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Semen Analysis and Fertility Assessment in Rabbits: Statistical Power and Design Considera-
tions for Toxicology Studies. WILLIAMS, J., GLADEN, B. C., SCHRADER, S. M., TURNER,
T. W., PHELPS, J. L., AND CHAPIN R. E. (1990). Fundam. Appl. Toxicol. 15, 651-665. Se-
men analysis is commonly used in evaluating human response to reproductive toxicants. Serial
semen samples can be collected from rabbits and fertility assessed by artificial insemination,
hence this species is potentially well suited for male reproductive toxicity studies that might be
extrapolated to humans. However, the size and cost of rabbits often restricts the number of
animals used, reducing the sensitivity of such studies. Therefore, it was of interest to optimize
study design for semen analysis and fertility assessment in rabbits. Semen samples were collected
weekly from sexually mature New Zealand white rabbits and a range of parameters was analyzed
(Semen—pH, volume, osmolality; Sperm—number and concentration, morphology, viability,
percentage motility, motion characteristics; Seminal plasma—fructose, citric acid, carnitine and
protein concentrations, acid phosphatase activity ). Male fertility was assessed by inseminating
female rabbits with the minimum number of motile sperm required for normal fertility, deter-
mined to be one million. The within- and between-buck variabilities were determined for all
parameters and used to calculate the statistical power of different study designs. The variability
of sperm number and concentration was decreased when measured in four ejaculates collected
within a short period of time rather than in a single ejaculate; this was not true of other endpoints
measured. In addition, use of preexposure observations further increased the statistical power
for all of the parameters. These data can be used to determine the optimum design for studies
of male reproductive toxicity using rabbits, with particular regard to cost and the number of
animals used. © 1990 Society of Toxicology.

Rodents are the species most frequently used
in routine reproductive toxicology studies.
However, of the reproductive parameters
readily measured in such animals (e.g., tissue
weights, histology, epididymal sperm charac-
teristics, blood hormone profiles, and
fertility )(Clegg et al., 1986) only a few can
be assessed in humans (e.g., testis size in situ,
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hormone profiles)(see Working, 1988). Se-
men analysis, frequently used to monitor hu-
man reproductive function, provides valu-
able information about the reproductive tract
(Grunfeld, 1989). Since ejaculated semen
can not be easily collected from rodent spe-
cies, direct comparison of reproductive func-
tion or toxicity between humans and rodents
is not always possible.

The rabbit, the smallest common labora-
tory species from which serial semen samples
can be readily collected, is potentially well
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suited for male reproductive toxicology stud-
ies (reviewed by Amann, 1982). Addition-
ally, male fertility can be assessed by artificial
insemination of the female with known num-
bers of sperm ( Tesh and Tesh, 1971). Hence,
the fertilizing capacity of sperm from treated
males can be evaluated, a question not
readily addressed in humans or rodents.
However, the expense of purchasing and
maintaining rabbits, and test material avail-
ability, very often limits the number of ani-
mals used in toxicology studies. One conse-
quence of using small numbers of animals
per group is a reduction in statistical power
(the probability of detecting a change of de-
fined magnitude). For example, Desjardins
et al. (1968) demonstrated that by using five
rabbits per group and collecting semen sam-
ples for 20 weeks there was only a 25% chance
of detecting a 50% change in sperm produc-
tion. Therefore, it is desirable to optimize
study design so as to maximize its power
while minimizing the number of animals re-
quired. Unfortunately, there is limited infor-
mation available on study designs for rabbit
male reproductive toxicology studies, notable
exceptions being the studies by Berndtson e¢
al. (1989) and Desjardins et al. (1968).

The aim of the present study was to assess
the within- and between-rabbit variability for
various parameters analyzed in semen. The
endpoints chosen were based on their origin
within the male reproductive tract and,
hence, can be considered as potential func-
tional markers for such sites. In addition,
since fertility assessment in animal species is
biologically insensitive due to the vast excess
of sperm produced (Working, 1988), we at-
tempted to determine the minimum number
of sperm required for normal fertility in the
New Zealand white (NZW) rabbit. The co-
efficients of variation for all of these evalua-
tions were then used to calculate the power of
different study designs.

The data reported herein should allow for
a more appropriate choice of study design for
using rabbits in male reproductive toxicity
studies.
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MATERIALS AND METHODS

Animals

Sexually mature noninbred NZW rabbits, supplied by
Hazelton Research Products, Inc. (Denver, PA), were
acclimated for 2 weeks. The male rabbits (mean age = 9
months, range = 8-10 months, and mean body weight
= 4.3 kg) were trained, for 1-2 months, to give semen.
Virgin female rabbits were 6-7 months old (mean body
weight = 3.9 kg). Animals were housed individually in
stainless steel cages (dimensions, 24 X 24 X 14.5 in) un-
der standard conditions (temperature, 65 + 2°F, 40
+ 20% relative humidity and 12-h light: 12-h dark cycle).
Food (5322 Certified Rabbit Chow, Purina Mills, Inc., St
Louis, MO) and deionized water were available ad /i-
bitum.

Chemicals

All biochemicals and chemicals, purchased from J. T.
Baker Chemical, Co. (Phillipsburg, NJ), Mallinckrodt,
Inc. (Paris, KY), or Sigma Chemical, Co. (St. Louis,
MO), were of the highest purity available.

