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Cryopreservation of Ram Semen Facilitates Sperm DNA
Damage: Relationship Between Sperm Andrological
Parameters and the Sperm Chromatin Structure Assay
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ABSTRACT: We hypothesized that cryopreservation and incuba-
tion in conditions that mimic the female genital tract following insem-
ination increases the susceptibility of ram sperm DNA to denatur-
ation. Ram sperm samples (n = 12) underwent the sperm chromatin
structure assay (SCSA) and semen quality tests, including motility
parameters, viability, and chlortetracycline fluorescence (CTC) pat-
terns. We also assessed correlations between SCSA variables and
semen quality parameters. Analyses were performed for both fresh
and cryopreserved samples at 0, 3, and 20 hours of incubation in
synthetic oviductal fluid (SOF; 39°C, 5% CO,). The SCSA variables,
mean alpha t (Xo,) and standard deviation of alpha t (SD«,), were
higher because of cryopreservation (P < .05, P < .001, respectively)
after 20 hours in SOF. For both fresh and frozen spermatozoa,
SCSA values (Xa,, SDa,, and the percentage of cells outside the
main population of o, [%9COMPqa]) increased during incubation in
SOF. Motility was negatively correlated with both SDa, and %COM-

Pa,, ranging from —0.39 (P < .01) to —0.59 (P < .001) for both
fresh and cryopreserved semen; viability also was negatively cor-
related with Xe,, SDe,, or %COMPq, (—0.36; P < .05, —.40 and -
.46; P < .01, respectively) in fresh semen. The %COMPa, was pos-
itively correlated to the percentage of CTC pattern AR (P < .001)
and negatively correlated to the percentages of patterns F and B
(—0.33 to —0.60, P < .05 to P < .001). Variation among ejaculates
within ram was observed (P < .01). Cryopreservation clearly facili-
tates DNA damage in physiological conditions. The low to moderate
correlations between SCSA variables and classical semen quality
parameters indicate that the SCSA provides additional information
to standard tests for evaluating ram sperm quality.
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en cryopreservation and artificial insemination
Al) offer many advantages to the livestock industry,
particularly in conjunction with genetic evaluation and
selection programs (Maxwell, 1984). However, the big-
gest obstacle to exploiting cryopreserved semen of many
species is that cooling, freezing, and thawing generally
damage sperm membrane structures, leading to fewer vi-
able and motile cells postthaw (Nath, 1972; Hammerstedt
et a, 1990). Consequently, fertility following Al is poorer
than with fresh semen in most species (Salamon and M ax-
well, 1995; Watson, 1995).
Semen quality and its relationship to fertility are of
major concern in animal production. Quality tests are rou-
tinely used to determine acceptability of processed semen
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for breeding purposes. Thus accurate measurement is of
major importance. Conventionaly, the principal labora-
tory tests for standard semen analysis at most Al centers
use light microscopy to estimate sperm survival and the
percentage of motile (and progressively motile) sperma-
tozoa (Rowe et a, 1993). Although useful, these tests are
not completely reliable or repeatable because of the small
numbers of sperm evaluated, lack of objectivity, and hu-
man bias (Graham et a, 1980). More objectivity and re-
peatability in assessing sperm motility can be achieved
by computer-assisted sperm analysis (CASA) (Davis and
Siemers, 1995). In addition to CASA, flow cytometry
(Shapiro, 1988) has emerged as a powerful technique for
providing rapid, multiparameter, objective, and nonbiased
measurements of parameters on very high numbers of
sperm per gaculate, which might be necessary for pre-
dicting fertility potential (Evenson et al, 1994). Flow cy-
tometric measurements of sperm parameters have includ-
ed mitochondrial function (Evenson et al, 1985b; Graham
et al, 1990), viability (Garner et al, 1986), DNA content
for sex determination (Johnson et al, 1987, 1989), acro-
some integrity (Graham et al, 1990), sperm calcium level
(Collin et a, 2000), and chromatin structure integrity,
which is defined as the susceptibility of DNA to acid- or
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heat-induced denaturation in situ (Evenson et al, 1980;
Ballachey et al, 1987).

The sperm chromatin structure assay (SCSA) is a tech-
nique based on the assumption that structurally abnormal
sperm chromatin is more susceptible to denaturation (Ev-
enson et al, 1980). This assay uses the metachromatic
properties of acridine orange, which fluoresces green
when combined with the intact double DNA helix and red
when combined with RNA and denatured DNA (ie, sin-
gle-stranded helices) (Darzynkiewicz, 1990). Mild acid
treatment of spermatozoa denatures structurally abnormal
chromatin, thereby intensifying red band fluorescence
(Darzynkiewicz, 1990).

