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Summary. Peroxidative damage induced by reactive oxygen species (ROS) has been
proposed as one of the major causes of defective sperm function. In previous studies of
the production of ROS in semen, the contribution of contaminating leucocytes was not
assessed. We determined the levels of ROS in 60 semen samples from men attending
our infertility clinic and demonstrated by performing extraction experiments with
antibody-coated magnetic beads that, within this unselected population of patients,
leucocytes were the major source of ROS in the low-density Percoll fraction. Of the
sperm motion parameters examined using computerized semen analysis, beat-cross
frequency was the only one significantly affected by the ROS in semen.
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Introduction

High production of reactive oxygen species (ROS) in some ejaculates has been associated with
defective sperm function ( Aitken & Clarkson, 1987; Aitken et ai, 1989b) as it causes peroxidation of
the polyunsaturated fatty acid content of the sperm plasma membrane (Jones et ai, 1979). The result of
this biochemical defect is that sperm cannot undergo the acrosome reaction and fuse with the oocyte
(Aitken et ai, 1989a), possibly owing to a loss ofmembrane fluidity (Ohyashiki et al., 1988). There are

two potential sources of ROS in semen: spermatozoa and leucocytes (macrophages and neutrophils).
Although the mechanism of ROS production by sperm has been extensively studied, the contribution
of leucocytes to the seminal ROS has not been fully assessed. This is important because leucocytes,
especially macrophages and neutrophils, are always present in semen (Barrati et ai, 1990a).

The main function of these leucocyte populations is phagocytosis (Smith et al., 1990), a process
associated with the production of ROS (Babior, 1978). From previous studies it appears that the
sperm and leucocyte ROS-producing mechanisms involve similar pathways, i.e. a dependence on

NADPH generated through the hexose monophosphate shunt (Aitken & Ford, 1988), stimulation
by phorbol esters and calcium ionophore (Aitken & Clarkson, 1987). As pointed out by the first
study that considered the potential of leucocytes to produce ROS (Aitken & West, 1990), it is
difficult to ascertain the relative contribution of spermatozoa and leucocytes to the ROS detected in
semen. This could be achieved only if'leucocyte extraction experiments' are performed from sperm
preparations in which the concentrations of ROS are measured before and after the removal of the
leucocyte population (Barratt et al., 1990a; Aitken & West, 1990).

We used antibody-coated magnetic beads to extract leucocytes from semen samples fractionated
on discontinuous Percoli gradients to determine the source of reactive oxygen species in semen. In

*Part of this work was presented at a meeting of the Society of the Study of Fertility (Kessopoulou et ai, 1990).
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the course of the experiments a simple chemiluminescent assay was used to follow the production of
reactive oxygen species in the fractions that were generated from a double-step Percoli gradient
(Aitken et al., 1989a). The chemiluminescent signals were recorded in the leucocyte-rich fraction
before and after the extraction of the leucocytes with immunomagnetic beads. Monoclonal anti¬
body (mAb) staining was used to detect seminal leucocytes (Tomlinson et al., 1990). Quantitative
motility analysis was used to evaluate any effect of ROS on sperm function, as this technique has
been shown to indicate the fertilizing capacity of human sperm in a donor insemination (DI)
programme (Irvine & Aitken, 1986; Holt et al., 1989).

Materials and Methods

Experimental design
Semen samples were liquefied and then subjected to manual and computerized semen analysis. Double-step dis¬

continuous Percoli gradients (40 and 80%) were used to separate the semen samples and ROS were determined with a

simple chemiluminescent assay. Contaminating leucocytes were extracted from the low-density layers of the Percoli
gradients with magnetic beads coated with a common leucocyte antibody. The chemiluminescent response of the
isolated leucocytes and the 'sperm fraction' was recorded to determine the source of the radicals. Leucocytes were
identified in whole semen and in the Percoll-generated fractions with mAbs and the alkaline phosphatase anti-alkaline
phosphatase (APAAP) staining method.