Semen Collection

Semen was collected using an artificial vagina and
teaser doe (Tesh and Tesh, 1971). Since sexual prepara-
tion enhances the quantity of semen produced
(MacMillan and Hafs, 1967), each male was allowed
three false mounts of the female before collecting semen.
For multiple ejaculates (20-30 min between successive
ejaculates for any individual male), the males were sexu-
ally prepared for only the first two samples, since the li-
bido of some males was decreased if false mounting was
allowed for further ejaculates.

Semen Analysis

Any gel plug present in the semen was immediately
removed, since it contains high concentrations of citric
acid (Holtz and Foote, 1978) which would increase the
variability of this endpoint. The pH (using a micro-elec-
trode; Microelectrodes, Inc., Londonderry, NH) and os-
molality (using a vapor pressure osmometer; Wescor,
Inc., Logan, UT) of whole semen (indicative of accessory
sex gland activity) were measured within 5-10 min of
sample collection. Ejaculate volume was determined to
the nearest 0.05 ml using a plastic syringe of 1 or 3 ml
capacity.
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TABLE 1

PARAMETERS USED FOR COMPUTERIZED ANALYSIS OF
RABBIT SPERM (CELLSOFT SYSTEM)

System Parameter Value
Main Number of frames to analyze 15
Number of frames/sec 30
Video standard A
Minimum number of points
for motility 2
Minimum number of points
for velocity 4
Maximum velocity, pum/sec 250
Threshold velocity, um/sec 20
Cell color white
Pixel scale 0.662
Cell size range, pixels 15-40
Lateralhead Minimum number of points 7
amplitude Minimum velocity, um/sec 20
Minimum linearity 1.5
Circular Minimum number of points 4
motion Minimum velocity, pum/sec 20

Maximum radius, (um) 80

(a) Motility Assessment

All equipment in contact with ejaculated semen was
maintained at 37°C. Within 5-10 min of collection, se-
men was diluted (typically 1:20) in Ham’s F-10 tissue
culture medium without protein. Five microliters of di-
luted semen, placed into a 10-um Makler chamber
(Zygotek Systems, Inc., Springfield, MA ), was examined
by microscopy using a 10X negative phase objective and
10X ocular attached to a video camera and recorder.
Eight fields, at predetermined sites, were video recorded
for 10 sec per field onto RXPRO videotapes, and samples
identified by a concurrent audio recording. Curvilinear
and straight line velocities (Vcl, Vsl), amplitude of lat-
eral head displacement (ALH), linearity (LIN), beat
cross frequency (BCF), and the percentage circular were
determined with the CellSoft system (Cryo Resources,
New York, NY), using the settings listed in Table 1. The
number of sperm analyzed per sample from a videotape
ranged from 2 to 185 (median = 59). Hinting et al.
(1988) reported that analysis of 20 motile sperm is
sufficient to achieve reliable estimation of motility char-
acteristics.

(b) Sperm Concentration and Total Number

Semen was diluted (typically 1:200) in phosphate-
buffered saline (PBS) and 10% neutral buffered formalin.
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The concentration of sperm was determined by the he-
mocytometer method and counting two chambers per
sample (Freund and Carol, 1964). The total number of
sperm ejaculated was calculated from the sperm concen-
tration and ejaculate volume data.

(c) Sperm Viability

The physiological and structural integrity of the sperm
membrane was assessed using a modification of the hy-
poosmotic swelling test (Jeyendran et al., 1984). Semen
was diluted 1:20 in a hypoosmotic solution (11.8 mM
sodium citrate, 19.3 mM D-fructose; osmolality 75
mosM) and incubated at 37°C for 1 h. The cells were
fixed by adding 8 ul of 50% glutaraldehyde. The percent-
age of sperm with swollen (coiled) tails was assessed us-
ing phase contrast microscopy, and counting a minimum
of 300 sperm per sample, whenever possible, i.e., in 93%
of the samples.

(d) Percent Motility

The percentage of motile sperm in a sample was deter-
mined from the videotapes. The total number of sperm
in a visual field was determined, the tape advanced sev-
eral frames, and sperm in their original positions were
counted as nonmotile. Whenever possible, 200 sperm
were counted per sample, i.e., in 61% of the samples.

(e) Morphology

Semen was diluted (typically 1:150) in PBS, and 20 ul
smeared onto a clean glass microscope slide. The smears
were than airdried at 37°C. The sperm were stained in a
single step with a trypan blue, naphthol yellow, and eo-
sin-Y solution (0.8, 0.4, and 0.2% w/v, respectively, in
1% acetic acid) as described by Unnithan (1976). Two
hundred sperm for each rabbit were examined under
phase contrast at 400X and classified as normal or ab-
normal.