The SCSA can determine the importance of DNA
structure in assisted reproductive techniques outcomes
such as Al. The SCSA is reported to be an unbiased,
quantitative assessment of sperm chromatin integrity, and
its variables are apparently consistent within individuals
over timeif they are not exposed to reproductive stressors
(Evenson et al, 1991). Furthermore, SCSA parameters are
correlated with DNA strand breaks (Sailer et al, 1995b)
and fertility in vivo (Evenson et al, 1980, 1999). However,
SCSA parameters are only weakly to moderately corre-
lated with classical criteria of sperm quality, including
concentration, total number, motility and morphology
(Evenson et a, 1991), and viability (Januskauskas et al,
2001). Therefore, SCSA parameters are considered inde-
pendent descriptors of semen quality and might comple-
ment the information derived from the classica androl-
ogical assessment. The SCSA has not been used exten-
sively on ram sperm, and associ ations between traditional
andrological endpoints and sperm chromatin structure in
this species have not been established.

This study was therefore performed to investigate the
effect of commercial semen cryopreservation on DNA
structure of ram spermatozoa by evaluating the level of
sperm nuclear DNA damage during incubation in medium
resembling the natural environment of the female genital
tract. Our hypothesis is that the freeze-thaw process re-
duces sperm fertilizing competence by destabilizing the
chromatin, as reflected by increased DNA susceptibility
to denaturation in situ. A secondary objective was to de-
termine the relationship between the parameters of SCSA
and the classical criteria of ram sperm quality.

Materials and Methods

Chemicals and Animal Care

All experimental protocols were approved by the university an-
imal protection committee and conducted in accordance with the
guidelines of the Canadian Council on Animal Care (1993).
Chemicals used in this study were obtained from Sigma Chem-
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ical Co (St. Louis, Mo), except acridine orange, which was pur-
chased from Polysciences, Inc (Warrington, Penn).

Semen Handling and Cryopreservation

Semen was obtained from 5 mature Dorset rams (aged 2 to 4
years) maintained at the Center d’ Expertise en Production Ovine
du Québec (CEPOQ, La Pocatiere, Canada) under uniform feed-
ing, housing, and light conditions. Semen from these rams was
collected with the use of an artificial vagina. Semen volume,
concentration, and subjective motility (using phase contrast mi-
croscopy, X400) were measured. Sperm concentration was as-
sessed with a spectrophotometer previously calibrated by hem-
ocytometry, and samples with total motility higher than 65%
were used in this study.

Immediately after collection, the semen was diluted to a final
concentration of 4 X 10° spermatozoa mL-* with a commercial
egg yolk—based extender (Triladyl®; Minitube Canada, Wood-
stock, Canada) then slowly cooled to 5°C over 3 hours in a
transport box (CEPOQ) as reported earlier (Morrier et al, 2002).
On arrival at the laboratory, diluted semen was divided into 2
portions: 1 remained fresh, and the other was cryopreserved.
Aliquots (0.25 mL) of the fresh samples were diluted to about
50 X 10° spermatozoa mL~* in synthetic oviducta fluid (SOF:
Morrier et al, 2002). The SOF consisted of 108 mM NaCl, 7.2
mM KCl, 1.2 mM KH,PO,, 25 mM NaHCO,, 5 mM CaCl,, 0.5
mM MgCl,, 1.5 mM glucose, 3.3 mM sodium lactate, 0.33 mM
sodium pyruvate, 1 mM glutamine, 20 wM penicillamine, 10 pM
hypotaurine, and 50 mg L-* gentamycin; 20% heat-inactivated
estrus sheep serum was added to this solution and adjusted to
pH 7.36.

Classical semen quality tests (motility, viability, and chlortet-
racycline fluorescence [CTC]) and SCSA were assessed imme-
diately following dilution in SOF (time 0). The samples diluted
in SOF were incubated in a humidified atmosphere of 5% CO,
in air at 39°C. After 3 and 20 hours of incubation, the classical
tests and SCSA were reassessed.

The remaining semen was frozen according to industry stan-
dards (Morrier et a, 2002) in 250-pL straws (IMV, I'Aigle,
France) sealed with polyvinyl acid. The straws were frozen by
plunging directly into liquid nitrogen at —196°C. Straws were
stored in liquid nitrogen for at least 2 weeks before analysis.
Semen was thawed by plunging straws into a 37°C water bath
for 60 seconds. As described above for fresh semen, a straw was
thawed and then diluted in SOF (50 X 10° spermatozoa mL -%).
Again, classical sperm quality tests (motility, viability, CTC) and
SCSA were evaluated immediately following dilution in SOF
(time 0), then after 3 and 20 hours of incubation (time 3 and 20
hours). Figure 1 shows an outline of the protocol.

