 1 = no movement to 4 steady, rapid forward
progression. These values were used to calculateSMI, used as an overall
evaluation of sperm motilitycharacteristics.Error bars are not shown.
AllSEM values are within 5% of the mean.
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Table 6. Hyperactivation of stimulated cryopreserved domestic fe/id spermatozoa*

Stimulants Nonhyperactivated Transitional Hyperactivated

Control 53.8 ± 5.7 42.6 ± 5.2 3.6 ± 0.8
Caffeine 38.0 ± 2.1ff 54.0 ± 1.7f 8.0 ± 1.2
Pentoxifylline 34.0 ± 4.0ff 52.8 ± 3.5 13.2 ± 2.lt

2’-Deoxyadenosine 43.6 ± 4.6 49.0 ± 3.1 8.2 ± 1.6t

* Values shown are the mean percentages of five samples ± SEM for each characteristic determined, each sample consisting of 200 sperm. Treated
samples were exposed to 1 mM caffeine, pentoxifylline, or 2’-deoxyadenosine for 15 minutes at 23#{176}C.

t Values shown are different (P < 0.05) than controls.
1 Values shown are lower (P < 0.05) than the transitional plus hyperactivated values.

Hyperactivation is an additional factor that can influ-

ence fertilization rates. Hyperactivated motility was first

described in hamster sperm, during capacitation in Ty-

rode’s solution and in the ampullary region of the oviduct

around the time of fertilization (Yanagimachi, 1970).
During hyperactivation, spermatozoa exhibit a whiplash

pattern of movement associated with an increase in VCL

and ALH (Burkman, 1984; Mortimer et al, 1984; Rob-

ertson et al, 1988; Yanagimachi, 1988; Mortimer and

Mortimer, 1990). It has been proposed that hyperacti-

vation aids the sperm in reaching the egg and penetrating

its vestments (Suarez et al, 1983; Katz et al, 1989; Suarez,
1991). Our data revealed a shift in the sperm population

from a nonhyperactive state to either a transitional or

hyperactivated state following a 15-minute exposure to

any of the motility stimulants (Table 6). Because hyper-

activated sperm were found in both freshly collected (data

not shown) as well as in cryopreserved control samples

(Table 6) and hyperactivated motion is required for fer-

tilization, these data support the observation by Niwa et

a! (1985) that freshly collected epididymal domestic cat

sperm can fertilize oocytes within 30 minutes of insem-

ination.

The present study provides kinematic values for fresh

and frozen domestic cat sperm exposed to motility stim-

ulants, revealing important differences following cry-

opreservation and stimulation. These results extend pre-

vious work (Stachecki et al, 1993) by demonstrating that

domestic cat sperm show a significant reduction in their

motion characteristics following cryopreservation that is

similar to the decreased kinematics found in freshly col-

lected sperm from teratozoospermic cats. Based on the

information presented here, it is conceivable that the suc-

cess of assisted reproductive techniques including IVF

and Al could be enhanced by treating felid spermatozoa

with caffeine, pentoxifylline, or 2’-deoxyadenosine.

Acknowledgments
We acknowledge the following veterinary clinics for their cooperation in

providing cat epididymides: Professional Veterinary Hospital, Allen Park,
Michigan; Harvey Memorial Animal Hospital, Detroit, Michigan; and

Patterson Dog and Cat Clinic, Detroit, Michigan.

References
Aitken RJ. Influence of caffeine on movement characteristics, fertilizing

capacity, and ability to penetrate cervical mucus of human sper-

matozoa. J Reprod Fertil 1 983;67: 19-27.

Aitken RJ, Best FS, Richardson DW, Djahanbakhch 0, Lees MM. The
correlates of fertilizing capacity in normal fertile men. Fertil Steril

I 982a;38:68-76.
Aitken RJ, Best FS, Richardson DW, Djahanbakhch 0, Mortimer D,

Templeton AA, Lees MM. An analysis of sperm function in cases of

unexplained infertility: conventional criteria, movement character-

istics, and fertilizing capacity. Fertil Steril 1982b;38:2l2-22l.

Aitken RJ, Warner P, Best FS, Templeton AA, Djahanbakhch 0, Mor-

timer D, Lees MM. The predictability of subnormal penetrating ca-

pacity of sperm in cases of unexplained infertility. In! JAndrol 1983;

6:212-220.

Barkay J, Bartoov B, Ben-Ezra S, Langsam J, Feldman E, Gordon S,

Zuckerman H. The influence of in vitro caffeine treatment on human
sperm morphology and fertilizing capacity. Fertil Steril I 984;4 1:913-

918.

Burkman U. Characterization of hyperactivated motility by human sper-
matozoa during capacitation: comparison of fertile and oligozoo-

spermic sperm populations. Arch Androl 1984;13:153-l65.
Byers AP, Hunter AG, Seal US, Binczik GA, Graham EF, Reindl NJ,

Tilson RL. In-vitro induction of capacitation of fresh and frozen

spermatozoa of the Siberian tiger (Pant hera tigris). J Reprod Fertil

I 989;86:599-607.