(f) Biochemical Measurements

Semen was kept at room temperature for less than 45
min before centrifugation. Previous data (not shown)in-
dicated that this procedure did not affect the biochemical
parameters evaluated (see below). Semen was centri-
fuged at 2000g for 15 min at 4°C, and the supernatant
(seminal plasma) used for biochemical analysis. Total
and tartrate-resistant acid phosphatase (AP) activities
were analyzed in fresh samples, and the remaining semi-
nal plasma was stored frozen until assayed for fructose,
citric acid, carnitine, and protein. Seminal plasma was
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deproteinized (except for protein analysis) prior to assay
as described by Mollering (1985), with one exception:
for neutralization, 0.6 M perchloric acid was added to
0.75 M potassium carbonate (ratio 3.8:1). For the pro-
tein, fructose, citric acid, and carnitine assays, concentra-
tions were determined, in duplicate, by reference to stan-
dard curves (protein: 0-0.6 mg/ml, fructose: 0-20 mm,
citric acid: 0-20 mM, and L-carnitine: 0~15 mMm).

(i) Acid phosphatase activity. (origin = epididymis;
Jones, 1974): The method used was adapted from Moss
(1985). Fifty microliters of diluted ( 1:10 in 45.9 mM ci-
trate buffer, pH 4.9) seminal plasma was added to 250 ul
of substrate solution ( 10.7 mM 4-nitrophenyl phosphate;
total AP activity) or substrate plus inhibitor solution (75
mM L-tartaric acid; tartrate-resistant AP activity). Fol-
lowing incubation for 75 min at 37°C, the reaction was
stopped by the addition of 2 ml 0.1 M NaOH solution.
The increase in absorbance at 405 nm was determined
by reference to a blank, prepared with water instead of
seminal plasma.

(ii) Protein concentration. The protein concentration
(indicative of accessory sex gland function in general)
was analyzed according to Bradford (1976 using bovine
serum albumin as a standard.

(iii) Fructose concentration. The concentration of
fructose (origin = prostate; Holtz and Foote, 1978) was
determined by an endpoint assay with sorbitol dehydro-
genase (SDH ), modified from the method of Anderson
et al. (1979). Five hundred microliters of deproteinized
sample was added to a reaction mixture containing 0.56
umol 8-NADH in 0.1 M sodium phosphate buffer, pH
6.8, in a final volume of 2 ml. Samples were incubated
for 90 min at 25°C in the presence of 3.8 units of sheep
liver SDH, and the decrease in absorbance was measured
at 340 nm.

(iv) Citric acid concentration. Citric acid (origin
= glandular vesicularis; Holtz and Foote, 1978 ) concen-
trations were determined as described by Mollering
(1985) except that the final incubation time was 30 min.

(v) Carnitine concentration. Carnitine (origin = epi-
didymis; Hinton et al., 1979) concentrations were deter-
mined as described by Marquis and Fritz (1964). Two
hundred to seven hundred microliters of deproteinized
sample was assayed in 0.1 M Tris-HCI buffer, pH 7.5,
containing 0.2 umol 3,5,-dithiobis( 2-nitrobenzoic acid),
0.5 umol acetyl coenzyme A (lithium salt), and 0.2 units
of pigeon breast muscle carnitine acetyltransferase in a
final volume of 2 ml. The increase in absorbance at
412 nm was measured following incubation for 30 min
at 25°C.

Artificial Insemination

The day before insemination serum progesterone con-
centrations were determined by radioimmunoassay
(Coat-a-Count, Diagnostic Products Co., Los Angeles,
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CA) as a test for pseudopregnancy (Browning et al.,
1980). Pseudopregnant rabbits ( progesterone concentra-
tion > 1 ng/ml) were eliminated from the study.

Ovulation was stimulated by an ear vein injection of
30 units hCG (Pregnyl, Organon Inc., West Orange, NJ)
per female, 1-2 hr before insemination. Semen was col-
lected (no more than an hour before insemination ) and
the sperm concentration determined. The percentage of
motile sperm was determined by counting nonmotile
sperm in a hemocytometer at 37°C, cooling the sample
on ice ( to immobilize the sperm ), and then counting the
total number of sperm in the same fields of view. The
semen was then diluted in oviduct simulating medium
(Alvarez and Storey, 1982) to the desired concentration
of motile sperm (see below). Each female rabbit received
0.25 ml of this diluted semen intravaginally using glass
insemination pipettes.

A titration curve to determine the minimum number
of motile sperm required for normal fertility was con-
structed by inseminating 4-20 females with a total of
0.25,0.5,0.75, 1, 2, 5, 10 or >200 million motile sperm
from 1 male. The variation in the number of implanta-
tion sites resulting from the insemination of one million
motile sperm from different males was also determined,
by inseminating 2-8 females for each of an additional 28
males.

On Day 13 of gestation (insemination day = Day 0),
females were killed with an overdose of anesthetic (T61,
Taylor Pharmacal Co., Decatur, IL) and the total num-
ber of embryos and resorptions determined.

Statistical Analysis

Coefficients of variation were calculated using stan-
dard analysis of variance techniques. The VARCOMP
procedure of SAS was used to caiculate the within-buck
and between-buck components of variance (SAS, 1985).
Power and sample size calculations were performed us-
ing routine assumptions and methods, and the formulae
used are shown in the Appendix. All measurements were
assumed to be normally distributed with constant with-
in-buck and between-buck variances. Some measure-
ments deviated from normality and were transformed.
However, results with the transformed versions were not
different from those obtained with the untransformed
ones, so, for simplicity, only the latter are presented.
Means were assumed to be constant within a specified
treatment group and time period. Power calculations
were based on the usual assumption that variances could
be estimated well enough to be considered known. We
considered first a design with a control group and a
treated group; the corresponding test was assumed to be
based on the difference between the control and treated
means (essentially a 7 test). We then considered a design
with a preexposure period, one group (control) would
be untreated throughout the study and the second group
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FiG. 1. The variability of sperm concentration and
number in single ejaculates. One ejaculate per male rab-
bit was collected once a week. Each curve represents data
from an individual animal.

would be untreated in the first period and treated in the
second part. The corresponding test was assumed to be
based on a comparison of the change between periods
rather than on the means of the groups. All powers were
calculated for a significance level of 0.05.