Sperm Motility Analysis

Sperm motility parameters were analyzed with a Hamilton-
Thorn motility analyzer (Ceros Analyzer with software version
12.0 F; Hamilton Thorn Research, Beverly, Mass). Samples of
spermatozoa in SOF (50 X 10° cells mL-1) were placed in a
prewarmed (37°C) MicroCell counting chamber (20 nM depth;
Conception Technologies, San Diego, Calif) and loaded into the
analyzer, and at least 200 motile sperm were analyzed (phase
contrast, 100X) for each sample. The motility parameters mea-
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Semen collection (n = 12 ejaculates from 5 different rams)
Diluted in Triladyl (4 x 10® sp/ml)
Semen cooled to 5°C

T—a

Cryopreserved Diluted in SOF

and stored in liquid nitrogen

!

Thawed and diluted in SOF

v

Sperm chromatin structure assay (SCSA) and sperm

quality assessment (motility, viability, CTC) after 0, 3, 20 h

Figure 1. Schematic for testing the effect of freezing and incubation time
on ram semen and measuring by the sperm chromatin structure assay.

sured were as follows: percentage of motile spermatozoa, per-
centage of rapidly progressively motile spermatozoa, straight-
line velocity (VSL), average path velocity (VAP), curvilinear
velocity (VCL), linearity (LIN), amplitude of lateral head dis-
placement (ALH), beat cross frequency (BCF), and straightness
(STR). The settings of the sperm analyzer used in this study
(Morrier et al, 2002) and the description of the parameters of
sperm motility are essentially as previously described (Bilodeau
et a, 2001)

Sperm Viability Assay

Sperm viability was assessed by using eosin-negrosin staining
as described by (Barth and Oko, 1989; Morrier et a, 2002). At
least 200 spermatozoa were recorded per slide by light micros-
copy (400x), and the percentage of dead (colored pink) and live
(unstained) cells were evaluated.

Chlortetracycline Fluorescence Assay

The chlortetracycline (CTC) fluorescence assay was used pre-
viously and described by Morrier et a (2002). All slides were
prepared in duplicate. At least 200 spermatozoa per slide were
classified according to 1 of the 3 CTC staining patterns, as de-
scribed by Gillan et al (1997): F, or noncapacitated spermatozoa
for those with uniform head fluorescence; B, or capacitated sper-
matozoa for those fluorescent only along the acrosome; and AR,
for acrosome-reacted spermatozoa with pale fluorescence over
the head.

Flow Cytometry

All flow cytometry measurements were performed with the use
of an EPICS XL (Beckman-Coulter, Miami, Fla). Green (525

Journal of Andrology - March/April 2004

band-pass filter) and red (620 band-pass filter) fluorescence emit-
ted by each sperm after laser excitation (35 mW, 488 nm wave-
length) were processed through photomultiplier tubes and quan-
tified. The flow cytometer is capable of distinguishing up to 1024
channels (fluorescence intensities) of both red and green fluo-
rescence on each cell. Data on at least 5000 spermatozoa per
sample were collected and analyzed. The flow cytometer de-
tected the green and red fluorescence of each cell as it passed
through the focal point in the quartz flow cell at rates of about
300 cellg/s.

Sperm Staining With Acridine Orange

The procedure of sperm staining with acridine orange was as
previously described (Evenson et al, 1989, 1994). Briefly, fresh
or frozen-thawed semen was diluted in TNE buffer (0.15 M
NaCl, 0.001 M EDTA, and 0.01 M Tris, pH 7.4) to afinal con-
centration of 1 to 2 million cells'mL. Then, 0.2 mL of semen
was added to 0.40 mL of a detergent/acid solution consisting of
0.1% Triton X-100 in 0.08 N HCI and 0.15 M NaCl (pH 1.4).
After 30 seconds, 1.2 mL of staining solution containing 6 g/
mL electrophoretically purified acridine orange in staining buffer
(prepared by mixing 370 mL of 0.1 M citric acid monohydrate
and 630 mL of 0.2 M Na,HPO, [dibasic] and adding 0.372 g
disodium EDTA and 8.77 g NaCl [pH 6.0]) was added to the
sample. All steps were conducted at 4°C, and flow cytometry
was begun 3 minutes after staining.

Sperm Chromatin Structure Assay (SCSA)

The SCSA is an acridine orange staining technique used to study
sperm chromatin structure (Evenson et al, 1980, 1983, 1985g;
Ballachey et al, 1987) and measure the susceptibility of DNA in
sperm chromatin to acid-induced denaturation in situ. It is quan-
tified by flow cytometric measurement of the metachromatic
shift from green (double-stranded DNA [dsDNA]) to red (de-
natured, single-stranded DNA [ssDNA]) of acridine orange fluo-
rescence. This shift is expressed as the function alpha t («,)
which is the ratio of red to total (red + green) fluorescence
intensity (Darzynkiewicz et a, 1975), representing the amount
of denatured ssDNA over the total cellular DNA. In the SCSA,
o, was calculated for each spermatozoon in a sample, and the
results were expressed as the mean (Xa,) for all 5000 sperm
assessed, the standard deviation (SDa,) of the «, distribution, and
the percentage of cells with high «, values (cells outside the main
population, %COMPw,), representing spermatozoa with an ex-
cess of ssDNA. Sperm populations with normal chromatin struc-
ture have small Xa,, SDa,, and %COMPy, (ie, percentage of
cells with denatured DNA). The «; values were expressed within
arange of 0 and 1024 channels of fluorescence.