Semen analysis
Semen samples were obtained from 60 patients attending the University Research Clinic, Jessop Hospital for

Women, Sheffield, UK. The samples were liquefied at 37°C for 30 min, the volume and pH of the samples were then
measured and smears were prepared for morphological analysis (Barratt et ai, 1988). In addition, the samples were

analysed for quantitative motility using a Hamilton Thorn Motility Analyzer (Hamilton Thorn Research Inc.,
Danvers, USA). A 10 µ aliquant of semen was loaded into a 20 pm Hamilton Thorn microslide on a heated stage
(37°C) and was examined under an Olympus BH-2 microscope (Olympus Optical Co, Tokyo, Japan) using phase
contrast optics (20  objective). The analyser set-up is outlined in Table 1. The performance of the analyser was

continuously checked using the play-back function. A different set-up was used for samples with high round-cell
contamination.

Table 1. Hamilton Thorn analyser set-up used to analyse
whole semen samples and Percoll-generated fractions

without round-cell contamination

Frames at frame rate 20/25 s '

Minimum contrast* 6
Minimum size 4µ   :
Low/high size gates 0-3 µ  : I -7 µ  
Low/high intensity gates* 0-3 1-5
Head size of nonmotile spermatozoa 6 µ  
Head intensity of nonmotile spermatozoa* 115
Medium path velocity (V) 25 pm s"'
Low path velocity   µ  ß '

Slow spermatozoa motile No
Threshold straightness 80%

*Units of brightness above background intensity.

Determination of reactive oxygen species
The semen samples were fractionated on double-step discontinuous Percoli gradients prepared according to

Aitken el al. (1989a) using Earle's balanced salts (Gibco Ltd, Middlesex, UK) supplemented with 0-3% bovine serum

Downloaded from Bioscientifica.com at 08/23/2022 01:13:30PM
via free access



albumin (Fraction V; Sigma, Dorset, UK) (Earle's BSA) instead of BWW (Biggers el ai, 1971). Each gradient con¬
sisted of 3 ml 40% Percoli loaded on top of 3 ml 80% Percoli (Sigma, Dorset, UK) in a 15 ml conical sterile centrifuge
tube. A sufficient volume of semen ( > 1 ml) was layered on top of the gradient.

The gradients were centrifuged at 500 g for 20 min and the seminal plasma was then removed and two cellular layers
from the40-80% interphase and the 80% base were collected. These cellular layers weresubsequently washed with Earle's
BSA at 500g for 5 min and resuspended with Earle's BSA to a concentration of 10  IO6 spermatozoa ml '. The cellular
layers were also analysed using quantitative motility analysis.

Reactive oxygen species production was determined according to Aitken el ai (1987): 1 pi of the chemiluminescent
probe luminol (100 mmol 1 ' in dimethylsulfoxide) was added to 400 µ spermatozoa suspensions at 10  IO6 ml ' and
the response monitored on a 1251 BioOrbit luminometer (37°C) (BioOrbit UK Ltd, Berkshire, UK) driven by an

IBM-compatible personal computer.
Extraction experiments with antibody-coated magnetic beads were performed to clarify the source of the radicals.

This particular assay was performed for only 25 of the 60 samples as the volume of the samples was limiting. A 5-20 µ 
suspension of magnetic beads (Dynal UK Ltd, Wirral, Merseyside, UK) coated with a common anti-leucocyte anti¬
body (HLe-I, CD45, Becton Dickinson, Cowley, Oxford, UK) was added to 400 µ of the 40-80% fraction to extract
the contaminating leucocytes. After incubation for 1 h with continuous agitation at room temperature, the beads with
the adherent cells were removed with a magnet (Magnetic Particle Concentrator MPC-1, Dynal UK Ltd, Wirral,
Merseyside, UK) and were washed twice with Earle's BSA to remove any contaminating spermatozoa.

Determination of ROS of the leucocytes that were adherent to the beads and the nonadherent cells (spermatozoa
and germinal cells) was then carried out as previously described.

Identification and quantification of leucocytes
Preparation ofsemen smears. Smears of the initial sample and of the Percoll-generated fractions were reacted with

mAbs and visualized using the APAAP method to determine the numbers and subtypes of the leucocytes present.
Liquefied semen was mixed with phosphate-buffered saline (PBS, Gibco Ltd, Middlesex, UK) and centrifuged

at 600# for 10 min to remove the seminal plasma. This procedure was repeated twice and the cellular pellet was

resuspended in PBS to the original volume of the semen sample. This suspension was diluted (1:5 and 1:2) in PBS and
aliquots of 5 µ transferred onto individual wells of a PTFE-coated multiwell slide (C. A. Hendley, Essex, UK).