RESULTS
Semen Analysis

One ejaculate per week was collected from
four rabbits for 11 weeks. Sperm concentra-
tion and total sperm number exhibited a large
variation both within and between rabbits
over time (Fig. 1). The CVs for within a rab-
bit (W) were 53% (sperm concentration ) and
71% (total sperm number), and for between
rabbits (B) were 54 and 47%, respectively.

In an attempt to reduce this variability in
sperm number, multiple ejaculates were col-
lected from each rabbit within a short period
of time. At least 90% of the sperm obtained
in six ejaculates (collected 15-20 min apart)
was present in the first four samples (data not
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shown). Figure 2 shows that the total number
of sperm and the sperm concentration in four
gjaculates are considerably less variable [CVs
sperm number: 23% (W) and 20% (B);
sperm concentration: 17% (W)and 47% (B)]
than those determined in a single ejaculate.

The effect of collecting multiple ejaculates
(four samples per male, n = 10) twice weekly
for 5 weeks on the overall variability was also
determined. For both sperm concentration
and total number in the first and total ejacu-
lates, there was no advantage in collecting
samples twice a week. Indeed, in some cases,
the variability was actually increased (data
not shown).

Using the data illustrated in Figs. 1 and 2,
the power of two study designs was calculated
using the formulae derived in the Appendix.
Design 1 is a conventional design involving a
control group and various treatment groups.
Design 2 includes a preexposure period in
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FiG. 2. The variability of sperm concentration and
number in four ejaculates. Semen was collected from
each rabbit (four ejaculates per male) once a week. The
time interval between successive ejaculates for any male
was 15-20 min. Each curve represents data from an indi-
vidual rabbit, the same animals as in Fig. 1.
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TABLE 2

STATISTICAL POWER OF VARIOUS STUDY DESIGNS

Total sperm number in

Total sperm number in

one ejaculate four ejaculates
Percentage change
to be detected Design 1 Design 2 Design 1 Design 2
10 0.06 0.07 0.12 0.21
20 0.10 0.13 0.32 0.71
30 0.16 0.23 0.61 0.96
40 0.24 0.38 0.85 1.00
50 0.35 0.54 0.96 1.00

Note. The values in the table are the probabilities of detecting each respective percentage change in total sperm
number, which is shown for two study designs comparing one ejaculate with four ejaculates. Both designs use five
animals per group, with semen samples collected once a week for 15 weeks. Design 2 includes a 5-week preexposure
period followed by a 10-week exposure (postexposure) period. The calculations used the formulae derived in the

Appendix and the data shown in Figs. 1 and 2.

which baseline data are obtained for all ani-
mals, followed by a treatment or treatment/
posttreatment phase. Thus, in addition to a
concurrent control group each animal effec-
tively acts as its own control. For design 1,
using five animals per group and measuring
sperm number in single ejaculates collected
once a week for 15 weeks, there is only a small
chance (35%) of detecting even a substantial
change (50%) produced by a treatment
(Table 2). This probability is considerably
increased (to 96%) by evaluating the total
sperm number in four ejaculates. A further
increase in power is achieved by using design
2 (Table 2).

The smaller the change to be detected and
the higher the power required, the more ani-
mals per group are needed, regardless of end-
point or design (Table 3). However, for the
same change and power, these results again
empbhasize the advantage of design 2 over de-
sign 1, and measuring the total number of
sperm in four ejaculates compared with one
ejaculate.

Another major influence on statistical
power is the number of observations made
per animal (equivalent to time in a longitudi-
nal study). In design 1, using a 10-week expo-
sure period, there is only a 31% chance of de-
tecting a 20% change in the total number of

sperm in four ejaculates (Table 4). However,
increasing the length of the preexposure pe-
riod (N1) in design 2 has a large influence on
power (Table 4).

Additional endpoints, evaluating accessory
sex gland function or sperm characteristics
(see Table 5), were measured in the first and
total (four) ejaculates collected once or twice
a week from 10 rabbits. Overall, there was
only a small reduction, if any, in the variabil-
ity of any of the biochemical endpoints mea-
sured either in four ejaculates per week or in
the first of the ejaculates collected twice
weekly, compared with the first of four ejacu-
lates collected once a week (data not shown).
Hence, these endpoints were subsequently
measured only in the latter.

