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I. Frozen bovine semen samples were measured by flow cytometry

(FCM) to determine if FCM analyses could be useful for sperm quality

evaluation and prediction of bull fertility. Fluorescent dyes

utilized were acridine orange, to measure sperm nuclear chromatin

heterogeneity by quantifying susceptibility of the chromatin to

denaturation, and rhodamine 123, to measure proportion of viable sperm

by quantifying mitochondrial membrane potentials. Increasing

chromatin heterogeneity was negatively correlated with fertility

rating (FR) of the bulls. Proportion of live sperm was positively

correlated with FR and negatively correlated with heterogeneity of the



chromatin. Multiple regression equations for prediction of bull

fertility were developed using using FCM measurements and light

microscopic evaluation of sperm quality. Results indicate FCM

analyses of sperm chromatin structure and viability are useful for

detection of low fertility sires and prediction of young sires' future

reproductive performance.

II. Genetic factors affecting epididymal sperm head morphology,

sperm nuclear chromatin structure and proportions of testicular cell

types were estimated using a full diallel cross of four inbred lines

of mice. Lines were chosen to provide a wide range in levels of

morphologically abnormal sperm cells (ABN) scored by light microscopy.

Sperm and testicular cells were measured by flow cytometry (FCM) after

staining with acridine orange. Measurements collected by FCM included

percentage testicular tetraploid, diploid and haploid cells, and

heterogeneity of sperm chromatin structure, evaluated by

susceptibility of the DNA to denaturation. Statistical analyses

provided estimates of line, heterosis, maternal and reciprocal effects

and general and specific combining abilities on body and testis

weights, ABN and FCM-derived measurements. Heterosis and line effects

were significant for testis weight, sperm chromatin heterogeneity and

ABN. A positive correlation was obtained between ABN and heterogeneity

of sperm chromatin. Flow cytometric staining patterns of sperm provide

information on the alteration of chromatin structure associated with

increased proportions of abnormal sperm.
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FLOW CYTOMETRIC EVALUATION OF SPERMATOZOAN NUCLEAR

CHROMATIN STRUCTURE AND VIABILITY

Chapter 1

INTRODUCTION

Semen quality and its relationship to male fertility is an area of

major economic concern for the animal science industry. Accurate

methods for measuring semen quality have been the object of extensive

research efforts, but satisfactory methods which are highly predictive

of male fertility have not been identified. Flow cytometry (FCM), a

technology for multiparameter measurement of cells, offers a new

approach to the evaluation of sperm cell quality. Flow cytometric

procedures have been developed to measure alterations of nuclear

chromatin structure and other parameters of sperm cells. Studies on

humans and mice (Evenson et al., 1980, 1984a,b) indicate that an

increase in heterogeneity of the chromatin structure is associated with

disturbances of spermatogenesis, higher percentages of morphologically

abnormal sperm and infertility.

Research to date has emphasized comparison of FCM-derived

measurements of nuclear chromatin heterogeneity with percentage of

abnormal sperm heads in mice subjected to varying levels of potentially

mutagenic or carcinogenic chemicals (Evenson et al., 1985a,b). However,

if FCM techniques are to be useful for prediction of sperm cell quality

and fertility in bulls, the relationships among various commonly used

estimates of semen quality, FCM measurements on sperm and fertility need
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to be elucidated. Furthermore, since FCM evaluation of sperm may be

useful when making selection decisions on bulls, it is of interest to

know the relative importance of genetic and environmental influences on

sperm traits measured by FCM.

The objectives of the current research were:

1) to determine relationships between bull fertility and several

FCM indicators of semen quality, using frozen bovine semen samples,

2) to obtain repeatability estimates of the FCM measurements on

bulls,

3) to compare percentages of abnormal sperm in inbred and hybrid

lines of mice known to vary widely in proportion of normal sperm cells,

and,

4) to utilize a diallel cross for estimation of genetic factors

influencing sperm related traits in inbred and hybrid mice.



Chapter 2

RELATIONSHIP BETWEEN FLOW CYTOMETRY MEASUREMENTS ON SPERM CELLS

AND FERTILITY IN BULLS



Summary

The objective of this study was to determine if flow cytometric

measurements on sperm could be used for prediction of bull fertility.

Flow cytometry (FCM), a technique for rapid, quantitative single cell

analyses, is capable of multiparameter measurements on large numbers of

cells per sample. Frozen semen samples were obtained from three groups

of Holstein sires: Group 1 (G1), 27 mature sires randomly selected from

Holstein AI bulls; Group 2 (G2), 11 mature sires specifically chosen for

variation in fertility levels, and Group 3 (G3), eight sires collected

at about 1 yr and again at 4 yr of age. Fertility ratings (FR; non-

return rates adjusted for environmental effects) were available for G1

and G2 bulls. Non-return rates (NR) were known for G3 bulls at 1 yr.

Sperm were measured by FCM after staining by one of three

protocols: 1) the two-step acridine orange (TSAO) method, 2) the

thermal denaturation (TD) method, and 3) the rhodamine 123/ethidium

bromide method (R123/EB). Red and green fluorescence levels were

measured in a flow cytometer equipped with a 100 mw argon ion laser,

using the 488 nm band. The R123/EB method estimates proportion of

viable sperm in a sample by quantifying mitochondrial membrane

potentials. Acridine orange is a metachromatic dye: upon laser

excitation, it fluoresces green when intercalated into double-stranded

(ds) DNA, and red when associated with single-stranded (ss) DNA. This

property makes it useful to evaluate susceptibility of DNA to in situ

denaturation, and the TSAO and TD procedures provide information on

chromatin structure. The ratio of red: (green + red) fluorescence in AO

stained cells quantifies the amount of ss to ds DNA, and provides an

index, alpha t (at), of denaturation. The mean (X) and coefficient of



variation (CV) of the at distribution are useful to quantify

heterogeneity of sperm chromatin structure; increased values of the X

and CV of a
t correspond to greater susceptibility of sperm chromatin to

denaturation. Repeatability estimates of the X and CV of at made on a

single day were very high (>.90), both for duplicate measurements on one

ejaculate and between different ejaculates collected from the same

bull. Repeatabilities of measurements made on separate days were lower;

however, the proportion of cells in a sample showing an increased

susceptibilty to denaturation was extremely repeatable (.98, P<.01)

across days. Negative correlations ranging from -.45 to -.78 (P<.05 to

P<.01) were found between the 7( or CV of at (TSAO) and FR (G1, G2) or NR

rate (G3). The TD method was done only on samples from G2 bulls;

negative correlations (P<.05) were obtained between the X of at

(unheated or heated sample) and FR. Sperm viability, estimated by

R123/EB staining, was negatively associated with chromatin heterogeneity

measured by the TSAO method. Comparison of samples from "young" and

"old" sires (G3) demonstrated repeatabilities of .28, .79 (P<.05), and

.46 for the X and CV of at, and % live (R123/EB), respectively.

Multiple regression equations were tested for prediction of fertility.

Using only FCM analyses, multiple R2 values of approximately .40 were

obtained (G1 and G2 bulls pooled). Using both FCM data and light

microscopic evaluation of motility resulted in a multiple R2 of .96 (G2

bulls only). Although based on small numbers of sires, these data

indicate FCM analyses of sperm nuclear chromatin may be an extremely

useful measurement for detection of low fertility sires, and for

prediction of young sires' future reproductive performance.
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Introduction

Semen quality and its effect on fertility are of major economic

concern in animal production. Quality tests are routinely used to

determine acceptability of frozen semen samples for breeding purposes;

thus the relationship between various measures of quality and fertility

is extremely important. Although techniques for semen evaluation have

been investigated extensively over the last several decades,

satisfactory methods which are highly predictive of bull fertility have

not been identified (Saacke, 1983, 1984).

Flow cytometry (FCM), a new technology for multiparameter

measurement of cells (Melamed et al., 1979), provides an opportunity for

innovative approaches to estimation of sperm cell quality. Flow

cytometric techniques have been developed to measure alterations of

nuclear chromatin structure in sperm cells stained with acridine orange

(A0). Studies on humans (Evenson and Melamed, 1983; Evenson et al.,

1984a,b), mice (Evenson et al., 1985a,b) and bulls (Evenson et al.,

1980) indicate that increased heterogeneity of chromatin structure is

associated with disturbances of spermatogenesis, higher percentages of

morphologically abnormal sperm and infertility. Another FCM staining

procedure utilizes rhodamine 123 and ethidium bromide to determine sperm

cell viability, as indicated by mitochondrial membrane potentials

(Evenson et al., 1982).

Advantages of FCM methods for sperm cell evaluation include: 1)

large numbers of cells can be measured (generally, n=5000 cells per

sample), 2) measurement is rapid (several hundred cells per second) and

3) criteria for measurement can be objective, according to pre-set

instrument specifications.



This study was conducted to determine relationships between bull

fertility and several FCM indicators of sperm cell quality and to obtain

repeatability estimates of the FCM measurements, using frozen bovine

semen samples processed for use in artificial insemination.
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Materials and Methods

Animals. Frozen semen samples from Holstein bulls were supplied by

Eastern Artificial Insemination Cooperative, Inc. (EAIC), Ithaca, New

York. Samples were processed by routine procedures, using a milk-based

extender, and stored in liquid nitrogen until FCM analyses. Sperm from

three groups of bulls were evaluated:

Group 1 (G1): Twenty-seven mature bulls representing a cross-

section of sires on a regular production schedule at EAIC. Several

straws were obtained from each of four ejaculates (1,2,3,4) from each

bull. Ejaculates 1 and 2 were collected within a one mo period, and 3

and 4 were also collected within one mo of each other. A minimum of

three mo time and a maximum of three yr elapsed between collection of

ejaculates 2 and 3. Fertility ratings (FR), based on non-return (NR)

rates adjusted for various environmental effects, were available for the

bulls (R.W. Everett, personal communication). The FCM analyses of these

samples enabled computation of various repeatability estimates,

including within straw, between straws within ejaculate, between

ejaculates collected within a short time period and between ejaculates

collected over a longer time period. There were essentially two data

sets collected on these sires. First, all ejaculates (n=4 per bull)

were analyzed by FCM (TSAO procedure, described below) over a several

month period, with all ejaculates from a single bull measured on one

day. Generally, two bulls were evaluated per day. To standardize

instrument settings across days, fluorescent polystyrene beads were

measured prior to measuring sperm, and fluorescence gains

(photomultiplier tubes) adjusted such that bead position was constant

from day to day. As with any type of research, numerous small,



uncontrollable factors are expected to contribute to variation among

samples measured on different days. Since at values measure a ratio of

red and green fluorescence levels, they may be less affected by factors

such as fluctuations in instrument focus, and thus should be more

reliable indicators of the heterogeneity of chromatin in a sample. Day

to day variation would be expected to contribute to a lower

repeatability for duplicate samples measured on different days, and

likewise increase the repeatability of FCM measurements made on the same

day as compared to across days.