Statistical Analyses

Data were normalized by square root transformation, and the
least squares means were analyzed by the General Linear Model
(GLM) ANOVA procedure of Statistical Analysis System, ver-
sion 8.2 (SAS Institute Inc, Cary, NC). The statistical model
used to analyze SCSA parameters (Xa,, SDa;, and %COM Pw,)
and sperm quality tests (motility, viability, CTC) include the
effect of ram, gjaculate within ram, type of semen (fresh or cryo-
preserved), and incubation time (O, 3, 20 hours). When main
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Table 1. Mean squares and tests of significance for sperm
chromatin structure assay (SCSA) measured by flow cytometry

Sourcet df Xt SDo§ % COMPq|
R 4 188.6 78.0 0.4460
E(R) 7 208.1%* 304.7% 2.1%
F 1 175.8* 400.5+ 2.4k
RXF 4 18.5 6.6 0.027
E X F(R) 7 285 35.2¢ 0.288*
E X T(R) 14 21.8 10.60 0.090
RXFXT 8 14.8 61.8% 0.059
T 2 1884% 616 033+ 10.8%++
RXT 8 16.7 66.0 0.053
FxT 2 35.5 875151 0.005

Values are significant at * P < .05; ** P < .01; ** P < .001.

t R indicates ram; E(R), ejaculates within ram; F, treatment (fresh vs
cryopreserved); T, time of incubation in synthetic oviductal fluid (0, 3, 20
hours).

T Mean of a,, where «, is the ratio of red fluorescence to total fluores-
cence (red + green).

§ Mean of SDa,.

| Percentage of cells outside the main population of a,.

effects were significant (P < .05), multiple comparisons using
Tukey's test were made to determine the significance between
the fresh and cryopreserved semen and between the different
incubation times. Pearson correlation coefficients were used to
calculate the relationships between SCSA parameters and sperm
quality tests. The results are presented as nontransformed means
+ SEM and were considered statistically significant at P < .05.

Results

Sperm Chromatin Structure Assay Variables

Analysis of variance revealed that rams were not a sig-
nificant source of variation for all SCSA variables (Xa,,
SDa,, and %COMPw,), although the differences between
the gjaculates within the ram were statistically significant
(P < .01; Table 1). Figure 2 shows values of SCSA var-
iables. Differences between fresh and cryopreserved se-
men for SCSA variables were not significant at most in-
cubation times, except that Xo, and SDa, were higher as
a result of cryopreservation (P < .05 and .001, respec-
tively) at 20 hours of incubation in SOF There was a
significant effect of incubation time in SOF (Figure 2) on
DNA denaturahility, as measured by the SCSA. These
values (Xoy, SDa;, and %COM Pw,) increased with the du-
ration of incubation in SOF (P < .01 and .001, respec-
tively), and the rate of increased denaturability for cryo-
preserved sperm was greater than for fresh sperm.

Classical Semen Quality Parameters

Table 2 shows the analysis of variance results for the clas-
sical andrological parameters. Ram and gjaculate within
ram had a minor effect on semen parameters (CTC pat-
terns and motility parameters), whereas the main effects
of treatment (fresh vs cryopreserved) and incubation time
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Figure 2. Effect of cryopreservation and subsequent incubation of sperm
in synthetic oviductal fluid (SOF) for 0, 3, and 20 hours (39°C, 5% CO,)
on sperm chromatin structure assay (SCSA) parameters. (A, B, C) Mean
alpha t (Xa), standard deviation of alpha t (SD«,), and percent cells
outside the main population of alpha t (%COMP«,), respectively. Within
treatment (fresh, cryopreserved), different letters (a, b) indicate signifi-
cant differences due to duration of incubation in SOF (P < .05). Within
each time in SOF (0, 3, 20 hours), an asterisk indicates a significant
difference as a result of cryopreservation (P < .05). Values are means
+ SEM (n = 12 ejaculates from 5 different rams).

in SOF had a more widespread effect on most parameters
(motility, viability, and CTC).

As shown in Figure 3, cryopreservation decreased (P
< .01) the percentages of total and progressively matile
sperm at 0 and 3 hours of incubation, but was not sig-
nificant at 20 hours. No significant differences were found
between fresh and cryopreserved semen for any of the
other motility parameters (VAR VSL, VCL, ALH, BCFK
STR, and LIN) over al incubation times (data not
shown).