The mean values and the within- (W) and
between-buck ( B) variabilities of the various
parameters measured in semen are presented
in Table 5. The B/W ratio (Table 5) can be
used to determine the best study design to use
for a defined set of conditions. In general,
when the between-buck variability is large,
design 2 is preferable, and when the within-
buck variability is large, design 1 is better. For
example, for a total study length of 15 weeks
with five animals per group, design 2 (where
N1 = 5 weeks and N2 = 10 weeks) is prefera-
ble to design 1 (see Appendix) when the B/
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TABLE 3

THE NUMBER OF ANIMALS REQUIRED PER GROUP TO ACHIEVE POWER 0.8 FOR DIFFERENT STUDY DESIGNS

Total sperm number in
one ejaculate

Total sperm number in
four ejaculates

Percentage change
to be detected Design 1 Design 2 Design 1 Design 2
10 394 234 71 26
20 99 59 18 7
30 44 26 8 3
40 25 15 5 2
50 16 10 3 2

Note. The values shown are the number of animals required per group for two study designs and power of 0.8. The
designs use groups of equal size and semen samples were collected once a week for 15 weeks. Design 2 uses a preexpo-
sure period of 5 weeks followed by a 10-week exposure (postexposure) period. The calculations used the formulae
derived in the Appendix and the data shown in Figs. 1 and 2.

W ratio is >0.483 for all of the parameters
except for the sperm characteristics derived
from the CellSoft System. In the latter case,
design 2 is preferable when the B/W ratio is
>0.068 (assuming that 50 sperm [i.e., the
number of observations] per rabbit are ana-

TABLE 4

THE INFLUENCE OF LENGTH OF SAMPLING TIME ON
STATISTICAL POWER FOR DETECTING A 20% CHANGE IN
THE TOTAL NUMBER OF SPERM IN FOUR EJACULATES
FOR TwO STUDY DESIGNS

Length of exposure
(or postexposure)
Length of preexposure period in weeks

period in weeks (N1) (N2)

N1 N2=10
0 0.31
2 0.42
4 0.64
6 0.76
8 0.82
10 0.86

Note. Statistical power is shown for two study designs
using five animals per group. For design 1, in which there
is no preexposure period, N1 = 0. Design 2 includes a
preexposure period (N1) followed by an exposure (post-
exposure) period (N2). The calculations used the data
presented in Fig. 2.

lyzed each time). Thus, under these condi-
tions, design 2 is more suitable for all of the
endpoints shown in Table 5.

The power and minimum detectable effect
(the smallest percentage change from control
which can be detected) of both study designs
for all of these parameters are shown in Table
6. Itis noteworthy that for all of the endpoints
shown, design 2 is more powerful and sensi-
tive than design 1. A major assumption made
for design 2 is that there are no age or seasonal
effects, otherwise the power would be re-
duced. For all semen endpoints analyzed
over a 6-month period, there were no differ-
ences due to age (11-16 months) or season
(August-January; data not shown). Similar
findings were reported by Macari and Ma-
chado (1978).

Fertility Assessment

It is well recognized that many laboratory
animals produce far more sperm than are ac-
tually required to be maximally fertile
(Working, 1988). Therefore, the chances of
detecting decreased male fertility are im-
proved by reducing the number of sperm in-
seminated. In our studies, the mean number
of fetuses and resorptions (produced by in-
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TABLE 5

THE WITHIN- AND BETWEEN-RABBIT VARIABILITY FOR VARIOUS PARAMETERS IN
SEMEN FROM UNTREATED RABBITS

% CV
Parameter Mean Between (B) Within (W) B/W
Accessory sex gland function
[Fructose] mM 11.6 43 25 1.7
Volume (four ejaculates) ml 1.62 36 26 1.4
Tart-res AP units/liter 58.8 32 23 1.4
AP units/liter 86.9 27 20 1.4
[Protein] mg/ml 15.1 21 17 1.3
[Carnitine] mM 2.01 43 33 1.3
% Inhibition (AP) 33.2 22 21 1.0
Tart-res AP units/g 3.94 21 27 0.8
Volume (1st ejaculate) ml 0.61 29 39 0.7
AP units/g 591 18 24 0.7
[Citric acid] mm 11.0 35 58 0.6
pH 7.14 2 3 0.6
Osmolality mosm 257 3 5 0.6
Testicular function
[Sperm] four ejaculates millions/ml 445 34 24 1.4
Total sperm four ejaculates millions 698 35 32 1.1
[Sperm] 1st ejaculate millions/ml 441 43 43 1.0
Total sperm first ejaculate millions 262 47 52 0.9
Sperm function
% Viable 59.0 26 . 22 1.2
% Circular 23.9 30 39 0.8
% Motile 87.2 7 10 0.7
% Abnormal forms 13.0 19 34 0.6
Vcl, p/sec 117 11 33 0.3
Vsl, u/sec 108 12 36 0.3
ALH 2.3 16 56 0.3
LIN 9.1 3 16 0.2
BCF 15.0 3 33 0.1

Note. Semen was collected from 42 rabbits (four ejaculates/male) once a week for 6 weeks. The time interval
between successive ejaculates for any one male was 20-30 min. The results shown are for the first ejaculates unless
otherwise stated. The values within each category are ranked according to the B/ W ratio.

semination with greater than 200 million mo-
tile sperm) was 8.88 + 1.02 (mean + SE, n
= 16 females). When female rabbits were in-
seminated with 10, 5, 2, or 1 million motile
sperm (from the same male), the number of
implantation sites was not significantly less
than this value. However, when the insemi-
nations used less than one million motile
sperm there was a significant reduction in the
total number of fetuses and resorptions
(Fig. 3).