After the above-mentioned measurements were completed, it was

recognized that variation across days was likely inflated to some extent

by minor procedural modifications which were developed with continuing

experience in these procedures. This made accurate comparisons between

bulls difficult, particularly in a situation where true differences

among sires in staining properties of their sperm cells might be very

small. Therefore, over a two day period, a single ejaculate was

randomly selected from each bull and measured by the TSAO method. This

second set of values was used with the first set to estimate

repeatability estimates across days, and was used exclusively in

multiple regression analyses for prediction of a sire's fertility

rating.

Group 2 (G2): Eleven mature bulls selected to provide a wide range

of fertility. Straws from a single ejaculate only were available from

these sires. This group of bulls was included in the study to provide

samples with a potentially greater range in sperm cell quality than

would be obtained with the G1 bulls. For each sire in this group, FCM



analyses were done on whole sperm and isolated fixed nuclei using the

TSAO method, and on freshly thawed, whole cells using the R123/EB method

(described below). Pre-freeze and post-freeze motilities and

percentages of morphologically abnormal sperm heads were scored by light

microscopy. Since FR for each bull were available, data on the G2 bulls

allowed examination of the relationships among various estimates of

sperm quality and fertility.

Groups 3 (G3): Eight bulls collected at about 15 mo of age, as

sampling sires (i.e. young sires being tested for regular use in the

artificial insemination industry) and again at 4 yr of age. Non-return

rates (59 day, based on 350 first services) were known for these bulls

as young sires. The purpose of this group of samples was to evaluate

the usefulness of FCM analyses on a young bull to predict his future

sperm cell quality, and to correlate FCM results with NR rates. Sperm

from these sires were analyzed by the TSAO and R123/EB procedures.

In addition, semen samples were evaluated from eight other mature

bulls, similar to those of G1. These sires were not included in G1

since samples from four suitable ejaculates were not available for the

repeatability estimates. However, FR were known for these sires, and

they were included with G1 and G2 bulls in multiple regression analyses

testing FCM measurements for prediction of fertility.

Cell preparation and staining. Fluorescence of sperm was measured by

FCM after staining by one of three procedures: 1) the two-step acridine

orange (TSAO) method (Darzynkiewicz et al., 1976, Evenson and Melamed,

1983) used on Gl, G2 and G3 bulls, 2) the thermal denaturation (TD)



method (Evenson et al., 1984) used on G2 bulls and 3) the rhodamine

123/ethidium bromide (R123/EB) method (Evenson et al., 1982) used on G2

and G3 bulls. The first two protocols are closely related, as both use

AO for in situ staining of DNA and evaluation of nuclear chromatin

structure. The utility of AO is based on its metachromatic emission of

fluorescence upon laser excitation. In the presence of double-stranded

(ds) nucleic acids, it intercalates into the double helix, and

fluoresces green, whereas when bound to single-stranded (ss) nucleic

acids, red fluorescence is emitted. Since mature sperm are essentially

devoid of RNA (Monesi, 1971), green and red fluorescence of AO stained

sperm are indicative of ds-DNA and ss-DNA content, respectively. The

TSAO method is much faster than the TD method, and is generally done

with freshly thawed sperm in extender, although it can also be done with

isolated nuclei (fresh or fixed). In contrast, the TD method requires

isolation and fixation of nuclei prior to measurement, and thus is

considerably more time consuming than the TSAO. The third protocol,

R123/EB, is used to estimate proportion of viable cells in a sample.

For the TSAO procedure, straws were removed from liquid nitrogen,

thawed on ice and then diluted with THE buffer (0.01 M Tris-HC1, 0.15 M

NaC1 and 1 mM disodium EDTA, pH 7.4) to obtain a concentration of 1-

2x106 cells per mi. A .2 ml aliquot was then mixed with .4 ml of .1 %

(v/v) Triton X-100, .08 N HC1 and .15 M NaCl. This solution permealizes

the cell membrane and partially dissociates the nuclear proteins,

improving uptake of the dye. Thirty sec later, 1.2 ml of AO staining

solution (.2 M Na2HPO4, 1 mM disodium EDTA, .15 M NaCi, .1 M citric acid

monohydrate, pH 6.0; with 6.0,ug/m1 A0) was added. The sample was

immediately placed in the flow cytometer and measured 3 to 5 min later.



For the TD method, purified fixed sperm nuclei were used. To

obtain nuclei, freshly thawed samples were washed in 6 ml TNE, pelleted

by centrifugation (6000 g for 10 min) then resuspended in 1.5 ml TNE.

Cells were transferred to a plastic test tubel, placed in an ice water

slurry and sonicated with a Bronwill2 sonicator at a setting of 50-low

for a total of 60 seconds (30 seconds each: sonication, cooling,

sonication). Three ml of TNE and 1.5 ml of 60% sucrose (w/w) in .01 M

Tris-HC1 and 2 mM disodium EDTA (pH 7.4) were added to the sonicate,

which was then layered over 9 ml of the same sucrose solution in a 16 ml

Sepcor3 polycarbonate test tube. Samples were spun in a Sorvall HB4

rotor for 1 hour at 25,000 g. The pellet, containing isolated nuclei,

was suspended in 1 ml of "resuspension buffer" (.15 M NaCl, 5 MM MgC12

and .02 M Tris-HC1, pH 7.4), forcefully pipetted into 9 ml of 1:1 70 %

ethanol:acetone in a glass test tube and stored at -20°C. A minimum of

overnight storage is allowed for fixation, and samples have been stored

for periods up to a year with no apparent detectable alterations. For

FCM measurements, the fixed nuclei were pelleted, resuspended in 3 ml of

"heating buffer" ( 2 mM sodium cacodylate, .1 mM disodium EDTA and 40%

ethanol, pH 6.0) and allowed to equilibrate for 30 min. Nuclei were

centrifuged for 10 min at 10,000 g in a Sorvall HB4 rotor and the

resulting pellet resuspended in 1 ml of heating buffer. Samples were

then ready for staining and FCM measurement. First, .2 ml of suspended

nuclei was stained with 2.0 ml of AO staining buffer (.15 M NaC1, 5 mM

MgC12, .02 M Tris-HC1, pH 7.4; with 8.0,44/m1 AO) and measured by FCM

1 Falcon plastic test tube, #3033.
2 Bronwill Biosonik IV sonicator, VWR Scientific, Inc., Minneapolis, MN.

3 Separaton Science Corporation, Stratford, CT.



after 3 min. A second aliquot of .4 ml (twice the volume to compensate

for loss of volume due to heating and nuclei adhering to the test tubes)

was transferred to a plastic test tube4, placed in a boiling water bath

for 5.0 min, then cooled in an ice-water slurry for 15 sec. Two ml of

the same AO staining solution were added and the nuclei measured by FCM

3 min later. Thus, for each sample, a measurement was obtained on an

unheated and a heated aliquot of nuclei.

Cells to be stained by the R123/EB method were thawed by immersion

of the straw into H2O at room temperature for 1 min. An aliquot of the

sample was then diluted 1:1 with Hanks balanced salt solution5 (HBSS).

Two min later, 40)ul of diluted cell suspension was added to 1 ml of

HBSS, providing a concentration of 1-2x106 cells/ml. R123 6 was added to

a final concentration of 40iug/ml. Cells were stained for 10 min, then

pelleted by gentle centrifugation (1000 g for 5 min). The supernatant

was aspirated immediately, the sperm resuspended in 1 ml HBSS,

counterstained with EBB (10jug/m1) and measured by FCM within 5 minutes.

All procedures were conducted at room temperature.

Fluorescence measurements. Flow cytometric determinations utilized an

Ortho Diagnostics Cytofluorograph II interfaced to an Ortho Diagnostics

2150 data handling system. The flow cytometer was equipped with a Lexel

100 mW argon ion laser. Green (F530) and red (F>600) fluorescence

emitted by each cell after laser excitation (488 nm, blue line) were

4
Falcon #3033.

5 Gibco, Grand I
6

Eastman Organi

Polysciences,

sland, N.Y.
c Chemicals, Rochester, N.Y.

Warrington, PA.



directed through a series of filters and quantified by photomultiplier

tubes. For samples measured by the TSAO or TD methods, alpha t

defined as the ratio of red : (red + green) fluorescence, was computed

for each cell or nucleus by software programs written for that purpose,

and the distribution of the at values was determined for each sample at

the time of measurement. Five thousand cells were measured per sample.

Data available for each TSAO-stained sample measured by FCM

included: 1) mean channel of the green fluorescence distribution; 2)

mean channel of the red fluorescence distribution; 3) mean channel of

thecAt distribution, where at = red/(red + green) fluorescence of

at); 4) CV of the at distribution (CV of at), and 5) proportion of cells

above the main at peak (CAMP at). The X and CV of at are useful to

quantify differences in susceptibility of the chromatin to denaturation;

higher values of either the "g of at or CV of at are associated with

increased ss-DNA content and chromatin heterogeneity. The last value,

CAMP at, was obtained by visually inspecting the at distribution on the

computer screen and setting a region to enumerate all cells which fell

to the upper side of the main at peak. This proportion corresponds very

closely to the number of cells which show an increased amount of red

fluorescence in the cytogram. Although the criterion for this trait may

seem somewhat subjective, repeatability estimates within a sample are

extremely high (table 2), and this variable may provide useful

information about sperm quality.