Chan SYW, Wang C, Chan STH, Ho PC, So WWK, Chan YF, Ma HK.
Predictive value of sperm morphology and movement characteristics

in the outcome of in vitro fertilization of human oocytes. J In Vitro

Fert Embryo Transfer 1989;6:142-148.
Cohen J, Edwards R, Fehilly C, Fischel 5, Hewitt J, Purdy J, Rowland

G, Steptoe P, Webster J. In vitro fertilization: a treatment for male
infertility. Lancet 1985; 1:1239-1240.

Davis RO, Overstreet JW, Asch RH, Ord T, Silber SJ. Movement char-
acteristics of human epididymal sperm used for fertilization of human
oocytes in vitro. Fertil Steri! 199 l;56:l 128-1135.

Davis RO, Rothmann SA, Overstreet JW. Accuracy and precision of
computer-aided sperm analysis in multicenter studies. Fertil Steril

I 992;57:648-.653.
Donoghue AM, Howard JG, Byers AP, Goodrowe KL, Bush M, Blumer

E, Lukas J, Stover J, Snodgrass K, Wildt DE. Correlation of sperm
viability with gamete interaction and fertilization in vitro in the

cheetah (A cinonyx jubatus). Biol Reprod 1 992a;46: 1047-1056.
Donoghue AM, Johnston LA, Seal US, Armstrong DL, Simmons LG,

Gross TM, Tilson RL, Wildt DE. Ability of thawed tiger (Pant hera
tigris) spermatozoa to fertilize conspecific eggs and bind and penetrate

domestic cat eggs in vitro. J Reprod Fertil l992b;96:555-564.

Fraser LR. Accelerated mouse sperm penetration in vitro in the presence

of caffeine. J Reprod Fertil 1979;57:377-384.

Fraser LR. Dibutyryl cyclic AMP decreases capacitation time in vitro
in mouse spermatozoa. J Reprod Fertil 1981 ;62:63-72.



164 Journal of Andrology . March/April 1994

Fraser LR, Monks NJ. Cyclic nucleotides and mammalian sperm ca-

pacitation. J Reprod Fertil I 990;42:9-2 1.

Garbers DL, Kopf OS. The regulation of spermatozoa by calcium and

cyclic nucleotides. In: Greengard P, Robison GA, eds. Advances in

Cyclic Nucleotide Research. New York: Raven Press; 1980:251-306.

Garbers DL, Lust WD, First NL, Lardy HA. Effect of phosphodiesterase
inhibitors and cyclic nucleotides on sperm respiration and motility.

Biochemistry 197l;l0:1825-1831.
Hammitt DG, Bedia E, Rogers PR, Syrop CH, Donovan JF, Williamson

RA. Comparison of motility stimulants for cryopreserved human

semen. Fertil Steril 1989;52:495-502.
Hellstrom WJG. Pentoxifylline stimulates the movement characteristics

of cryopreserved sperm. Surg. Forum 1989:648-650.

Holt WV, Moore HDM, Hillier SO. Computer-assisted measurement of

sperm swimming speed in human semen: correlation of results with

in vitro fertilization assays. Fertil Steril 1 985;44: 112-119.

Hoskins DD, Casillas ER. Hormones, second-messengers, and the mam-

malian spermatozoon. In: Singhal RH, Thomas JA, eds. Advances in

SexHormone Research. Baltimore: University Park Press; 1975:283-

324.

Howard JO, Brown JL, Bush M, Wildt DE. Teratospermic and nor-
mospermic domestic cats: ejaculate traits, pituitary-gonadal hor-

mones, and improvement of spermatozoal motility and morphology

after swim-up processing. J Androl 1990; 11:204-215.

Howard JG, Bush M, Hall LL, Wildt DE. Morphological abnormalities
in spermatozoa of 28 species of non-domestic felids.Proc Int Congr

Anim Reprod Artifinsemin 1984;2:57-59.

Howard JO, Bush M, Wildt DE. Teratospermia in domestic cats com-
promises penetration of zona-free hamster ova and cat zonae pal-

Iucidae. JAndrol l99l;l2:36-45.

Imoedemhe DAG, Sigue AB, Pacpaco EA, Olazo AB. Successful use of

the sperm motility enhancer 2’-deoxyadenosine in previously failed
human in vitro fertilization. J Assist Reprod Gene! 1992;9:53-56.

Jeulin C, Feneux D, Serres C, Jouannet P, Guillet-Rosso F, Belaisch-
Allart J, Frydman R, Testart J. Sperm factors related to failure of

human in-vitro fertilization. J Reprod Fertil 1986;76:735-744.