The vaniability in the number of implanta-
tion sites produced by insemination with one
million motile sperm from an additional 28
males was also assessed. The overall mean
number of fetuses and resorptions was 7.16,
and the within-buck and between-buck CVs
were 16 and 44%, respectively (n = 29 males
and 121 females). The statistical power of
fertility using artificial insemination with one
million motile sperm was calculated using
these data and the formula for study design 1
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TABLE 6

THE STATISTICAL POWER AND MINIMUM DETECTABLE EFFECT OF TWO STUDY DESIGNS
FOR VARIOUS PARAMETERS IN RABBIT SEMEN

Power? Minimum detectable effect?
Parameter Design 1 Design 2 Design 1 Design 2
Accessory sex gland function
pH 1.00 1.00 4 3
Osmolality 1.00 1.00 5 4
[Protein] 041 0.98 33 14
AP units/liter 0.28 0.93 41 17
% Inhibition (AP) 0.39 0.90 34 18
Tart-res AP units/liter 0.21 0.85 49 19
AP units/g 0.51 0.81 29 20
[Fructose] 0.14 0.78 66 21
Vol four ejaculates 0.17 0.76 56 22
Tart-res AP units/g 0.40 0.72 33 23
[Carnitine] 0.14 0.55 66 27
Vol first ejaculate 0.23 0.42 46 32
[Citric acid] 0.16 0.22 58 48
Testicular function
[Sperm] four ejaculates 0.19 0.81 53 20
Total sperm four ejaculates 0.18 0.56 54 27
[Sperm] Ist ejaculate 0.13 0.36 67 36
Total sperm Ist ejaculate 0.12 0.26 74 43
Sperm function
LIN 1.00 1.00 5 2
Vel 0.92 1.00 17 4
BCF 1.00 1.00 5 4
Vsl 0.90 1.00 18 5
% Motile 1.00 1.00 12 9
ALH 0.63 1.00 25 7
% Viable 0.30 0.89 40 18
% Abnormal forms 0.42 0.51 32 29
% Circular 0.22 0.43 47 32

¢ The values shown under “power” are the probabilities of detecting a 20% change from the control mean.

® The values shown under “minimum detectable effect” are the smallest percentage change from the control mean
which can be detected with 80% power. Both designs assume seven rabbits per group and semen samples collected
once a week for 15 weeks. Design 1 has no preexposure period. Design 2 has a 5-week preexposure period and a 10-
week exposure (postexposure) period. The results are calculated from the data in Table 5. The values within each

category are ranked according to the power of Design 2.

(see Appendix). The number of females in-
seminated per male is the number of samples
per male. Due to the large variability, the power
of artificial insemination with one million mo-
tile sperm is very low (Table 7). For example,
using 3 females per male and 6 males per treat-
ment group (i.e., a total of 24 animals per
group), the smallest change in litter size that

can be detected with an 80% probability is 49%.
Increasing the number of females inseminated
per male has only a small effect; even with 24
females for each of 6 males, the smallest change
detectable is 31%. If design 2 is considered, with
the fertility of the males being tested prior to
exposure, there is no increase in statistical
power (data not shown).
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sperm.

DISCUSSION

This report is the first one to detail the re-
sults of a full semen analysis in rabbits, evalu-
ating many aspects of male reproductive
function, such as the testis, accessory sex
gland function (general and site-specific),
and sperm characteristics. Computer assisted
semen analysis has not previously been ap-
plied extensively to rabbit sperm. The advan-
tage of a sophisticated characterization of
sperm movement is that factors important in
fertility could be identified. Overall, the im-
portance of such a detailed semen analysis is
that direct comparisons can be made with hu-
mans as an aid in cross-species extrapolation.

The data and/or formulae presented can
be used to optimize study designs with rabbits
in male reproductive toxicity studies for
efficient use of available resources. Ideally, pi-
lot data on variability should be collected be-
fore a study, as it is influenced by many
different factors (e.g., environmental condi-
tions, genetic factors, assay variation, etc.).
Such data, perhaps in conjunction with the
reported values, would enable an approxima-
tion of the required study conditions. Clearly,
there is no single optimum design for all pa-
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rameters described. However, each study can
be tailored specifically to address a particular
aspect of male reproductive function via se-
men analysis. Such an approach is useful
when information about a toxicant is avail-
able from studies with other species and/or
with structurally related chemicals.

Sperm concentration and total number
were among the most variable parameters an-
alyzed in rabbit semen. The present results
demonstrated that collecting four ejaculates/
male once a week was the least variable of the
collection frequencies evaluated. Desjardins
et al. (1968) also noted that intensive ejacula-
tion frequencies decreased variability in
sperm number compared to that of single
gjaculates. For both collection frequencies
(single vs multiple ejaculates) sperm concen-
tration was less variable than total sperm
number. However, the latter is more biologi-
cally relevant, as sperm concentration de-
pends upon accessory sex gland fluid secre-
tion (Amann, 1982).