Microscopic evaluation. Aliquots of diluted sperm samples from G2 and

G3 bulls were stained in suspension with .5% Eosin Y for 30 min and then

smeared onto glass slides. After air drying, the slides were quickly



rinsed in methanol, dryed and coverslipped with Permount. Three hundred

cells per bull were visually examined under a microscope, and sperm

heads were classified as normal or abnormal based on an overall

impression of shape.

Laboratory personnel at EAIC had evaluated the motility of the

sperm cells for each ejaculate immediately after collection, and again

after freezing and thawing. These scores were included with the data

for G2 bulls and are referred to as "pre-freeze and "post-freeze"

motility, respectively.

Statistical analyses were done with programs available through the

Statistical Package for the Social Sciences (SPSS; Nie et al., 1975,

Hull and Nie, 1981). Repeatabilities between two measurements were

calculated as product-moment correlations. Repeatabilities involving

more than two measurements were computed using expected mean squares

from the analysis of variance (Turner and Young, 1969). Multiple

regression analyses utilized the backward elimination procedure in SPSS.
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Results and Discussion

Means and standard errors of values obtained by FCM of sperm

stained by the TSAO and R123/EB methods, and percentages of

morphologically abnormal (ABN) sperm, are listed in table 1 for the

three groups of bulls. To illustrate the type of data routinely

obtained with FCM measurement of TSAO stained sperm, examples of

computer-derived two-way cytograms (green fluorescence, Y-axis; red

fluorescence, X-axis) and corresponding alpha-t (at) frequency

histograms are presented in figure 1. The X and Y axes on the cytograms

represent sperm nuclear content of ss-DNA and ds-DNA, respectively,

measured by levels of red and green fluorescence. These sperm samples

are from two G2 bulls, selected to demonstrate the diversity which

exists among sires in levels of green and red fluorescence of TSAO

stained sperm. The cytogram signals are characteristic of sperm samples

measured in a flow cytometer with orthogonal axes of laser illumination,

sample stream flow and fluorescence detection. Due to the asymmetric

shape and high refractive index of the sperm nuclei, the fluorescence

detected will depend upon orientation of the cell at the time of

measurement. Varying orientations result in the "elongated" signal seen

in the cytograms (Gledhill, 1976).

The sperm cells of the bull represented in the upper portion of

figure 1 are relatively uniform, i.e. most cells have a low level of red

fluorescence, indicating minimal ss DNA content. In contrast,

measurements made on sperm from a second bull (lower portion, figure 1)

demonstrate a greater diversity among the cells since a larger

proportion are exhibiting increased red fluorescence. Similar variation

between bulls was first observed by Evenson et al. (1980), utilizing the
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TD method on isolated, fixed sperm nuclei.

Group 1 bulls. Repeatability estimates for the mean and CV of the

at distribution (5? of a t and CV of at) and percentage of cells above the

main a
t
peak (CAMPa

t
) are listed in table 2. Extremely high

repeatabilities (t =.88 to .99) are noted for all traits when measuring

within an ejaculate (same straw or duplicate straws) on one day. When

measurements are made on separate days, repeatability is low (.18) for

the X of at, whereas for the CV of at and CAMPat, values are still high

(.73 and .98, respectively).

As mentioned above, decreased repeatabilities can be attributed in

part to "normal" day to day variation, but also to minor alterations in

the methods over the eight month period during which measurements were

made. The fact that the repeatability for CAMP at remained so high

(.98) indicates the response of the sperm cells to the staining methods

was relatively constant. Thus variation in the X and CV of at values

across days was largely influenced by variation in FCM settings.

Also listed in table 2 are repeatability estimates of FCM

measurements made on one day on sperm ejaculates collected at different

times. Not surprisingly, repeatability estimates between two ejaculates

collected within a one month period tend to be slightly higher than

estimates of repeatability (computed by intraclass correlation) of four

separate ejaculations collected over a period of up to three years.

Generally, the CAMP at values for separate ejaculates on a bull were

within a fairly narrow range (less than 10%), but of particular interest

were two sires who exhibited a difference of approximately 25% between

CAMP a
t
for two ejaculates collected within a one month period. At this

time, it is not known if this variation results from temporary
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physiological alterations of spermatogenesis in the bulls, differences

in handling and/or processing of samples post-collection or other

unidentified causes.

Group 2 bulls. Values from the at distributions of at, CV of at and

CAMPat, whole sperm; and of of at, CV of at, fixed nuclei) of the TSAO

method on either whole sperm (freshly thawed, in extender) or on

isolated fixed nuclei were highly correlated (table 3). This close

association between the whole cells and fixed nuclei indicates factors

contributing to increased red fluorescence (i.e. greater susceptibility

to denaturation) are intrinsic to the nucleus rather than the result of

extranuclear abnormalities.

Isolated fixed sperm nuclei were also evaluated by the TD method.

Since this procedure requires isolation and fixation of nuclei, it is

considerably more time consuming than the TSAO, which can be done on

freshly thawed sperm in extender. An earlier study (Evenson et al.,

1980) utilized the TD method to stress nuclear chromatin and induce in

situ denaturation, and found differences among bulls which appeared to

be related to fertility. At that time, the TSAO method was not

utilized. Since then, extensive studies on mouse sperm have

demonstrated a positive correlation between a t values from the TSAO on

whole sperm and TD on fixed nuclei (D.P. Evenson, personal

communication). The first "step" of the TSAO method is a 30 second

acid-detergent treatment of sperm; apparently this treatment is

sufficient to induce partial acid-denaturation of DNA in sperm with

altered chromatin structure.

Correlations of the at values from the TD method (unheated and
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heated aliquots) with other variables are presented in table 3.

Generally these correlations are low and non-significant, in contrast to

values obtained with the TSAO method. Although correlations from the TD

showed no significant relationships with other sperm variables (with the

exception of CV of at-heated sample with pre-freeze motility: r = -.55,

P<.05) for both the unheated and heated aliquots, the X of at was

negatively correlated (-.60 and -.54, P<.05, respectively) with

fertility rating. This is in contrast to the TSAO, where negative

correlations were obtained between the X of at or CV ofat with

percentage live sperm (R123 /EB), pre- and post-freeze motilities and

fertility rating.

These results are difficult to interpret, particularly considering

the small number (11) of bulls in G2. Apparently both procedures (TSAO

and TD) are of value in prediction of fertility; whether or not they are

both measuring the same factors contributing to heterogeneity of

chromatin structure is not clear. Since the TSAO is much more rapid and

convenient than the TD method, it may prove to be of greater potential

value for routine evaluation of sperm quality. However, further

research on both procedures is necessary to establish their relative use

in fertility prediction of sires.

Cytograms corresponding to the R123/EB measurements are presented

in figure 2, along with isometric frequency histograms of the same

samples for two bulls which differed markedly in percentage live cells.

Since R123 binds to mitochondria with high membrane potentials, FCM

analysis of cells stained with R123 provides a quantitative evaluation

of mitochondrial activity (Johnson et al., 1980; Darzynkiewicz et al.,

1981), which will be associated with cell viability. Ethidium bromide,
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which is excluded by live cells, is used to counterstain the dead

sperm. A viable sperm cell will have a high green and no red

fluorescence, whereas a dying or dead cell exhibits increased red

fluorescence and little or no green. It is likely that variation in

intensity of green fluorescence seen among the viable sperm is

associated with motility (Evenson et al., 1982), and thus this staining

procedure may potentially have use in evaluating sperm motility rather

than simply measuring viability per se. However, in the present work,

cells stained by the R123/EB method were simply classed as viable or

non-viable.

In the cytograms of figure 2, green fluorescence is on the Y-axis

and red on the X-axis. Using the computer, the number of cells that are

live or dead are enumerated by regions drawn around the different

populations (region 1 - viable; region 2 - dying or dead). Relative

numbers of cells in each population are visualized more readily in the

isometric plots. A major difference is observed between the two

bulls: the samples contained 56% (Bull 1) and 21% (Bull 2) live sperm.

High negative correlations (table 3, figure 3) were found between %

live sperm (R123/EB) and the at values from the TSAO on the whole cells

or fixed nuclei. Evidently, the increase in at parameters is related to

a decrease in the percentage of live cells. Although correlation only

demonstrates an association between these two variables, without

indicating cause or effect, it is possible that sperm with abnormal

chromatin structure would also have an increased tendency for cell

death. Alternatively, "normal" sperm which have died at an early stage

of processing may be expected to undergo a certain degree of enzymatic

nuclear degeneration prior to freezing; this degeneration may contribute



Ll

to increased denaturation of the DNA when stained by the 2-step method.

Additional research is needed to clarify the relationship between

results obtained with the TSAO and R123/EB staining procedures.

Group 3 bulls. Sperm were evaluated by fCM after staining by the TSAO

and R123/EB methods. Correlation coefficients among some of the

variables are presented in table 4.

A high repeatability (.79, P<.05, table 4 and figure 4) of the CV

of ott was obtained between sperm collected from sires at one and four

years of age. A high repeatability estimate indicates temporary sources

of environmental variation are not important in the expression of this

trait, and that a measurement made on a young bull will be predictive of

his mature performance.

Repeatability of the Y of at was considerably lower (.28, table 4);

whether or not this reflects a true difference between bulls at young

and old ages is not known. Repeatability of % live sperm (R123/EB) was

higher (.46) but not significant: nevertheless it may well be

indicative of real differences among bulls in post-freeze viability of

sperm.

A correlation of -.78 (P<.05, table 3, figure 5) was obtained

between the CV of a
t from the TSAO and NR rate, both measured on young

sires. Three young bulls had markedly lower NR rates, and the highest

CV of a
t

values (figure 5). The other five young sires exhibited

considerable variability in the CV of at values although their NR rates

were relatively uniform.