The Percoll-generated fractions were washed with PBS three times and centrifuged at 600 g. 5 µ aliquants were

spotted in duplicate onto multiwell slides. Slides were air-dried, wrapped in aluminium foil and stored at
—

20°C
before staining.

Positive and negative control slides were also prepared from human peripheral blood leucocytes that were isolated
from whole heparinized blood using density gradient centrifugation (Histopaque 1119/1077, Sigma, Dorset, UK) and
stored under identical conditions. For the negative controls, the primary antibodies were omitted from the staining
regimen.

mAh staining. Slides were allowed to thaw for 30 min before fixing in acetone:methanol ( 1:1 ) for 90 s and washing
in Tris-buffered saline (TBS, 005 mol 1~' Tris, 0-15molNaCll ', pH 7-6) for 5 min. All slides were incubated in
normal rabbit serum (1:5) for 20 min to saturate nonspecific binding sites. A panel of mAbs that have all been shown
to work well on semen smears (Wolff pi ai, 1990) was used to detect leucocytes and their subsets in semen (Table 2).

Table 2. Monoclonal antibodies (mAb) used to identify leucocytes in human semen

MAb Specificity Source

HLe-1 All leucocytes Becton Dickinson, Oxford, UK (BD)
Leu-2a Helper/inducer  lymphocytes (BD)
Leu-3a Suppressor/cytotoxic  lymphocytes (BD)
Macrophage Monocytes-macrophages Dako, High Wycombe, UK (D)
Pan  cell  lymphocytes (D)
FMC-10 Polymorphonuclear leucocytes Serotec, Oxford, UK

Slides were stained using the APAAP technique with a modification of the method described by Mason ( 1985) which
was first used to identify round cells in semen by Schobel et ai (1989). Ten microlitres of primary antibody (at a

predetermined dilution) was spread over each well and incubated for 30 min at room temperature.
After a 2 min wash with TBS, slides were incubated for 30 min with a rabbit anti-mouse secondary antibody

(Dako, High Wycombe, UK) diluted 1:25. The slides were washed once more in TBS, and the smears finally developed
with an APAAP complex diluted 1:40 for 1 h (Dako, High Wycombe, UK). Enhancement of the labelling reaction was
then ensured by repeating the incubation with secondary antibody followed by the APAAP complex for 10 min each.
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Alkaline phosphatase activity was determined by incubation with a substrate containing 0-5 mmol naphthol As-MX
phosphate ml ', 2% dimethyl-formamide, 0-01 mmol levamisole 1 ' (for inhibition of endogenous alkaline phospha¬
tase activity) and 3-9-mM Fast Red TR in Tris buffer (pH 8-2) for 20 min. Slides were then counterstained with
haematoxylin and mounted in Apathy's mounting medium (BDH, Poole, Dorset, UK).

Positive red-stained cells were counted on a Leitz Laborlux microscope (Leitz, Germany) under bright field
illumination (40  objective). The total number of positive cells on duplicate spots was recorded, averaged and
multiplied by the dilution factor (  200) to give the number of leucocytes per ml of semen (Cohen, 1971). Numbers of
leucocytes in the Percoli fractions were expressed per 10  IO6 spermatozoa.

Statistical analysis
The data were normalized using logarithmic transformations and nonparametric tests (Mann-Whitney and

Wilcoxon signed rank test) were performed. The relationship between different parameters was determined using
linear regression analysis. All the tests were performed using the Statistical Package for the Social Sciences (SPSS) on
an IBM-compatible personal computer.

Results

The semen characteristics obtained for the unfractionated samples and the Percoll-generated
fractions are shown in Tables 3 and 4 respectively. Chemiluminescent determination of the basal
ROS levels in the Percoll-generated fractions revealed a wide range of time-dependent activity with
a significant difference (P < 0-0001) between the low (40-80%) and high (80%) density fractions
(Fig. 1).