In addition, the present results demon-
strated that the inclusion of a preexposure pe-
riod into the study design increased the statis-
tical power for all semen parameters. In as-
sessing a toxic insult on spermatogenesis in
the rabbit via semen analysis, a treatment/

TABLE 7

ARTIFICIAL INSEMINATION OF FEMALE RABBITS WITH
ONE MILLION MOTILE SPERM: STATISTICAL POWER

Number of females per male

% Change in
litter size 3 6 24
10 0.09 0.11 0.15
20 0.21 0.30 0.46
30 0.41 0.57 0.80
40 0.63 0.82 0.96
50 0.82 0.95 0.99

Note. The values shown are the probabilities (statistical
power) for detecting a change in litter size of defined mag-
nitude. The number of male rabbits per treatment group
= 6. The number of females inseminated per male is
equivalent to the number of observations per male (see
Appendix for formula).
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posttreatment period of 9-10 weeks is the
minimum time that should be considered.
This period is the estimated production time
of an ejaculated sperm from a spermatogo-
nium in this species (Amann, 1982).

The overall variability of a study is com-
prised of biological and analytical variation,
and the latter should be reduced as much as
possible. The inter- and intra-assay varia-
tions of the biochemical assays used in the
present evaluations were small, i.e., <10%.
The analytical variation for computer-as-
sisted semen analysis is also low (e.g., Gins-
burg ez al., 1988). It is well known that the
hemocytometer method for counting sperm
is variable (Freund and Carol, 1964). This
variability can be reduced by one person
counting many chambers per sample, e.g.,
eight, although this is very labor intensive.
Unfortunately, automated methods (Coulter
Counter, and CellSoft) were unsuitable in
our hands for counting rabbit sperm (data
not shown ) due to the presence of nonsperm
particulates in the semen. Hence, until im-
proved methods become available, the pres-
ent analytical variation must be accommo-
dated into the study design.

Fertility assessment is an integral part of a
male reproductive toxicity study, since the
ability to fertilize ova is the functional test of
sperm and is not, as yet, predictable from se-
men analysis (Amann, 1989). The present
study demonstrated that one million motile
sperm can be considered to be the minimum
number of sperm for normal reproductive ca-
pacity of the NZW rabbit, in close agreement
with previous reports (e.g., Austin, 1948;
Wales et al., 1965). However, this number
will vary with species, strain, and possibly
with individual animals. Ideally, although
not practical, a titration curve should be con-
structed for each male. A more feasible
method would be to evaluate each male’s fer-
tility at, e.g., 1 and 0.5 million motile sperm,
to more accurately define the minimum
number required. This procedure could be
used to evaluate preexposure fertility, i.e., de-
sign 2, which, although not statistically ad-
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vantageous, is biologically advantageous in
identifying infertile males.

Since most animal species produce a large
excess of sperm, it has been suggested that a
>90% decrease in sperm fertilizing capacity
would have to occur before any change in fer-
titity could be detected (Aafjes et al., 1980;
Working, 1988). Indeed, our data suggest
that a reduction of >99.6% in the number of
motile sperm would have to occur before any
decrease in fertility could be detected in the
NZW rabbit.

The large variation in fertility assessment
by artificial insemination with one million
motile sperm is comprised of male and fe-
male components. If the within-female vari-
ability is less than that for between-females,
then it might be beneficial to reuse females
for assessing male fertility. However, the dis-
advantages of reusing females include extra
housing costs (larger cages for bearing young,
longer housing periods) and multiparous
does tend to have decreased fertility (Wales
etal., 1965).

Despite the low power of fertility assess-
ment by artificial insemination with reduced
numbers of sperm, the biological sensitivity
isincreased (see also Amann, 1982; Working,
1988). Thus, it is surprising that when male
fertility was assessed in reproductive toxicity
studies using rabbits, few, if any, attempts
were made to adequately reduce the number
of sperm inseminated. Some studies used nat-
ural mating (e.g., John et al., 1983; Rao et
al., 1982; Foote et al., 1986), despite its poor
success rate (Foote ef al., 1986). Even when
artificial insemination was used, excess
sperm were still inseminated (e.g., Foote et
al., 1986; Chang et al., 1980). Hence, it is
possible, when negative effects on fertility
were reported (Chang et al., 1980; Foote et
al., 1986; John et al., 1983), that the fertility
test used was biologically insensitive to detect
subtle effects.

Statistical power provides information on
the probability of detecting a change of de-
fined magnitude if it occurs. The actual
change produced by a toxicant will depend
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upon the biological susceptibility of the pa-
rameter in question. The likelihood of a
changé occurring can not be gained from
variability data, but only from experiments
with male reproductive toxicants. Such stud-
ies are currently underway with rabbits. Al-
terations in seminal characteristics that have
previously been reported for various repro-
ductive toxicants in the rabbit have been sub-
stantial for certain endpoints. For example,
Rao ef al. (1982) reported a 57% decrease in
sperm count following inhalation exposure to
dibromochloropropane (10 ppm). Fox et al.
(1963) noted that tretamine produced a
500% increase in morphologically abnormal
sperm. As data variability was not reported,
it is not possible to determine the power of
the study designs used and, therefore, to com-
ment on the biological versus statistical sensi-
tivity for these endpoints. It is feasible that
smaller changes in other endpoints in these
studies were not detected due to variability,
thus, emphasizing the need for optimizing
study design so that male reproductive toxi-
cants do not go undetected in the rabbit.

In summary, the rabbit is awaiting full uti-
lization as a model for human response to
male reproductive toxicants. Every effort
should be made to optimize study design, i.¢.,
to maximize the chance of detecting adverse
effects. We have presented variability data for
semen analysis and fertility assessment and
its effects on the power of various study de-
signs, which should prove useful in achieving
such an aim.