The inverse relationship between sperm viability (R123/EB) and

chromatin heterogeneity (TSAO) observed with samples from G2 bulls was
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also seen in the G3 samples, as % live was negatively correlated with

both the X of at (-.82, P<.01) and CV of oct (-.80, P<.01). A positive

correlation (.61, marginally significant at P<.10) was obtained between

% live and NR rate of young bulls. The higher correlation of CV of at

with NR rate suggests it may be a better predictor of fertility.

Percentage abnormal sperm was scored for G3 bulls, and, in contrast

to data from the G2 sires, significant correlations were found between

ABN and X of oct (.49, P<.05), CV of at (.59, P<.01) and % live (-.49,

P<.05). Repeatability of ABN between young and old ages was .96

(P<.01).

A much greater variation in ABN was noted in G3 bulls relative to

the G2 bulls (range of 3% to 74% in G3, 4% to 17% in G2). The G2 sires

were selected from a population of mature A.I. bulls and had likely been

subjected to a certain degree of selection pressure for reproductive

capability, whereas G3 bulls represent the population of sampling sires,

selected only on the basis of potential producing ability of daughters.

As pointed out by Linford et al. (1976), the strength of correlations

among semen quality measures and fertility will vary widely, depending

on the variation in the sample of bulls, thus it is not surprising to

note significant correlations between ABN and other traits in G3 bulls

but not in G2 bulls.

Prediction Equations for Fertility - Groups 1 and 2. Multiple

regression analyses were conducted to determine the value of various

combinations of the sperm traits measured in predicting sire

fertility. Two data sets were analyzed: 1) incorporating results of

the TSAO from a single measurement on 47 bulls, including G1 (n=27), G2
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(n=11) and 9 other bulls similar to the G1 sires, and 2) utilizing only

G2 bulls, testing variables obtained by FCM (TSAO on whole sperm and

fixed nuclei, TD in fixed nuclei, and R123/EB on whole sperm) and by

visual evaluation of sperm (pre- and post-freeze motilities and ABN).

For the first data set, variables of most importance in fertility

prediction were of of at, CV of at and the mean channel of red

fluorescence, or XRd, which had a correlation of -.51 (P<.01) with

fertility rating. XRd is measured on a scale of 1 to 1000, and had a

mean value of 129.2 for G1 bulls and 127.3 for G2 bulls. Combinations

of these variables, their squares and crossproducts were tested. Other

variables obtained from the TSAO were tested and found not useful for

prediction.

The best prediction equation obtained was:

FR = -2.39 - .035Z1 + 1.624Z - .00024Z3

where: Z1 = square of CV of a
t

Z
2

= CV of a
t

Z3 = square of XRd

An R2 value of .41 was obtained, indicating that 41% of the

variance in fertility rating could be accounted for by this model.

Several other models approached a similar R2 value, and it does not

appear that the above model will unequivocally be the "best" prediction

equation for all similar data sets. For example, if prediction were



based only on the data of the 11 bulls of G2, the square of X of at was

a more important variable than was CV of at. Considering that the above

prediction was based upon a single FCM measurement of one ejaculate per

bull, and that the bulls exhibited relatively low variation in fertility

(corresponding to a range in NR rate of approximately 65% to 75%), the

R
2

value obtained is high and encouraging for the potential value of FCM

in semen quality evaluation. Linford et al. (1976) obtained an R2 of

approximately .60 in a prediction equation incorporating morphology,

motility and viability of sperm as independent variables. However, NR

rates for sires in that study ranged from 15% to 77%.

The second data set used for fertility prediction consisted of many

more variables, but a much lower sample size (11 G2 sires). Seventeen

variables were tested for prediction, including all variables listed in

table 3 plus four additional measurements: the mean and peak channels

of both the red and green fluorescence distributions. The best model

arrived at for this data set was:

FR = 84.31 + .43Z1 - 85.6Z2 - 240.0Z3 - .06Z4

where: Z1 = pre-freeze motility,

Z2 = X of at, heated aliquot, TD method,

Z3 = X of at, unheated aliquot, TD method,

Z4 = peak channel of green fluorescence distribution,

TSAO on whole sperm.



The R2 value of this model was .96, indicating that essentially all

of the variation in fertility rating was accounted for by the

independent variables included in the model. This model is based on a

small data set and certainly needs to be re-evaluated on a much larger

group of bulls. The issue of relative value of information gained in

the TSAO vs. TD procedures also needs to be resolved. One other factor

which has not been considered in the present study is concentration of

sperm in the extended sample, as this can influence interpretation of

fertility data. However, these results demonstrate that a combination

of FCM techniques and light microscopy for sperm quality evaluation may

be extremely valuable to the AI industry for prediction of sire

fertility.
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Figure 1. Cytograms and alpha-t frequency histograms of
whole sperm stained by the TSAO method.



27

Bull 2

Figure 2. Cytograms and isometric frequency histograms of
freshly thawed sperm stained by the R123/EB method.
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TABLE I. MEANS OF SPERM VARIABLES BY GROUP OF BULLS.

Group

1 2 3 - Young 3 - Old

Variable (n 108)a (n = 11) (n = 8) (n = 8)

X of a t

(TSAO)

.245,
(.002)u

.203

(.004)

.211

(.008)

.220
(.011)

CV of a 16.2 25.4 23.8 25.0
(TSAO) (.42) (1.5) (1.8) (1.8)

% Cells Above 10.0 17.4 15.1 17.5

Mainat Peak (TSAO) (.62) (3.4) (4.6) (5.9)

% Live -- 38.6 37.9 34.7
(R123/EB) (3.8) (3.4) (3.7)

% Abnormal MEP OM 7.7 14.0 18.7

(1.3) (4.7) (8.7)

a 4 ejaculates from each of 27 bulls.
b Standard error of the mean.



TABLE 2. REPEATABILITIES OF CERTAIN FCM VALUES OBTAINED BY TSAOa
METHOD ON GROUP 1 BULLS.

Valueb

Repeatability

1) Within a single
straw, measured
on the same day
(n=58)

2) Between straws of
same ejaculate,
measured on the
same day (n=39)

3) Between straws of
same ejaculate,
measured on
different days
(n=55)

4} Between 2 ejaculates
collected within
a 1 month period,
measured on the
same day (n=54)

5) Between 4 ejaculates
collected over a
several year
period, measured
on the same day
(n=27)

X of at CV of at

% cells above
main at peak

.88 .97 .99

.92 .93 .99

.18c .73 .98

.87 .91 .67

.86 .86 .57

a Two-step acridine orange staining method.
I:" All values except .18 significant at P<.01; .18 was not

significant.



TABLE 3. CORRELATION COEFFICIENTS AMONG SPERM MEASUREMENTS ON GROUP 2 BULLS.a

Variable 2 3

1) )7 ofcc, TSAO .89** .85**
on whole sperm

2) CV ofo(t, TSAO .77**
on whole sperm

3) % cells outside
maincxt peak

4) ri o f o(t, TSAO on
fixed nuclei

5) CV of o(t, TSAO on
fixed nuclei

6) Y o f 04, TD on
unheat6d, fixed nuclei

7) CV of o( TD on
unheated', fixed nuclei

8) X o fo(t, TO on heated,
fixed nuclei

9) CV ofc(t TD on heated,
fixed nuclei

10) % live cells, R123/EB

11) % abnormal sperm headsb

12) Pre-freeze motilityb

13) Post-freeze motilityb

14) Fertility rating

Variable

4 5 6 7 8 9 10 11 12 13 14

.85** .63* -.02 -.29 .13 .20 -.71** -.20 -.55* -.67* -.49

.97** .85** -.12 -.14 .26 .29 -.76** -.31 -.71** -.67* -.54*

.73** .59* -.08 -.13 .29 .15 -.83** -.23 -.30 -.32 -.29

.84** -.27 -.15 .12 +.28 -.78** -.34 -.70** -.69** -.38

-.31 .31 .39 .40 -.50 -.39 -.56* -.34 -.37

-.10 .50 -.27 .03 .22 .05 .05 -.60*

.34 .11 .25 -.03 .43 .50 .27

-.15 -.15 -.32 -.01 ..28 -.54*

-.18 .24 -.55* -.16 -.27

.04 .48 .52* .28

.05 -.02 .004

.66* .69**

.37

a n = 11
b Evaluated by light microscopy.
* P<.05; ** P<.01.



TABLE 4. CORRELATION COEFFICIENTS AMONG VARIABLES MEASURED ON
GROUP 3 (YOUNG-OLD) SIRES.

Variablesa,b (n)

X of at - Young with 3? of at - Old (8) .28

CV of at - Young CV of et t - Old (8) .79*

% Live - Young % Live - Old (8) .46

% ABN - Young % ABN - Old (8) .96**

X of a t - Young NR rate - Young (8) -.68

CV of at - Young NR rate - Young (8) -.78*

% Live - Young NR rate Young. (8) .61

% ABN - Young NR - Young (8) -.54

R of at % Live (16) -.82**

CV of at % Li ve (16) -.80**

3? of a % ABN (16) .49*

CV of at % ABN (16) .59**

% ABN % Live (16) -.49*

a at values from the TSAO method on whole sperm.

b % live from R123/EB method.

* P < .05; ** P < .01.
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Chapter 3

RELATIONSHIP BETWEEN SPERM HEAD ABNORMALITIES AND

NUCLEAR CHROMATIN STRUCTURE AS EVALUATED BY FLOW

CYTOMETRY IN A DIALLEL CROSS AMONG LINES OF MICE



Summary

Genetic factors affecting spermatogenesis, epididymal sperm head

morphology and nuclear chromatin structure in mice were estimated using

a 4 x 4 diallel cross. The inbred lines C3H/HeJ, C57BL /6J, DBA/2J and

BALB/cByJ were chosen to provide a wide range in levels of

morphologically abnormal sperm cells. Percentage of morphologically

abnormal sperm (ABN) was scored by light microscopy. After staining

with acridine orange (AO), sperm and testicular cells were measured by

flow cytometry (FCM) using the 488 nm line of an argon ion laser.

