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ABSTRACT: This study was conducted to evaluate the effect of
sperm separation methods of semen samples collected from bulls
subjected to scrotal insulation on embryonic development after in
vitro fertilization (IVF) and to determine whether IVF results would
be affected by various heparin concentrations. Morphologically ab-
normal semen samples were obtained and cryopreserved from
Holstein bulls following scrotal insulation for 48 hours. Standard
protocols using the Percoll gradient (90%/45%) method and the
swim-up method were used to separate spermatozoa fractions in
experiment I. The pellet (Ap) and the 45% layer (Bp) were isolated
from the Percoll separation, while for the swim-up separation, the
supernatant (As) and the interphase (Bs) were isolated. The overall
blastocyst rate for our laboratory control semen was 23.1 6 2.1%
for Percoll separations (Ap and Bp) and 18.2 6 2.0% for swim-up
(As and Bs) separations. This rate was higher (P , .01) than the
rate observed for the semen from the bull that had the greatest
response to scrotal insult 5 days prior to the insult, when it was
9.2 6 2.1% for the Percoll separation and 20.7 6 2.3% for the
swim-up separation, while semen from 27 days after scrotal insu-
lation (D 127) resulted in no blastocyst formation for the Percoll
separation and a 4.2 6 2.1% rate for the swim-up separation. In
experiment II, semen was sampled from the bulls that responded
in the greatest and least degrees to scrotal insult 5 days before

scrotal insulation (D 25) and on days 23 (D 123) and 34 (D 134)
after scrotal insulation. These samples were exposed to IVF me-
diums with 3 different heparin concentrations (0.1, 1.0, and 10 mg/
mL). There was a significant difference (P , .05) in developmental
scores between the D 25 (1.08 6 0.08), D 123 (0.9 6 0.08), and
D 134 (0.8 6 0.08) samples, but no differences were observed in
blastocyst formation based on the number of cleaved embryos.
Increasing the heparin concentration resulted in higher (P , .01)
embryonic developmental scores. In conclusion, when semen
samples with high percentages of abnormal spermatozoa are used
for IVF, semen separation preparation methods affect results. Our
results show that the separation methods used under these con-
ditions were inadequate in their ability to provide potentially com-
petent sperm for IVF. However, selecting appropriate sperm sep-
aration procedures could improve in the IVF embryonic develop-
ment of semen from bulls used in artificial insemination. Also, an
increase in the heparin concentration was able to partially over-
come deficiencies, which suggests that morphologically abnormal
spermatozoa undergo capacitation despite possible structural
changes to the plasma membrane.
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The probability of successful development of a bovine
embryo is partially predetermined during the earliest

stages of development by virtue of the genetic and epi-
genetic contributions acquired from the male and female
gametes. Moreover, Saacke et al (2000) suggested that
both fertilization failure and failure in subsequent bovine
embryonic development are of seminal origin. The factor
with the highest predictive index for success with in vitro
fertilization (IVF) is sperm quality, which includes mo-
tility, morphology, and the percentage of sperm with in-
tact acrosomes (Zhang et al, 1998). Only viable sperma-
tozoa are able to interact with the oocyte and initiate fer-
tilization. While Barth and Oko (1989) documented that
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the percentage of bovine spermatozoa with normal mor-
phology in a semen sample is generally related to its vi-
ability, there is convincing evidence that other factors as-
sociated with lowered sperm quality may result in re-
duced embryonic quality or failure of the embryo to in-
duce maternal recognition of pregnancy (Kot and Handel,
1987; Saacke et al, 1998, 2000; Thundathil et al, 1999).

Kot and Handel (1987) suggested that the interaction
between abnormal murine spermatozoa and the oocyte is
different from the interaction between normal spermato-
zoa and the oocyte, resulting in decreased penetration or
fertilization and, subsequently, increased embryonic
death. Further in vivo bovine studies by Saacke et al
(1998) demonstrated that severe and moderately misshap-
en sperm heads were excluded from participating in fer-
tilization, but subtly misshapen sperm heads appear as
accessory sperm on fertilized ova, regardless of their pro-
portion in the inseminate. However, since spermatozoa
with the pyriform defect apparently have normal acro-
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somes and normal motility, they could be expected to
penetrate the zona pellucida and enter the ooplasm under
IVF conditions. Moreover, Thundathil et al (1999) re-
ported that with bovine IVF, the percentage of pyriform
spermatozoa that penetrate the zona pellucida and gain
access to the ooplasm was lower than that of normal-
shaped sperm. They found that most pyriform-shaped
spermatozoa that bound to the zona pellucida also man-
aged to penetrate it, suggesting that pyriform-shaped sper-
matozoa are primarily discriminated against during zona
binding.