Results of analysis of variance indicate that the differ-
ences in the percentage of viable sperm between fresh
and cryopreserved semen were significant (P < .01; Fig-
ure 3) only at time O of incubation in SOF, but not at 3
and 20 hours.

With respect to CTC fluorescence, both cryopreserva
tion and duration of incubation in SOF affected (P <
.001) the distribution of sperm displaying patterns F, B,
and AR (Figure 4). For both fresh and cryopreserved se-
men, the percentage of sperm showing pattern F (non-
capacitated) decreased (P < .05) with increasing duration
of incubation in SOF, corresponding to an increase in the
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Table 2. Mean squares and tests of significance for semen quality parameters

Chlortetracycline Patterns

% F

Motility Parameterst

VSL
305.2

% AR

% B

% Viable

STR
45.1
235.7

BCF
59.3

ALH

VCL
1119
905

VAP
447.8
254

1343

% Prog Mot

% Motile
254.1

df

Sourcet

33.3***

151.5
14 200*+*

28.6***
158.3

17‘4***
5.2

9080.2***

391.4
450
2585.8**

2.2
60.5

34

56.8

4
7
1
4

62.5
41.7

34
0.37

6.2

174.8%*
570.9

935
1699.9**

501.1**
14168**

E(R)

600.5%+*

18.2

221.9

4994.6
944
545

23.6 10.7 28.7

185.8

78.7 55.4

10.7
106.5

124.6%**
78

47.7%* 273.9
166.7

18

509.2*

R X F

61.4 292%** 71.1 215.2** 413.9**

81.9

4.4
6.2
2.8

54.9

2

46.7
107.7*

E X F(R)
E X T(R)
EXFXT

14.7 53.2 76.6

249

89.5

227.8*

63.9

236.2 136.4

33.9

14

46.6
15163*+*

14.9
1883.5***

45.2
6750.1%**

29.2
2036.7***

50.0
1420*+*

67.8
2086.9***

7.9
609.5**

248
45 680***

42.8
14 696***

74.1
20 405***

12.6
204.3%**

63.9
10 454*+*

8
2

76.4
1857.3***

40.0

25.7
1975.6%+*

41.6
296.4

244
109.4

103.9*+* 739.5 55 64.6%** 66.7

198.7*+*

16.7
409.8***

16.7
409.8***

RXT
FXT

45.4

23.8 7.7 0.16 137.9** 329.9*

44

2
Values are significant at * P < .05; ** P < .01; *** p < .001.

T R indicates ram; E(R), ejaculate within ram; F, cryopreservation treatment (fresh vs cryopreserved); T, time of incubation in synthetic oviductal fluid (0, 3, 20 hours).

T % Motile indicates percentage of motile spermatozoa; % Prog Mot, percentage of rapidly progressively motile spermatozoa; VSL, straight-line velocity; VAP, average path velocity; VCL,
curvilinear velocity; LIN, linearity; ALH, amplitude of lateral head displacement; BCF, beat cross frequency; STR, straightness; % Viable, percentage of viable spermatozoa; % F, % B, % AR,

percentages of spermatozoa displaying chlortetracycline fluorescent patterns F, B, and AR, respectively.
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Figure 3. Effect of cryopreservation and subsequent incubation in syn-
thetic oviductal fluid (SOF) for 0, 3, and 20 hours (39°C, 5% CO,) on the
percentage of motile (A), progressively motile (B), and viable sperm (C).
Within treatment (fresh, cryopreserved), different letters (a, b, c) indicate
significant differences due to duration of incubation in SOF (P < .05).
Within each time in SOF (0, 3, 20 hours), an asterisk indicates a signif-
icant difference as a result of cryopreservation (P < .05). Values are
means = SEM (n = 12 ejaculates from 5 different rams).

percentage of pattern AR (acrosome-reacted). In addition,
cryopreservation led to a decrease (P < .05) in the per-
centage of sperm with pattern F and an increase (P < .05)
percentage of sperm with pattern AR at 0 and 3 hours of
incubation in SOF

Correlations Among SCSA Variables and Classical
Semen Quality Parameters

The correlations among SCSA variables and classical se-
men quality parameters, calculated separately at the dif-
ferent times of incubation in SOF, varied in magnitude
from low to moderate and from positive to negative (Ta-
ble 3). These correlations were rarely significant. In order
to derive a general conclusion for such relationships, we
pooled the data of the 3 incubation periods (0, 3, and 20
hours) within each treatment (fresh and cryopreserved) to
augment the accuracy of estimates by increasing the num-
ber of observations.