Measurement of green (DNA) and red (RNA) fluorescence of testicular

cells allowed determination of proportions of tetraploid, diploid and

haploid cells. Prior to staining with AO, sperm were subjected to an

acid treatment to dissociate basic proteins. The acid apparently also

induced partial denaturation of the DNA in situ. Green and red

fluorescence levels in sperm correspond to nuclear content of double and

single stranded DNA, respectively. Susceptibility of DNA to

denaturation was quantified by alpha-t (at = red /(red + green)

fluorescence).

Statistical analysis provided estimates of the effects of

heterosis, lines, general and specific combining ability, maternal and

reciprocal effects on body and testis weights, ABN, and variables

measured by FCM.

Effects of heterosis were extremely important on testis weight, at

values and ABN. Inbred lines varied in body and testicular weights, at

values and ABN. Maternal effects were noted on proportions of

testicular cell types. Specific combining ability and reciprocal

effects were noted for ABN, but were generally unimportant for other



traits. Negative correlations were obtained between testis weight and

percentage of testicular haploid cells, and also between testis weight

and a t values on sperm. Positive correlations were noted between at

values and ABN. The FCM staining patterns on sperm provide information

on the alteration of chromatin structure associated with increased

proportions of abnormal sperm.
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Introduction

The proportion of morphologically abnormal sperm in adult males is

known to vary dramatically among inbred lines of mice (BEATTY, 1972;

BEATTY and SHARMA 1960; KRZANOWSKA 1981; WYROBECK 1979). A lower

incidence of sperm abnormalities is observed in F1 crosses relative to

inbred parental lines (KRZANOWSKA 1976; WYROBECK 1979), indicating the

existence of heterosis for the trait. This is perhaps not surprising,

as levels of abnormal sperm would be expected to have an influence on an

individual's reproductive fitness, and heterosis is generally noted for

fitness traits. However, the impact of varying proportions of

abnormalities on fertility is difficult to ascertain, and would depend

upon the specific types of deformities present.

Flow cytometry (FCM) for evaluation of nuclear fluorescence of

acridine orange (A0) stained sperm provides a novel approach for

evaluation of chromatin structure (EVENSON, DARZYNKIEWICZ and MELAMED

1980; EVENSON et al. 1985b). Research to date has emphasized comparison

of FCM-derived parameters of chromatin heterogeneity with percentage of

abnormal sperm heads in mice subjected to varying levels of potentially

mutagenic or carcinogenic chemicals, and high correlations (r values of

approximately .8) have been obtained between the two measures (EVENSON

et al. 1985b). Studies concurrent with this investigation evaluating

frozen bovine samples by FCM (BALLACHEY et al. 1985) suggest a negative

relationship between male fertility and chromatin heterogeneity. In

bull samples analyzed to date, however, the correlation between FCM

parameters of chromatin structure and proportion of abnormal sperm does

not appear to be as strong; in fact, estimated r values are considerably

lower or non-existent (MILLER et al. 1985). The degree of relationship
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between morphological abnormalities and chromatin heterogeneity

(measured by FCM of AO stained sperm) is apparently dependent upon the

specific population being evaluated and environmental influences

therein. Comparison of AO-stained sperm from mice dosed with toxic

chemicals to induce high levels of abnormal sperm vs mice with naturally

high proportions of abnormalities may provide insight into factors

affecting nuclear morphology and chromatin structure.

The objectives of the present study were: 1) to compare percentage

morphological abnormalities scored by light microscopy with FCM-derived

parameters of nuclear chromatin structure in sperm from males of four

inbred lines of mice known to exhibit wide variation in the proportion

of normal sperm cells, and 2) to utilize a diallel cross for estimation

of degree of heterosis, general and specific combining abilities,

maternal influences and reciprocal effects on sperm related traits in

crosses among these four inbred lines of mice.



Materials and Methods

Mice. Inbred lines of mice utilized as parental strains in a four line

diallel were C3H/HeJ, C57BL/6J, DBA/2J and BALB/cByJ, abbreviated as C3,

B6, D2 and cBy, respectively. These lines were fully inbred as they

have been maintained by full sib matings for more than 100 generations

(HEINIGER and DOREY, 1980). They were chosen for this study because

they have been reported to vary widely in average percentage of

morphologically abnormal sperm in adult males (WYROBECK 1979). A total

of 48 mice were used, consisting of three in each of the four parental

lines and in each of the twelve F1 hybrid types (including

reciprocals). Mice were bred by the Jackson Laboratory, Bar Harbor, ME,

shipped to South Dakota State University at an average age of about

eight weeks, and sacrificed two weeks later. Measurements were made

over a three day period, with one mouse from each of the 16 subclasses

being utilized each day. An exception was the F1 progeny of the D2 x

cBy cross. The initial mating made at the Jackson Laboratory to produce

these F1 males (concurrent with production of other Fi's) resulted in

only female progeny. A repeat mating was required to produce male pups,

so individuals of this subclass were three weeks younger than other

males, and accordingly were sacrificed three weeks later to standardize

age at measurement.

Cell preparation and staining for FCM. At an average of 73 ± 2 days of

age, mice were sacrificed by cervical dislocation and weighed. The

testes were excised, weighed, and placed into 1 ml of Hank's Balanced

Salt Solution (HBSS). Testes were minced with scissors to form a

cellular suspension which was filtered through 53,u nylon mesh prior to
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FCM measurements. To obtain sperm cells, the caudal epididymides were

removed from each mouse, placed into THE (0.01 M Tris-HC1, 0.15 M NaC1

and 1 mM disodium EDTA, pH 7.4), minced and filtered through 153 iuLnylon

mesh. Cellular suspensions were maintained at 4°C during preparation,

staining and FCM measurement.

Both testicular and sperm cells were stained by the two-step

acridine orange (TSAO) technique (DARZYNKIEWICZ et al. 1976, EVENSON et

al. 1985). A .2 ml aliquot of cell suspension containing about 2 - 4 x

105 cells was admixed with .4 ml of 0.1% (v/v) Triton X -100, 0.08 N HC1

and 0.15 M NaCl for 30 seconds; then 1.2 ml of acridine orange (A0)

staining solution (0.2 M Na2HPO4, 1 mM EDTA, .15 M NaC1, .1 M citric

acid monohydrate, pH 6.0, with 61ug A0 /m1) was added. The sample was

measured by FCM 3 minutes later.

The differential fluorescence (green and red) which results when

staining cells with AO results from the metachromatic properties of this

dye: AO fluoresces green when intercalated with double-stranded (ds)

nucleic acids, and red when bound to single-stranded (ss) nucleic acids

(DARZYNKIEWICZ 1979). In testicular cells, double-stranded cellular RNA

is denatured by the EDTA and AO during staining, and thus green and red

fluorescence levels are indicative of DNA and RNA content respectively,

as verified by nuclease digestion experiments (DARZYNKIEWICZ et al.

1976). Mature sperm, however, do not contain significant amounts of RNA

(MONESI 1971), and differential levels of green and red fluorescence

reflect ds and ss DNA content (EVENSON et al. 1985).

Testicular 1N, 2N and 4N cells can be distinguished by FCM on the

basis of AO stainability of cellular DNA and RNA (EVENSON and MELAMED

1983). Additionally, within the 1N population, maturing germ cells can
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be separated into proportions of round, elongating and elongated

spermatids because maturation involves replacement of histones with

protamine and increased condensation of chromatin, both associated with

decreased green fluorescence due to restriction of AO binding sites.

Decreasing red fluorescence is also noted with maturing spermatids,

resulting from an exclusion of RNA concurrent with nuclear condensation

(MONESI 1971).

Fluorescence measurements. Flow cytometric determinations were done

with an Ortho Diagnostics Cytofluorograf II equipped with a Lexel 100 mW

argon ion laser, and interfaced to an Ortho Diagnostics 2150 data

handling system. Red and green fluorescence emitted by cells after

laser excitation (488 nm, blue line) was measured on 5000 cells per

sample. To standardize instrument settings for sperm samples analyzed

on different days, fluorescent polystyrene beads were added to the

initial sperm samples and fluorescence gains adjusted such that bead

position was constant from day to day.

For each sperm sample, the distribution of alpha-t (at) values of

cells was computed. Alpha t is defined as the ratio of red to red +

green fluorescence (at = red/(red + green); DARZYNKIEWICZ et al. 1975);

the mean (X of at) and coefficient of variation (CV of at) have proven

useful for quantifying the degree of DNA denaturation present in a sperm

sample (EVENSON, DARZYNKIEWICZ and MELAMED 1980).

Sperm head morphology. Slides of epididymal sperm were prepared for

light microscopic evaluation of abnormalities, as described by EVENSON

et al. (1985a), staining with Eosin-Y. A minimum of 300 sperm heads
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from each mouse was scored for normal morphology. No attempt was made

in this study to quantify specific types of abnormalities present.

Statistical analyses. Dependent variables were analyzed using the

mathematical model described by KIDWELL et al. (1960) and HARVEY (1975):

Yfijk = M af Plii g2i g2j m2j s2ij r2ij efijk

where:

yfijk = the average value of the trait measured on 3 male progeny of

sire line i and dam line j. The f subscript identifies whether

the result is obtained on an inbred line (f=1) or hybrid (f=2),

M = the overall mean when equal numbers exist with respect to all

effects in the model, (i.e. weighted to equalize numbers of inbreds

and hybrids),

af = an effect of the fth type of cross (i.e. inbreds or hybrids),

Piii = yii Ya = an effect of the ith line within the inbreds, where

ya = mean of the inbred lines,

g2i = the general combining ability effect from the ith line of sire,

g2j = the general combining ability effect from the jth line of dam,

m2.1 = the maternal effect of the jth line of dam,

s2ij = the specific combining ability for the ij or ji cross,

r2ij = the reciprocal effect for the ith line of sire mated to the jth

line of dam

(yij yj.0/2 (nj mi)/2 and

efijk = random error, associated with all subclasses.