Katz DF, Overstreet JW, Drobnis EZ. Factors regulating mammalian
sperm migration through the female reproductive tract and oocyte

investments. Gamete Res 1989;22:443-469.

Mahadevan MM, Trounson A0. The influence of seminal characteristics

on the success rate of human in vitro fertilization. Fertil Steril 1984;
42:400-405.

Mahadevan MM, Trounson A0, Leeton JF. The relationship of tubal
blockage, infertility of unknown cause, suspected male infertility, and

endometriosis to success of in vitro fertilization and embryo transfer.

Fertil Steril l983;40:755-762.

Mortimer D, Courtot AM, Giovangrandi Y, Jeulin C, David G. Human
sperm motility after migration into, and incubation in, synthetic
media. Gamete Res 1984;9:13l-144.

Mortimer ST, Mortimer D. Kinematics ofhuman spermatozoa incubated
under capacitating conditions. J Androl 1990; 11:195-203.

Niwa K, Ohara K, Hosoi Y, Iritani A. Early events of in-vitro fertilization

of cat eggs by epididymal spermatozoa. JReprodFertil 1985;74:657-

660.
Pariset CC, Feinberg JMF, Dacheux JL, Weinham Si. Changes in cal-

modulin level and cAMP-dependent protein kinase activity during

epididymal maturation of ram spermatozoa. J Reprod Fertil 1985;
74:105-112.

Pariset CC, Roussel C, Weinman SJ, Demaille JO. Calmodulin intra-

cellular concentration and cAMP-dependent protein kinase activity
in human sperm samples in relation to sperm morphology and mo-

tility. Gamete Res 1983;8:171-182.
Platz CC, Wildt DE, Seager SW. Pregnancy in the domestic cat after

artificial insemination with previously frozen spermatozoa. J Rep rod

Fertil I978;52:279-82.

Pomeroy KO, Dodds JF, Seidel GE. Caffeine promotes in vitro fertil-

ization of mouse ova within 15 minutes. JExp Zool 1988;248:207-

212.
Robertson L, Wolf DP, Tash iS. Temporal changes in motility param-

eters related to acrosomal status: identification and characterization

of populations of hyperactivated human sperm. Biol Reprod 1988;

39:797-805.
Ruzich JV. Objective assessment of the effect of caffeine on sperm mo-

tility and velocity. FertilSteril l987;48:891-893.
Schill WB, Pritsch W, Preissler 0. Effect of caffeine and kallikrein on

cryopreserved human spermatozoa. Int J Fertil 1979;24:27-3 1.

Stachecki JJ, Ginsburg KA, Leach RE, Armant DR. Computer-assisted

semen analysis (CASA) of epididymal sperm from the domestic cat.

JAndrol l993;l4:60-65.

Steinberger E, Rodriguez-Rigau U, Smith KD. Comparison of results
of AID with fresh and frozen semen. In: David 0, Price WW, eds.
Human Artificial Insemination and Semen Preservation. New York:
Plenum Press; 1980:283-294.

Suarez SS. Evidence for the function of hyperactivated motility in sperm.

Biol Reprod 1991;44:375-381.

Suarez SS, Katz DF, Overstreet JW. Movement characteristics and ac-
rosomal status of rabbit spermatozoa recovered at the site and time

of fertilization. Biol Reprod I 983;29: 1277-1287.

Tash JS, Means AR. Cyclic adenosine 3’, 5’ monophosphate, calcium

and protein phosphorylation in flagellar motility. Biol Reprod 1983;

28:75-104.
White DR, Aitken RJ. Relationship between calcium, cyclic AMP, ATP,

and intracellular pH and the capacity of hamster spermatozoa to
express hyperactivated motility. Gamete Res 1989;22:163-177.

Wildt DE. Potential applications of IVF technology for species conser-

vation. In: Bavister BD, Cummins J, Roldan RS, eds. Fertilization

in Mammals. Boston: Serono Publishing Co; 1990:349-364.

Wildt DE. Fertilization in cats. In: Dunbar BS, O’Rand M, eds. A Com-

parative Overview of Mammalian Fertilization. New York: Plenum;
1991:299-328.

World Health Organization. WHO Laboratory Manual for the Exami-

nation of Human Semen and Sperm-Cervical Mucus Interaction. 3rd
ed. New York: Cambridge University Press; 1992.

Yanagimachi R. The movement of golden hamster spermatozoa before

and after capacitation. JReprodFertil 1970;23:l93-196.

Yanagimachi R. Mammalian fertilization. In: Knobil E, Neill JD, Ewing
LL, Markert CL, Oreenwald GS, Pfaff DW, eds. The Physiology of

Reproduction. New York: Raven Press; 1988:135-185.
Yovich JM, Edirisinghe WR, Cummins JM, Yovich JL. Preliminary

results using pentoxifylline in a pronuclear stage tubal transfer (PROST)
program for severe male factor infertility. Fertil Steril I988;50: 179-

181.