Table 4 shows significant (P < .05 to P < .001) neg-
ative correlations among SCSA variables and most clas-
sical semen quality parameters from both fresh and cryo-
preserved semen. Values of these correlations varied from
low to moderate and were greater for cryopreserved than
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No significant correlations were obtained among Xo,
and any of the motility parameters for the fresh semen,
but for the cryopreserved semen, there were statistically
significant negative correlations with most motility pa-

In the fresh semen, correlations between Xa,, SDa, or

The relationship between the SCSA variables and the
percentages of sperm with the different CTC patterns al'so

%COMPq, and viability as presented in Table 4 were

<)

b)
thetic oviductal fluid (SOF) for 0, 3, and 20 hours (39°C, 5% CO,) on the

percent sperm displaying the chlortetracycline fluorescent F (A) (non-
capacitated), (B) B (capacitated), and (C) AR (acrosome-reacted). Within
treatment (fresh, cryopreserved), different letters (a, b, c) indicate signif-
icant differences due to duration of incubation in SOF (P < .05). Within
each time in SOF (0, 3, 20 hours), an asterisk indicates a significant

.001). As shown in Table 4, correlations between either

SDa, or %COMPq, and total or progressive motility were
P < .01, respectively). However, in the cryopreserved

weak but significant (—0.36, P < .05; —0.40 and —0.46,
semen, there were no significant correlations.

nearly the same and ranged from (—0.39, P < .0l) to

rameters (ranging from —0.32, P < .05, to —0.41, P <
(—0.59, P < .001).

quality parameters compared with those obtained from
Xa, and SDq, and classical semen quality parameters.

for fresh semen in most cases. The strongest correlations
were observed between %COMPq, and classical semen

difference as a result of cryopreservation (P < .05). Values are means

Figure 4. Effect of cryopreservation and subsequent incubation in syn-
+ SEM (n = 12 ejaculates from 5 different rams).

a)
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Table 4. Correlation coefficients between sperm chromatin structure assay variables and classical semen quality parameters for ram
semen (pooled from the synthetic oviductal fluid incubations at 0, 3, and 20 hours) for each treatment (fresh and cryopreserved)

Semen Quality Xo, SDa, % COMPq,

Parametert Fresh Frozen Fresh Frozen Fresh Frozen
% Motile -0.18 -0.30 —0.39* —0.43* —0.50%* —0.57%*
% Prog Mot -0.14 -0.31 —0.39** —0.43** —0.49** —0.59%*
VAP —-0.06 —0.41* -0.21 —0.33* —0.41* —0.62%+*
VSL -0.11 —0.41* -0.21 —0.34* —0.45* —0.64%*
VCL —0.02 —0.41* -0.19 —0.34* —0.36* —0.62%*
ALH —-0.03 —0.41* -0.11 —0.40** -0.14 —0.2%*
BCF 0.03 —0.40** 0.27 —0.39* —-0.00 —0.61%*
STR -0.21 —0.32* —-0.08 -0.29 —0.39** —0.52%*
LIN -0.28 -0.27 -0.28 -0.25 —0.51%* —0.46**
% Viable —0.36* -0.18 —0.40** -0.28 —0.46** -0.24
% Pattern F -0.24 -0.23 —0.39** —-0.30 —0.60%** —0.58***
% Pattern B 0.01 —-0.07 —-0.02 —-0.18 —0.33* —0.45*
% Pattern AR 0.18 0.14 0.30 0.25 0.57**= 0.54%**

Values are significant at * P < .05; ** P < .01; ** P < .001.

t % Motile indicates percentage of motile spermatozoa; % Prog Mot, percentage of rapidly progressively motile spermatozoa; VSL, straight-line
velocity; VAP, average path velocity; VCL, curvilinear velocity; LIN, linearity; ALH, amplitude of lateral head displacement; BCF, beat cross frequency;
STR, straightness; % Viable, percentage of viable spermatozoa; % F, % B, % AR, percentages of spermatozoa displaying chlortetracycline fluorescent

patterns F, B, and AR, respectively.

was studied (Table 4). The %COMPx, correlated posi-
tively with the percentage of pattern AR (P < .001) and
correlated negatively with the percentages of patterns F
and B (—0.33to —0.60, P < .05 to P < .001). None of
the other SCSA variables were correlated with CTC pat-
tern distribution, except for SDa,, which was correlated
with the percentage of pattern F only in fresh semen
(—0.39, P < .05; Table 4).

Discussion

The mgjor objective of this study was to test the hypoth-
esis that cryopreservation disrupts the DNA structure of
ram spermatozoa. Although not addressed in this study,
it is possible that such DNA damage might account for
the poor fertility of frozen-thawed ram semen relative to
fresh (Salamon and Maxwell, 1995.)