The above effects were all estimated from linear functions of the means

among the 16 subclasses (4 inbreds and 12 crosses). All tests of

significance were made using the residual mean square from the full

model.

Additional genetic parameters listed below were computed as

described by EISEN et al. (1983) and HORSTGEN-SCHWARK et al. (1984), and

were also obtained by forming linear contrasts among the appropriate

terms in the model. For simplicity, the f subscript is not used in the

following terms nor in the remainder of the text or tables.

1. = average direct genetic effects of line i

Pii mi,

hi = line direct heterosis,

E. = line average heterosis, as a deviation from overall direct

heterosi s,

-*
yi yc = net line effect, where yi = mean of ith sire and ith dam

line in crosses, and Sic = mean of all hybrid lines,

hid = direct heterosis of a cross

r ij = specific reciprocal effect = rid - mi)/2.

Dependent variables analyzed were:

1) Body weight (BWT): wt of mouse at kill, in g

2) Testis weight (TWT): combined weight of testes, in g

3) % Tetraploid cells (TET) in testes

4) % Diploid cells (DIP) in testes

5) % Haploid cells (HAP) in testes
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TET, DIP and HAP are measured as a proportion of testicular cell

types

6) % Round spermatids (RND)

7) % Elongating spermatids (ELG)

8) % Elongated spermatids (ELD)

RND, ELG and ELD are measured as a proportion of total

testicular haploid cells

9) Mean channel of the at distribution (X of at), TSAO on sperm

10) Coefficient of variation of the at distribution (CV of at), TSAO

on sperm

11) % cells above the main peak of the at distribution (CAMPat),

TSAO on sperm

12) % morphologically abnormal sperm heads (ABN), scored by light

microscopic evaluation of sperm.

The MANOVA subprogram of the Statistical Package for the Social Sciences

(SPSS; NIE et al. 1975; HULL and NIE, 1981) was used for the above

analyses.



Results and Discussion

A diallel design involves crossing several lines in all possible

combinations, and measurement of the traits in the parental (purebred or

inbred) lines as wells as in the Fl hybrids. The design permits

estimation of line direct and maternal average genetic effects as well

as heterosis effects. Estimation procedures and interpretation of

results thereof are dependent upon the assumptions used in the

diallel. As pointed out by EISEN, BOHREN and McKEAN (1966), the

presence and effect of sex chromosomes are often not considered

important in animal breeding experiments. However, sex-linked and

maternal effects, if present, would be the major source of reciprocal

differences between hybrids. Furthermore, these authors demonstrated

that, if dealing with a species in which males are the heterogametic

sex, and if measurements are made on progeny of only one sex, then X-

linked effects could not be separated from either maternal effects (m )

or autosomal direct genetic effects (gi). The models they present

assume the absence of Y-linked effects. CARBONELL, NYQUIST and BELL

(1983) P resented a model for estimation of sex-linked and maternal

effects, but again assumed Y-linked factors were not important.

The present study compares sperm-related traits among inbred lines

of mice mated in a diallel design. A survey of the literature provides

ample evidence that sex-linked as well as autosomal factors are

important for traits affecting testicular development and

spermatogenesis. KRZANOWSKA (1972, 1976) provided compelling evidence

that the Y-chromosome has a marked influence on proportions of abnormal

sperm in mice, and WYROBECK (1979) cited several studies which indicate

a role of sex-linked (X or Y) as well as autosomal factors in



spermatogenesis in the mouse. Y-linked factors are known to be required

for spermatogenesis in Drosophila (LIVAK 1984; MEYER 1972). Testicular

differentiation is induced by a Y-linked gene (or group of genes);

EICHER (1982) reviewed several Y-linked conditions which interfere with

normal testicular determination in mice.

Since sex-linked factors could possibly influence the traits

measured in this study, confounding of the genetic line and cross

effects should be examined. Neither average maternal genetic effects

(mi) nor reciprocal effects (rii) can be separated from differences

mediated by either X- or Y-linked factors. Additionally, the influence

of Y-linked genes would be contained in estimates of average direct

genetic effects (1i) and general combining ability effects (gi). For

example, the value g2 = -.022 obtained for TWT of C3 mice (table 3) is

indicative of the average performance of C3 mice in crosses and also

would reflect any differences that may result from factors on the Y

chromosome of the C3 line in contrast to the Y chromosomes of the other

three parental lines. Possible biases should be considered when

interpreting the results obtained.

Mean values of the various traits measured are presented in Table 5

by line and Fl hybrid subclasses. Also presented are the overall mean

(y, weighted so that inbreds and hybrids are equally represented), and

means of the inbreds and crosses (ya and yc, respectively). Mean

squares for all traits are presented in Table 6. Values from Table 5

were utilized to estimate the genetic line and cross effects presented

in Tables 7 and 8, respectively. Mean values for RND, ELG, and ELD,

computed as proportions of testicular haploid cells (HAP), are listed in

Table 5, but these variables are not included in the remaining tables



since the analysis of variance did not indicate that any of the effects

in the model were significant for these traits. Correlation

coefficients among all dependent variables are listed in Table 9.

Mice were approximately 10 weeks of age when killed. Proportions

of abnormal sperm are known to be considerably higher in pubertal mice

than adults, but both ALBERT and ROUSSEL (1983) and KRZANOWSKA (1981)

have observed that numbers of abnormal sperm have stabilized by 10 weeks

of age, and remain relatively constant thereafter.

Body and testis weights: Effects of heterosis were not important

for BWT. Since BWT is not considered a fitness trait, hybrid vigor

would not be expected. Heterosis for TWT was noted. Differences among

inbred lines were significant for both BWT and TWT. Interestingly, C3

males had the heaviest BWT and the lightest TWT. KRZANOWSKA (1972) also

noted large line differences in testis weight although mice were similar

in weight. TWT was also analyzed with BWT as a covariate, and the same

sources of variation were significant as were obtained without adjusting

for BWT. General combining ability was important for BWT and TWT, with

86 mice having the heaviest weights in crosses. Maternal effects were

also significant for both traits, most notably, the negative effect of

B6 dams on BWT and TWT of male progeny. Differences in specific

combining abilities were noted for BWT.

Testicular samples: Heterosis effects were not significant for

proportions of testicular cell types. Line effects also were not

important, although D2 males had a slightly lower percentage of DIP.

Since HAP, DIP and TET were measured as proportions of total cells, they

are not independent of each other, and thus it is expected that a factor

which affects one of these variables may also affect the other two.



This was noted for maternal genetic effects, which were highly

significant for TET, DIP, and HAP. The maternal effect was due largely

to increased HAP and decreased DIP and TET in progeny of D2 dams.

Increased TWT was also noted for progeny of D2 dams, and the maternal

effect on HAP, DIP and TET may be mediated through testicular size.

KRZANOWSKA (1972) estimated the efficiency of spermatogenesis to be less

in male mice with smaller testis weight. Pre-natal hormonal levels

characteristic of D2 dams could be another mechanism contributing to the

maternal effect. As mentioned earlier, effects of sex - linked genes, if

present, would be included in the estimate of maternal effect.

A positive correlation was obtained between TWT and HAP, and

negative correlations with DIP and TET, in agreement with concurrent

studies on bulls (MILLER et al. 1985). Larger testicles have a higher

proportional content of mature spermatids. Whether or not increased HAP

confer an advantage upon the individual is not known, although it may be

associated with greater efficiency of germ cell production.

Sperm samples: Spermatozoa are characterized by a nucleus with

highly condensed chromatin and virtually no RNA present (MONESI 1971).

Spermatozoa stained with AO should emit largely green fluorescence

(reflecting DNA stainability) and minimal red fluorescence. However,

EVENSON, DARZYNKIEWICZ and MELAMED (1980) demonstrated considerable

variability among individual humans, bulls and mice in fluorescence

distributions of isolated sperm nuclei following in situ thermal

denaturation and AO staining. They attributed this to heterogeneity of

chromatin structure among sperm. Subsequent research on AO staining of

sperm to elucidate differences in chromatin structure has focused on

toxicological studies involving mice treated with potentially mutagenic
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compounds and metabolic inhibitors (e.g. hydroxyurea, actinomycin D;

EVENSON et al. 1985b). Typical levels of abnormal sperm in these mice

are low (1-4%), and levels in treated mice are often as high as 70%

(EVENSON et al. 1985b, WRYOBECK and BRUCE 1975). The FCM analyses of

these sperm after AO staining demonstrate a marked increase in chromatin

heterogeneity, measured as increased at values.

The effect of heterosis was very highly significant for 3? of at, CV

of at and CAMP at' and, as indicated by the mean squares, was by far the

largest source of variation for these traits. No other effects in the

model were significant for X of at. However, variation among inbred

lines was important for CV of at and CAMP at, due mainly to low values

of these traits for D2, and high values for cBy mice. Specific

combining ability was significant for CV of at and CAMP at, associated

with several of the Fl hybrid types. A reciprocal effect (Table 8, rid)

was noted for the cross between C3 and B6 mice. This effect may be an

artifact, since in the C3B6 subclass, one of the mice had apparently

been fighting with his siblings, resulting in a wound on his hip.

The at values for this mouse were comparable to those of cBy inbreds,

which inflated the mean of the C3B6 subclass.

In the present study, lines of mice were selected to provide a wide

variation in levels of abnormal sperm. Percentages of abnormal sperm in

the four inbred lines were: C3-15%; B6-18.2%; D2-8.1%, and cBy-68.6%.

These estimates are reasonably close to literature values, as presented

by WYROBECK (1979).

All effects in the model were significant for ABN. The largest

source of variation was associated with heterosis effects, as ABN were

markedly reduced in Fl mice. The mean value for hybrids was 5.69%,



compared to 16.57% for parental lines. All crosses demonstrated

significant heterosis (hij) for ABN; however, heterosis was greatest in

crosses involving cBy mice. Line effects were also extremely important,

as indicated by the wide differences in mean values of inbreds for ABN.