Table 3. Semen parameters of unfractionated samples
examined for reactive oxygen species

Semen parameter Median Range
Volume (ml) 3-5 14 90
pH 7-9 7-4-9-0
Density (106 spermatozoa ml') 440 20-180
Sperm motility (%)

grade I (V > 25) 25-0 0-33
grade II (10 < V < 25) 90 0-62
grade III (0 < V < 10) 70 3-38
grade IV (V = 0) 590 9-94

Path velocity (pm s ') 41-0 18-61
Progressive velocity (µ  s-1) 330 11-53
Lateral head displacement (pm) 2-7 \-4
Curvilinear velocity (µ   s_l) 490 23-73
Beat-cross frequency (Hz)* 8-2 2-15
Linearity (%) 640 40-84
Straightness (%) 790 57-91
Sperm morphology (%)

Ideal forms 41 5 2-76
Head defects 400 0-98
Midpiece defects 13-5 0-60
Tail defects 13-5 0-62

*Significant negative correlation with ROS (r = —0-48,
 < 0-001).

The identification of seminal leucocytes with monoclonal antibodies and the APAAP staining
method in combination with the fixed volume preparations were extremely reliable (CV < 10%). A
large variation in the number of leucocytes per ml of semen (median 13 000, range 400-2 710 000)
was detected with only two samples exhibiting > 1  IO6 leucocytes. The predominant leucocyte
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Table 4. Semen parameters of Percoll-generated fractions

Semen parameter
40- 80% Percoli fraction

Median (Range)

Sperm motility (%)
grade I (V > 25) 80 (0-26)
grade II (10 < V < 25) 50 (0-9)
grade III (0 < V < 10) 30 (0-85)
grade IV (V = 0) 840(12-98)

Path velocity (pm s ') 33-0(20-68)
Progressive velocity (pm s ') 260(14-98)
Lateral head displacement (pm) 31 (1-6)
Curvilinear velocity (pm s~') 440 (26-79)
Beat-cross frequency (Hz) 9-3 (2-25)
Linearity (%) 570(16-87)
Straightness (%) 71 0 (53- 97)

10r

>

2.

40-80

Percoli fraction (%)

80% Percoli fraction
Median (Range)

410 (3-83)
110 (1-18)
50 (0-12)

410 (9-95)
440(18-79)
36-0 (9-72)

3-6 (2-6)
600 (26-98)
10-3 (4-15)
600 (35-83)
760(51-88)

Jt

80

Fig. 1. Comparison of production of reactive oxygen species in the 40-80% and 80% Percoli
fractions of human semen over 10 min. ROS expressed as chemiluminescent signal. Boxes
indicate the 25 and 75 percentiles while the horizontal line within the box indicates the 50
percentile. Vertical lines indicate 10 and 90 percentile and dots indicate values outside this
range. ROS of the two Percoli fractions are significantly different (P < 0 001).

type, the neutrophil, was detected in almost every sample and accounted for 81% of the total
leucocyte counts. Cells of the monocyte-macrophage series accounted for 16% of the total
leucocyte numbers whereas  and  lymphocytes were rarely detected and then only in small
numbers.

In terms of leucocyte concentrations there was a highly significant difference (P < 00001)
between the low and high density Percoli fractions. The median leucocyte number per 10  IO6
spermatozoa in the 40-80% Percoli fraction was 4221 (range 0-326 333) while in the 80% fraction
it was 143 (range 0-55 000).

Extraction experiments with magnetic antibody-coated beads were performed from the
leucocyte-rich Percoli fraction (40/80%) for 25 out of the 60 samples as the volume of the sample
was limiting. The integrated response in the ROS assay from the leucocyte fraction for a 10 min
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Log (1 +  )

Fig. 2. Log-log plot of reactive oxygen species over 10 min in 40-80% Percoli fraction and
numbers of leucocytes (r = 0-65,  < 0001). . : number of leucocytes  IO1 per 107 spermatozoa.

period was higher (P < 0001) than that from the 'sperm' fraction and accounted for 65% (median
and range 50-76%) of the overall response. There was negligible sperm contamination of the
leucocyte fraction. The average recovery of leucocytes from the 40-80% Percoli fraction with the
beads was 88% (range 75-97%).