It is well known that mature mammalian sperm nuclei
are stable structures, with highly condensed and orga-
nized DNA (Ward and Coffey, 1991). Chromatin stabili-
zation occurs by intermolecular and intramolecular co-
valent disulfide bonds between the protamines that re-
place histones during spermatogenesis (Poccia, 1986).
This study used the SCSA to evaluate the susceptibility
of ram sperm DNA to denaturation resulting from cryo-
preservation and whether there was any effect of incu-
bation in SOF on sperm DNA damage. The SCSA has
been used previously to evaluate sperm DNA in bulls
(Ballachey et al, 1988; Karabinus et al, 1990), boars (Ev-
enson et al, 1994), stallions (Love et al, 2002), mice (Ev-
enson et al, 1993), and humans (Evenson et al, 1999;
Saleh et al, 2002).

As expected and previously documented (reviewed by
Bailey et al, 2000), the classical andrological sperm pa
rameters were reduced following cryopreservation. More
importantly, this study demonstrates that SCSA variables
(X, and SDa,) were different (P < .05 and .001, respec-
tively) between fresh and cryopreserved spermatozoa af-
ter 20 hours of incubation in conditions that were intend-
ed to mimic the female reproductive tract (in SOF), but
not earlier (0 and 3 hours). The elevated SCSA values for
cryopreserved spermatozoa after 20 hours in SOF suggest
both an increased susceptibility of sperm nuclear DNA to
denaturation and heterogeneity of sperm nuclear chro-
matin in comparison with the fresh spermatozoa. Previous
studies (Ballachey et al, 1986, 1987; Karabinus et al,
1990, 1991) demonstrated that elevated heterogeneity of
sperm nuclear chromatin is related to spermatogenic dis-
turbances, morphological abnormalities of spermatozoa,
and decreased fertility in vivo. In a previous study with
boar semen, sperm chromatin structure was not altered by
freezing directly on dry ice or in liquid nitrogen in dif-
ferent types of extenders, as determined by the SCSA
(Evenson et al, 1994). Similar results were obtained with
mouse (Evenson et al, 1989, 1993), bull (Van der Schans
et al, 2000), and human spermatozoa (Duru et al, 2001).
Furthermore, it was concluded that cryopreservation does
not significantly damage sperm DNA immediately or
within 30 minutes of thawing, as assessed by an immu-
nochemical assay in bull sperm (Van der Schans et al,
2000) and TUNEL for human sperm (Duru et a, 2001).
In contrast, studies on human semen assessed by the
SCSA (Spano et al, 1999) or a modified alkaline single-
cell gel electrophoresis (comet) assay (Donnelly et al,
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2001) showed that sperm DNA integrity deteriorates after
cryopreservation. In the current investigation, it is diffi-
cult to compare our results with those in the previous
studies because of the differences in species, cryopres-
ervation procedure, and time of evauation postthaw.
However, the freeze-thaw processes did not have an im-
mediate or early influence on the degree of DNA damage
during incubation in SOF (0 and 3 hours), but damage
was apparent later, after 20 hours.

The incubation in SOF, a physiologica type of medi-
um, was intended to mimic the ewe genital tract, thereby
alowing us to monitor sperm DNA structure within a
time frame relevant to the interval between thawing, Al,
and fertilization in vivo. In sheep, ovulation usually oc-
curs severa hours postinsemination (Walker et al, 1989).
Thus, the observation that cryopreserved ram spermato-
zoa have more susceptible and heterogeneous chromatin
than do fresh, suggests that the poorer fertilizing efficien-
cy of frozen ram semen might be at least partly due to
abnormal sperm DNA structure, despite having a normal
appearance soon after thawing. The increased suscepti-
bility to DNA denaturation in situ during incubation in
SOF isin agreement with other reports. Incubation of bull
sperm in cryopreservation extenders at temperatures com-
parable with those of the female genital tract augmented
the susceptibility of sperm DNA to denaturation within
30 minutes (Karabinus et al, 1990, 1991). Also, Estop et
a (1993) showed that in vitro incubation of mouse sper-
matozoa induced a sharp increase in abnormal chromatin
structure during the first hour (half of the cells were al-
tered), followed by a continual rise to 70% at 12 hours
and about 95% at 48 hours. In contrast, undiluted human
semen does not show any significant increase of DNA
damage when kept at room temperature for up to 4 hours
(Alvarez et a, 2002). It seems that the level of sperm
DNA damage depends on the composition of the incu-
bation medium, which might contain agents that encour-
age or inhibit this damage, and this must be considered
in any sperm incubation protocol (Estop et al, 1993).
Moreover, Karabinus et al (1991) found that frozen-
thawed bull spermatozoa incubated at 38.5°C in milk ex-
tender were more susceptible to DNA denaturation than
in egg yolk extender. The authors suggested that milk
components might either possess actively detrimental
agents on chromatin quality or lack a protective effect
that is present in egg yolk.