General combining abilities (92, cBy), maternal effects (C3, B6) and

direct genetic effects (all 4 lines) were significant. It is highly

possible that sex-linked effects are contributing to these results.

The only significant reciprocal effect (rij) was the B6cBy vs cByB6

cross (6.8% vs 17.9% abnormal, respectively). KRZANOWSKA (1972, 1976)

found that the effects of Y-linked factors on percentage of abnormal

sperm were modified to a considerable degree by the autosomal genome

with which the Y chromosome was associated. In the present results, it

may be that gene(s) on the Y chromosome of line cBy affect proportion of

sperm abnormalities. If so, then the effects of these genes are

certainly compensated for or masked by the C3 and D2 haploid genomes.

The specific residual effects (r *ij) noted for three of the crosses

(B6D2, B6cBy and D2cBy) may be attributable, in part, to low values of

ABN in these subclasses affecting the accuracy of the estimates.

Negative correlations were obtained between TWT and the CV of at,

and correlations of the at values with ABN were positive and highly

significant.

A major objective of the present study was comparison of AO

staining patterns of sperm from mice treated with toxic compounds to

induce high levels of abnormalities vs staining patterns seen in non-

treated mice with normally high levels of abnormalities. In treated

mice, CAMP at values may be as high as 40%, indicating that a high

proportion of the nuclei are susceptible to denaturation. In the
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present work, however, the highest CAMP at values were only about 5%.

This indicates structural differences in chromatin associated with the

two type of abnormalities (environmentally-induced vs genetic). Sperm

cells undergo dramatic alterations during spermatogenesis, resulting in

a highly condensed nucleus. BENNETT et al. (1971) studied

spermatogenesis and morphologically abnormal spermatids in the "quaking"

mouse, and inferred that condensation of the chromatin was normal, and

that the mechanisms which controlled shape of the nucleus were distinct

from the mechanisms involved in condensation. In contrast, FAWCETT,

ANDERSON and PHILLIPS (1971) concluded that nuclear shape was largely

determined from within, and that the events which accompany normal

chromatin condensation are the major factors in influencing head shape.

In this study, although a high proportion of sperm were visually

scored as abnormal (particularly in cBy mice), most of these cells

nevertheless possessed normally staining chromatin, as measured by the

TSAO method. This would appear to support the suggestion of BENNETT et

al. (1971) that chromatin condensation can proceed independently of

nuclear shape. Defective chromatin in sperm with normal morphology has

been implicated in cases of male infertility (GLEDHILL 1970; SALISBURY,

HART and LODGE 1977, EVENSON, DARZYNKIEWICZ and MELAMED 1980); this

would also tend to support independence of factors controlling nuclear

shape and chromatin condensation. Although CAMP at values were low

relative to ABN, positive correlations were obtained between ABN and

both CAMP at and CV of at, indicating a correspondence between chromatin

heterogeneity and abnormal sperm even though the proportion of cells

scored as ABN was generally far higher than CAMP at.



TABLE 5. MEANS AND STANDARD ERRORS OF TRAITS MEASURED ON INBRED LINES AND F
1
CROSSES OF MICEe.b.

Trait

Line of

Sire

Line of Dam

C3 B6 D2 cBy
c

1) Body wt C3 25.9 24.9 25.9 23.7 25.1 23 =24.3d
(g) B6

D2
26.3

25.8
21.2

23.7

26.8

25.0

26.9

22.3

25.3

24.2

y =25.0e.4 f
y=24.7

cBy 26.3 24.0 23.7 25.0 24.7 SEM=.709
37. C 26.1 23.5 25.4 24.5

2) Testis wt C3 .140 .191 .200 .197 .182 Ya=.186
(g) B6 .260 .184 .240 .269 .238 ye.218

D2 .182 .197 .203 .172 .189 Y=.202
cBy .236 .247 .225 .216 .231 SEM=.008

Sr.i .204 .205 .217 .214

3) Tetraploid C3 9.7 7.9 8.3 8.7 8.3 3a=9.17
cells (% in B6 7.6 7.9 7.2 8.0 7.6 ye =8.65
testis) D2 11.1 8.2 9.8 12.9 10.7 7=8.91

cBy 7.7 8.2 8.0 9.2 7.8 SEM=.91

Y..' 9.0 8.1 8.3 9.7

4) Diploid C3 9.8 7.9 7.3 8.0 8.2 7
a
=8.72

cells (% in

testis)

B6

D2

8.1

9.6

8.5

9.1

6.8

7.4

7.5

10.0

7.7

9.0

__
y =8.15=c
y=8.43

cBy 8.5 8.3 6.9 9.2 8.2 SEM=.56

i.i
9.0 8.4 7.1 8.7

5) Haploid Cells C3 81.2 84.3 84.5 83.3 83.3 la =82.3

(% in testis) 86 84.3 83.6 86.0 84.5 84.6 2:=83.2
D2 79.3 82.7 82.8 77.1 80.5 y=82.7
cBy 83.9 83.5 85.1 81.6 83.5 SEM=1.1
37.i 82.2 83.5 84.6 81.6

6) Round sperm- C3 42.2 38.3 40.4 40.1 40.3 ya=43.2
atids (% of 86 40.8 43.8 40.5 43.6 42.2 ye41.5
haploids) D2 41.7 38.7 42.6 45.2 42.1 y=42.4

cBy 38.9 44.3 46.0 44.1 43.3 SEM=2.7

Y.i 40.9 41.3 42.4 43.2

7) Elongating C3 26.3 25.5 23.8 32.4 27.0 Ya=25.4
spermatids B6 24.5 26.0 25.7 24.2 25.1 Ye25.0
(% of haploids) D2 24.9 26.5 24.9 23.5 24.9 5=25.2

cBy 26.9 23.0 19.4 24.5 23.5 SEM=2.2

Y.i 25.7 25.2 23.5 26.2



TABLE 5 continued

8) Elongated C3 31.4 36.1 35.8 27.5 32.7 Ya=31.4

spermatids 86 34.6 30.2 33.8 32.2 32.7 yc=33.4

(% in haploids) D2 33.3 34.7 32.6 31.3 33.0 7=32.4

cBy 34.2 32.7 34.6 31.5 33.2 SEM=1.8

7.i 33.4 33.4 34.2 30.6

9) X of at C3 .199 .202 .200 .200 .200 ia=.204

86 .199 .207 .194 .198 .199 ze1.97
02 .197 .195 .202 .196 .197 y=.200

cBy .199 .198 .191 .207 .199 SEM=.003

7.i
.198 .200 .197 .200

10) CV of at C3 20.3 18.6 14.6 17.4 17.7 i
a
=20.25

86 14.7 19.4 13.6 14.0 15.4
_
y
c

14.95

D2 13.7 13.7 17.4 15.2 15.0 7=17.60

cBy 15.1 13.5 15.3 23.9 17.0 SEM=1.06

Y..' 16.0 16.3 15.2 17.6

11) CAMP at C3 3.0 2.9 1.2 1.8 2.2 Ya=3.19

B6 1.3 3.1 1.1 1.2 1.7 7c=1.50

D2 1.2 1.1 1.7 1.4 1.3 Y=2.35

cBy 1.5 1.3 2.1 5.0 2.5 SEM=.33

7.i 1.7 2.1. 1.5 2.3

12) X Abnormal C3 15.0 5.2 6.0 7.3 8.4 7a=27.46

sperm 86 1.7 18.2 1.8 6.8 7.1 y
c
=5.69

02 4.3 3.1 8.1 6.4 5.5 y=16.57

cBy 4.8 17.9 3.1 68.6 23.6 SEM=1.42

7.i 6.4 11.1 4.7 22.3

a n = 3 for each subclass.
b
Traits 3-11 obtained by flow cytometry of testicular or sperm cells.

d
Sire (dam) marginal mean, including the parental line CFA, Yid.
Mean of inbred lines ('ila).

e Mean of F1 hybrid lines (7c).

f Overall mean, weighted to equalize numbers of inbreds and hybrids ( ).
g Pooled standard error of the mean, from ANOVA.



TABLE 6. MEAN SQUARES FOR TRAITS MEASURED ON INBRED AND F1 MICE

Tetraploid Diploid Haploid
Body wt Testis wt Cells Cells Cells i of at CV of at CAMP at % Abnormal

Source df (g) (g) (% in Testis) (% in Testis) (% in Testis) (Sperm)* (Sperm) (Sperm) Sperm

Subclass 15 7.91** .0036** 6.63** 3.04** 15.21** .00005 26.78** 3.45** 785.7**

Heterosis 1 5.21 .0093** 2.45 2.86 7.75 .00037** 252.55** 25.76** 4265.2**

(Inbreds vs Fies)

Inbreds 3 12.79** .0034** 2.25 3.24* 3.71 .00005 22.17** 5.65** 2306.2**

GCAa 3 7.17** .0052** 9.94* .55 14.90* .00007 8.72 .42 65.8**

Maternal 3 11.50** .0055** 14.09** 9.90** 45.86** .00001 9.20 .88 44.3**

SCAb 2 5.62* .0005 4.81 .04 5.58 .00001 11.70* 1.63* 83.5**

Reciprocal 3 2.59 .0004 2.83 .54 5.26 .00001 1.81 .63 34.8**

Residual 32 1.46 .0002 2.51 .93 3.79 .00003 3.36 .33 6.07

a. General combining ability
b. Specific combining ability
* P < .05; ** P < .01.
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TABLE 7. GENETIC LINE EFFECTS

Trait Line

Effect

i
m. Vii 9a gi hi h.