APPENDIX
1. Notation for a Single Group

To develop the notation, first consider a
single group of R rabbits with N samples
each. The jth measurement from the ith rab-
bit is denoted x;. Rabbits are assumed to
differ in their mean; for the ith rabbit, the
mean of the measurements is denoted u;. The
variance of x; about this mean is denoted
W2 this within-rabbit variability is assumed
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to be the same for all rabbits. The means u;
themselves have a distribution; their mean is
denoted u, and their (between-rabbit) vari-
ance is denoted B2. Then overall, the mean
of x; is u and the variance of x;; is W?2 + B2,
The within-rabbit coefficient of variation
(CV) is defined to be W/ pu; the between-rab-
bit CV is similarly defined as B/ u.

Now construct the grand mean X, defined
simply as the sum of all the observations di-
vided by the number of observations:

f= tRl Z} lxx!
RN

Simple calculations show that the mean, vari-
ance, and CV of x are:

E(x) =
W2 B’

VaI'(X)—-IETV'*“I—{

V(D) = V(W/#)z (B/u)Z_

2. Testing for Differences Using Design 1

Now suppose that we have two groups of
R rabbits and we have N samples from each
rabbit (for a grand total of 2RN samples).
Suppose that the means of the two groups
may differ but the variances do not. Using no-
tation analogous to that used above, we will
have:

E(x)) =
E(X;) = pp = Opy
2
Var(x,) = Var(x,) = Z/N + i

We wish to test the hypothesis that the two
means are equal. We will test by looking at
the differences in the two means and rejecting
when the difference is too large; if N = 1, this
is a f test. We have:
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E(G—X1)=p —
N w?* B?
Var(x, — X)) = (EN + -E)

Define the quantity Z, as the ratio of the
mean of the difference to the standard devia-
tion of the difference:

_Eq-x) _ 6-1
' SD(% —x) V2CV(x)
(6—1)VR
V2 +W2

N#l

Let a be the probability of a type | error
(the probability of wrongly rejecting the null
hypothesis of equality). Define C as ®~!(1
—a/2), where ® is the standard normal
(Gaussian) distribution function. Conven-
tionally, « is chosen to be 0.05, which gives C
= 1.96; other values can be looked up in ta-
bles of ® or obtained from computer pro-
grams. The power of the test (the probability
of correctly rejecting the null hypothesis) will
then be <IJ(Zl - C) + @(_Zl - C)

3. Testing for Differences Using Design 2

Now suppose that the two groups of rabbits
consist of one group which is untreated
throughout the study and a second group
which is untreated in the first part of the study
and treated in the second part. Suppose that
each rabbit has N, samples in the first period
and M, in the second, giving a grand total of
2R(N, + N,) samples. Note that the sum N,
+ N, here is analogous to N in the previous
design. We allow for the possibility that
means vary with both treatment and period;
for example, if the vehicle has an effect itself,
even the control group will be changed in the
second period. Variances are again assumed
independent of treatment or period. Letting
the first subscript denote group and the sec-
ond denote period, we have:
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E(x1)=E(xy)=m
E(flz) = Aw,
E(x3;) = 0Ap,.

We test for differences between groups by
comparing x,, — X»; t0 X;, — X;; . In the previ-
ous section, we compared the measurements
in group 1 to those in group 2; now we com-
pare the changes in group 1 to those in group
2. By looking only at the changes each rabbit
undergoes, the fact that each rabbit may have
a different baseline becomes unimportant.
Define Z, in a manner similar to Z, above:

E((Xp — X21) — (X2 — X11))
SD((x22 = X21) = (X12 — X11))
Straightforward calculation shows that:

A6~ 1)VR

w21 1\
= 2 4 —_—
V2 uz(l A+ (N1+N2)

Zzz

Z,=

Again, the power of the test is given by &(Z,
—C)+ ®(—Z,— C). Note that if there are no
differences between the two periods, so that A4
= 1, then we have:

(6 —1)VR

\/_\ ui (Nn NZ)

and the between-rabbit standard deviation B
plays no role.

4. Comparison of the Two Designs

Suppose that the number of rabbits and the
total number of samples per rabbit is fixed
and you wish to determine whether design 1
or design 2 is better. The power of the test as-
sociated with design j is ®(Z; — C) + ®(—Z;
— (). Normally, one of these terms will be
quite small. If treatment decreases the mea-
surements, so that § < 1, then Z; < 0 and
power is approximately ®(—Z; — C). Con-
versely, if 6 > 1, power is approximately ®(Z;
— (). In either case, the approximate power
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for design 1 will be less than that for design 2
if | Z,|<|Z,|. Recall that:

0—1)\/—

/}41 (N1 +N2)M1

7 - A0 —1)VR
2 .
W2 1 1
2\ /S -a)+5(—+—
2( )+ A
Thus design | will be less powerful if:
1 1 A?
—t— |
[N, N, N1+N2]
<[4%—=(1 - A4)*]|B%
If 4 = 1, this condition simplifies to:
1 1 1
—+————— W2 < B
[N, N, N,+N2]

We prefer the first design when B/ W is small
and the second when B/W is large.
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