Although the mechanism of DNA damage in cryopre-
served sperm after 20 hours is unknown, it is tempting to
speculate that thawed cells are more susceptible to oxi-
dative stress. Reactive oxygen species can induce sperm
DNA damage (Barroso et al, 2000), and cryopreservation
is known to reduce sperm antioxidant levels (Bilodeau et
al, 2000). This hypothesis implies that the stability of
sperm nuclear chromatin might be achieved via the ad-
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dition of antioxidants to the semen extender. Alternative-
ly, trying to inseminate at a closer time to ovulation might
also improve sperm competence.

A secondary objective of this study was to determine
whether SCSA parameters and classical criteria of ram
sperm quality are correlated. DNA damage and abnormal
chromatin structure can occur in bovine spermatozoa clas-
sified as normal (Karabinus et al, 1997). However, we
show here significant negative correlations, ranging from
poor to moderate, among SCSA variables and most clas-
sical semen quality parameters from both fresh and cryo-
preserved semen (Table 4). For example, correlations be-
tween either SDa, or %COM Pq, and total or progressive
motility were similar and varied from —0.39 (P < .01) to
—-0.59 (P < .001), indicating that as the percentage of
ram spermatozoa with good motility declined, suscepti-
bility to chromatin denaturation rose. These results are
supported by other studies with bull (Balachey et a,
1988; Januskauskas et al, 2001) and human spermatozoa
(Evenson et al, 1991, 1999; Saleh et a, 2002). In addition,
Januskauskas et a (2001) reported negative relationships
between SCSA variables and sperm viability parameters
and speculated that abnormal chromatin structure might
impede the survival of bull spermatozoa during freezing
and thawing. On the other hand, no significant correla-
tions were detected between SCSA variables and viability
traits also with bovine spermatozoa (Karabinus et al,
1991).

The negative correlations observed in this study were
expected because higher values for SCSA variables mean
a greater level of DNA denaturation and, consequently,
lower semen quality, whereas for the other semen quality
parameters, higher values indicate better semen quality.
The low and moderate values of the correlation coeffi-
cients observed in this study between SCSA and the other
semen quality parameters suggest that, together, both
types of assays (ie, classical semen quality parameters and
SCSA variables) are better predictors of semen quality
and male fertility potential than each separately.

The positive correlations between %COMPgy, and CTC
pattern AR in both fresh and frozen semen indicates that
acrosome-reacted spermatozoa are more susceptible to
sperm nuclear DNA denaturation. Negative correlations
also were observed between SCSA variables and acro-
somal integrity of cryopreserved bovine spermatozoa
(Karabinus et al, 1990). They added that the mechanism
behind this relationship is not clear. Perhaps the chro-
matin of acrosome-reacted spermatozoa is less tightly
coiled, thereby facilitating DNA decondensation that nor-
mally occurs after oocyte penetration. Moreover, a direct
relationship has been observed between chromatin con-
densation and the capacity of sperm to fertilize. Human
spermatozoa that have incomplete chromatin condensa-
tion fertilize a very low percentage of ovain vitro (Ham-
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madeh et al, 1998) or fail to fertilize, even after direct
injection of spermatozoa into the ovum (Rosenbusch,
2000).

Of interest in this study was the observation that the
variation between the eaculates within the individual
rams was significant (P < .01) for al SCSA variables
during the period of the experiment, which was 1 breed-
ing season (October—January). In contrast, SCSA param-
eters in men (Evenson et al, 1991) and bulls (Ballachey
et al, 1987) were constant within individuals. These dif-
ferences suggest that defects in chromatin structure might
be avariable trait (Bochenek et al, 2001). Previous studies
reported changes in the frequency of abnormal sperm
chromatin structure during extended periods because of
disrupted spermatogenesis or external factors such as heat
stress (Sailer et al, 1997), ionization radiation (Sailer et
a, 1995a), toxic chemicals such as triethlenemelamine
and methyl methanesulfonate (Evenson et al, 1989, 1993),
and semen extenders (Karabinus et al, 1991). In our study,
al rams were apparently in good health, without stress,
and no chemical treatments were used during this period.
Therefore, other reasons, perhaps genetic or otherwise,
must be responsible for the variation between gaculates
within ram.

Semen cryopreservation had little or no effect on the
susceptibility of ram sperm DNA to denature in situ when
measured immediately at thawing or after 3 hours of in-
cubation, but significant DNA damage appeared later in
physiological conditions. This finding supports our hy-
pothesis that freezing and thawing disrupts the stability
of ram sperm chromatin, suggesting that the reduced fer-
tilization efficiency of cryopreserved semen in vivo might
partly be due to abnormal DNA structure. Furthermore,
the low to moderate correlations between the SCSA var-
iables and conventional semen quality parameters corrob-
orate the utility of the SCSA in providing additional in-
formation on sperm quality and competence in the Al and
andrology laboratories.
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