Linear regression analysis, which was performed after appropriate logarithmic transformations
(log x, log (1 + x)) of both the chemiluminescent response and the leucocyte numbers in the
40-80% Percoli fractions, revealed that there was a strong correlation between ROS levels and
leucocyte numbers (r = 0-65,  < 0001) (Fig. 2).

Of the motility parameters analysed only beat-cross frequency was significantly negatively
correlated with ROS levels (r = —0-48,  < 0001) (Table 3). There was no significant correlation
between sperm morphology and ROS (Table 3).

There was no significant difference in any of the parameters or the ROS between oligozoospermic
semen (<20  IO6 sperm ml-'), which comprised the semen of 15% of the population of patients,
and normal-density semen.

Discussion

In this study we examined the contribution of seminal leucocytes to the levels of reactive oxygen
species detected in semen using a novel method to extract leucocytes from sperm preparations. We
provided clear evidence that, in an unselected population of patients attending an infertility clinic
for the first semen sample, leucocytes are the main source of ROS in the low-density Percoli
fraction leaving spermatozoa to account for a lower proportion.

The methods used to identify and quantify seminal leucocytes were reproducible. Furthermore
the application of magnetic antibody-coated beads enabled us to isolate quite effectively most of
the leucocytes from sperm preparations (recovery >75%).

Inali previous studies that have examined the production of ROS in whole semen, density gradient
generated fractions, or swim-up preparations, the possibility of a leucocyte origin was excluded either
on the basis of < 1  IO6 ml ' leucocyte contamination or less than 1 % contamination (Aitken &
Clarkson, 1987; Alvarez et al., 1987; D'Agata et al., 1990). However, these authors did not provide
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sufficient detail of the methods used to identify and quantify leucocytes. Identification of seminal
leucocytes with standard cytochemical techniques such as the peroxidase method has been proved
inadequate and inaccurate as it identifies only leucocytes with an intact peroxidase enzyme (mainly
neutrophils) (Barratt et al., 1990b).

The data we obtained using an accurate and reliable method to identify seminal leucocytes
demonstrate that a leucocyte contamination of a semen sample of less than 1  106ml~' or even

less than 1% (median contamination in 40-80% Percoli fraction 004%, range 0-3-26%) can be
effective in producing ROS. Our observations are in accordance with previous in vitro experiments
that showed that leucocytes are more copious producers of ROS than are sperm as they can

produce at least 100 times more ROS than spermatozoa (Ford, 1990).
We observed little negative correlation between ROS and motility parameters. This poor corre¬

lation might not be surprising as in a previous study Aitken et al. (1989a) showed that, although
low levels of induced peroxidation prevented sperm penetration of zona-free hamster eggs, sperm
motility was not affected. It therefore appears that motility analysis is not an adequate predictor
of sperm function (Tomlinson et al., 1990) and should be performed in conjunction with more

sophisticated tests such as zona-binding and induction of acrosome reaction.
Our findings that leucocytes are the main source of ROS in semen are important in view of

the well-documented antioxidant effects of the seminal plasma. The synergistic action of ROS-
scavenging mechanisms in seminal plasma can protect spermatozoa when ROS production is not
excessive (Jones et al., 1979; Alvarez & Storey, 1989; Jeulin et ai, 1989; Bouvet et al., 1990).
Furthermore ROS have a very short half life and they would be rapidly degraded (Lunec, 1989).

The effectiveness of these 'extraspermatozoal' ROS on sperm function might depend on the
time of contact of leucocytes with spermatozoa which makes the issue of their origin important and
the need for human studies imperative (Barratt et al., 1990a).

Nevertheless in cases where the leucocyte-derived ROS affect the functional ability of the
spermatozoa either because the seminal plasma protective mechanisms are overwhelmed or

depleted, in vitro or in vivo therapy with antioxidants should be considered (Aitken, 1989).
We suggest that careful identification and evaluation of leucocyte numbers and determination

of spermatozoal and seminal plasma protective mechanisms should be performed in future
experiments that investigate the effect of ROS on sperm function.

The authors wish to acknowledge R. J. Aitken and W. C. L. Ford for their constructive
criticism. The excellent technical support of A. White and C. F. Dalton is greatly appreciated. M. J.
Tomlinson has a grant from the Medical Research Council. The study was supported by Infertility
Research Trust and Trent Regional Health Authority.
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