17c

Body wt C3 .64 .96* 1.60* .22 -.07 .69 .47*

(g) B6 -1.19 -1.84** -3.03** 1.54** 1.42** 2.18** .41

D2 -.43 1.17** .73 -1.08** -.57 .19 -.33
cBy .98 -.28 .70 -.68 -.78 -.02 -.55*

SE .74 .43 .60 .37 .43 .49 .20

Testis wt C3 -.069** .023** -.046** -.022** .012* .040** -.007**

(g) B6 .032** -.034** -.002 .041** .025** .049**

D2 -.011 .029** .017** -.037** -.031** .011

.016**
-.015**

cBy .048** .018 ** .031** .018** -.006 .028** .006*

SE .009 .005 .007 .004 .005 .006 .002

Tetraploid Cells C3 .18 .38 .56 -.34 -.42 -.81 -.10

(% in testis) 86 -1.61 .37 -1.24 -1.38** -.57 -.90 -.80**
02 2.80** -2.18** .63 2.02** .62 -.11 .62*

cBy -1.37 1.43* .06 -.30 .38 -.27 .28

SE .97 .56 .79 .49 .56 .65 .26

Diploid Cells C3 .30 ,75* 1.05* -.29 -.44 -.86* .06

(% in testis) 86 -.93 .72* -.22 -.67* -.20 -.70 -.21

02 .57 -1.92** -1.35** 1.13** .85* 0 .11

c8y .07 .45 .52 -.17 -.20 -.70 .04

SE .59 .34 .48 .30 .34 .39 .16

Haploid Cells C3 .03 -1.15 -1.12 .64 .62 1.34 .04

(% in testis) B6 2.34 -1.06 1.28 2.04** .87 1.51 1.01**

02 -3.56** 4.11** .55 -3.16** -1.38 .01 -.74*

cBy 1.18 -1.90* -.72 .48 -.11 .86 -.31

SE 1.19 .69 .97 .60 .69 .79 .32

X of at C3 -.0030 -.0017 -.0047 .0038* -.0036 -.0029 -.0004

B6 .0025 .0008 .0033 -.0001 -.0138** -.0073** -.0018

D2 -.0014 -.0006 -.0020 -.0025 -.0141** -.0076** .0002

cBy .0019 .0014 .0033 -.0013 -.0144** -.0079** .0020*

SE .0032 .0019 .0026 .0016 .0019 .0021 .0009

CY of at C3 1.86 -1.81** .05 1.98** 1.05 -4.59** .72*

86 -1.74 .89 -.85 -.85 .02 -5.28** -.27

D2 -3.07* .22 -2.85** -1.00 .53 -4.94** -.60

cBy 2.95* .70 3.65** -.13 -1.60* -6.37** .15

SE 1.12 .65 .92 .56 .65 .75 .31

CAMP at C3 .25 -.48* -.23 .46* .34 -1.47** .15

86 -.45 .39 -.06 -.24 -.01 -1.70** -.03

02 -1.73** .21 -1.53** -.33 .54* -1.33** -.15

ay 1.93** -.13 1.31** .10 -.86** -2.27** .03

SE .35 .20 .27 .18 .20 .23 .10

% Abnormal C3 -10.51** -1.95* -12.46** -.24 5.01** -18.43** -.81

sperm B6 -13.30** 4.01** -9.29** -1.43 4.99** -18.44** .38

D2 -18.61** -.75 -19.36** -1.99* 7.32** -16.89** -1.58**

cBy 42.42** -1.31 41.11** 3.66** -17.76** -33.62** 2.01**

SE 1.51 .87 1.23 .75 .87 1.01 .41

a Standard error.
* P < .05, ** P < .01.



TABLE 8. GENETIC CROSS EFFECTS

Trait

F1 Effect

Cross h
ij h

ij
% Sij rii rat

ij

Body wt C3 x 86 2.07** 8.78 -.73* -.72 .68
(g) C3 x 02 .43 1.70 .63* .07 -.04

C3 x cBy -.42 -1.64 .10 -1.27* -.65
B6 x D2 2.13** 9.23 .10 1.55** .05
B6 x cBy 2.35** 10.17 .63* 1.42** .64
02 x cBy -2.00** -8.01 -.73* -.72 -.01

SEa .70 .28 .49 .35

Testis wt C3 x 86 .063** 39.1 -.006 -.035** -.007
(9) C3 x 02 .020* 11.4 .006 .009 .006

C3 x c8y .039** 21.6 -.0004 -.020** .0003
B6 x 02 .025** 12.9 -.0004 .022** -.009*
86 x cBy .058** 28.7 .006 .011 -.003
D2 x cBy -.011 -5.2 -.006 -.026** -.003

SE .008 .003 .008 .004

Tetraploid C3 x B6 -1.05 -11.89 .47 .15 .16
cells (% in C3 x D2 -.08 -.82 .25 -1.42* -.14
testis) C3 x c8y -1.28 -13.50 -.72 .50 -.02

86 x 02 -1.20 -13.53 -.72 -.50 .77
B6 x c8y -.47 -5.48 .25 -.08 -.61
02 x c8y .95 9.98 .47 2.43** .63

SE .91 .37 .65 .46

Diploid C3 x 86 -1.15* -12.6 .05 -.12 -.10
Cells (% in C3 x D2 -.15 -1.8 .01 -1.15* .18
testis) C3 x cBy -1.27* -13.3 -.06 -.23 -.08

86 x 02 .02 .2 -.06 -1.15* .17
B6 x cBy -.97 -10.9 .01 -.40 -.27
02 x cBy .13 1.6 .05 1.53** .35

SE .56 .23 .39 .28

Haploid C3 x B6 1.9 2.3 -.52 0 -.05
Cells (% in C3 x D2 -.1 -.1 -.25 2.58** -.05
testis) C3 x c8y 2.2 2.7 +.77 -.28 .09

86 x D2 1.2 1.4 +.77 1.65* -.93
86 x cBy 1.4 1.7 -.25 .47 .89
D2 x c8y -1.1 -1.3 -.52 -3.98** -.98

SE 1.1 .46 .80 .56

of at C3 x 86 -.0028 1.4 -.0004 .0015 .0003
C3 x 02 -.0020 1.0 .0009 .0013 .0008
C3 x cBy -.0038 1.9 -.0005 .0005 -.0010
86 x D2 -.0100** 4.9 -.0005 -.0003 .0004
86 x cBy -.0092** 4.4 .0009 .0002 -.0001
D2 x cBy -.0108** 5.3 -.0004 .0022 .0012

SE .0030 .0012 .0021 .0015
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TABLE 8 continued

CV of at C3 x B6 -3.20** 16.12 .989* 1.95* .60
C3 x 02 -4.70** 24.93 -.986* .44 -.53
C3 x cBy -5.85** 26.47 -.003 1.18 -.07
86 x D2 -4.75** 25.82 -.003 -.08 .25
86 x c8y -7.90** 36.49 -.986* .25 .35
D2 x cBy -5.40** 26.15 .989* -.03 -.28

SE 1.06 .432 .75 .53

CAMP at C3 x 86 -.95* -31.2 .42** .77* .33
C3 x 02 -1.10* -47.5 -.28* .02 -.33
C3 x cBy -2.35* -59.0 -.13 .17 -.01
86 x 02 -1.30* -54.2 -.13 .03 .13
B6 x c8y -2.85* -70.1 -.28* -.05 .21
02 x cBy -1.60* -48.0 .42** -.37 -.20

SE .33 .14 .23 .17

% Abnormal C3 x 86 -13.13** -79.18 -1.60** 1.78 -1.20
Sperm C3 x 02 -6.4** -55.41 3.04** .85 .25

C3 x cBy -35.75** -85.56 -1.45* 1.27 .95
86 x 02 -10.68** -81.32 -1.45* -.68 1.70*
86 x cBy -31.5** -72.64 3.04** -5.55** -2.89**
02 x cBy -33.6** -87.65 -1.60** 1.67 1.95*

SE 1.42** .58 1.01 .71

a Standard error.
* P < .05; ** P < .01.



TABLE 9. CORRELATION COEFFICIENTS AMONG TRAITS MEASURED ON MICEa

Trait

Trait 1 ,5 , 6. 10 Al, i 12,,

1) Body wt (g) .40** -.19 -.17 .22 -.23 .05 .26* -.04 -.21 -.19 -.10

2) Testis wt (g) -.45** -.44** .49** -.01 -.17 .22 -.13 -.37** -.28* -.07

3) % Tetraploidb .39** -.90** .60** -.28* -.47** .12 .12 .13 .09

4) X Diploidb -.74** .05 .15 -.25* .03 .21 .23 .24*

5) % Naploidb -.45** .13 .45** -.10 -.16 -.20 -.17

6) % Roundc -.70** -.49** .13 .13 .25* .20

7) % Elongatingc -.28* .10 .10 -.06 -.04

8) % Elongatedc -.30* -.31* -.27* -.22

9) i of atd .52** .52** .45**

10) CV of a td .93** .67**

11) CAMP atd .75**

12) X Abnormal sperm

a n = 48.
b Percentage of testicular cell types.
c Percentage of haploid cells (spermatids) in testis.
TSAO on sperm.
P < .05, ** P < .01.
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Chapter 4

SUMMARY

The overall goal of this research was to evaluate FCM

methodologies for detection of suboptimal fertility in males,

utilizing sperm samples from bulls and mice. Major conclusions of the

studies are:

1. FCM measurements of sperm cells can be utilized to detect

variation among males in spermatozoan nuclear chromatin structure.

2. Repeatability estimates of FCM measurements on different

ejaculates collected over a several year period from an individual

bull are high, and measurements on sperm collected from a young bull

are predictive of measurements made on the same bull as a mature sire.

3. A significant correlation exists among several estimates of

semen quality, obtained by FCM, and bull fertility, and thus FCM

evaluation should have potential for prediction of semen quality and

male reproductive performance.

4. Variation among inbred lines of mice was found for body

weight, testis weight, percentage of abnormal sperm (scored by light

microscopy), and spermatozoan nuclear chromatin structure (evaluated

by FCM).



VI

5. F
1
crosses of the inbred lines indicated heterosis effects were

important for testis weight, percentage of abnormal sperm, and nuclear

chromatin structure.

6. Although certain inbred lines of mice exhibited levels of abnormal

sperm comparable to those seen in mice treated with toxic chemicals,

the FCM staining patterns were not similar, indicating different

mechanisms involved in alteration of chromatin structure in

genetically vs. environmentally induced sperm head abnormalities.