Interference with the normal scrotal thermoregulation
of bulls resulted in decreased percentages of sperm with
normal head and tail morphology and reduced pregnancy
rates when they were used for natural mating (Lunstra
and Coulter, 1997). Furthermore, Saacke et al (1994,
2000) defined compensable seminal traits as those defi-
ciencies in semen that preclude the availability of sperm
for fertilization in vivo but stated that the effect can be
minimized by increasing the sperm dosage. This is op-
posed to the uncompensable seminal deficiencies that can-
not be overcome by increased sperm dosages and that
most likely impair embryonic development.

For IVF purposes, the removal of extender compo-
nents, including cryoprotectant, from cryopreserved bo-
vine semen is necessary to obtain a high percentage of
normal, viable spermatozoa. Methodological factors such
as sperm preparation could easily influence IVF results
within the same bull. Several methods for sperm selection
have been described, but the most widely used are swim-
up and Percoll gradient separation techniques (Rodriguez-
Martinez et al, 1997; Palomo et al, 1999). Sapienza et al
(1993) and Dode et al (2002) reported no differences be-
tween the quality of the swim-up–separated and Percoll-
separated spermatozoa. However, other researchers have
reported a lower recovery but a better quality of sper-
matozoa using swim-up, whereas, according to these re-
searchers, Percoll separation resulted in a higher recovery
rate and percentage of acrosome-intact spermatozoa (Par-
rish et al, 1995; Somfai et al, 2002). Moreover, IVF re-
sults were not affected when high concentrations of sper-
matozoa were used, which is contrary to when low con-
centrations were used (Ward et al, 2003). Furthermore,
spermatozoa must undergo capacitation in order to bind
to the zona and undergo the acrosome reaction. The exact
cellular mechanism by which spermatozoa undergo ca-
pacitation is still largely unknown, but several studies
have shown that the addition of heparin to the IVF me-
dium is an effective method for inducing capacitation in
vitro of bovine sperm and that heparin concentrations can
have an effect on IVF results (Parrish et al, 1988, 1995;
Saeki et al, 1995).

The effects of sperm preparation procedures and hep-
arin concentrations on bovine IVF are not well established

when abnormal sperm are used. Our hypothesis was that
a short-term thermal insult caused by scrotal insulation
would induce abnormal spermatozoa production that
would, in turn, provide semen to test the effects of semen
preparation methods and heparin addition when using IVF
on early bovine embryonic development. Therefore, the
objectives of this study were to 1) evaluate the effect of
sperm separation methods on semen samples collected
from bulls that were subjected to scrotal insulation (to
induce abnormal sperm morphology) on embryonic de-
velopment after IVF, and 2) determine whether morpho-
logically abnormal and normal bovine spermatozoa would
be differentially affected by variation in heparin concen-
trations.

Methods

Thermal Treatment of Bulls and Semen Collection
Six Holstein bulls, selected for their ability to produce semen
with greater than 70% morphologically normal sperm and at
least 70% progressive motility, were subjected to a 48-hour scro-
tal insulation period to obtain semen samples with high per-
centages of morphologically abnormal spermatozoa (Vogler et
al, 1993). Briefly, for each of the bulls (aged 13–24 months)
housed at the State University’s (Blacksburg, Va) Dairy Cattle
Center and handled by routine procedures to emphasize caution
and highlight well-being, ejaculates were collected twice weekly
and pooled from 2 ejaculates each day beginning 16 days prior
to insulation (D 216) and continuing for 34 days after scrotal
insult. Preinsulation collections (D 28, D 25, and D 21) served
as within-bull control samples, while semen collected on D 12
through D 19 postinsulation corresponded to ejaculated sperm
that were presumed to be in the epididymis and rete testis during
the time of scrotal insulation. Spermatozoa collected between D
113 and D 134 were presumed to be spermatozoa that were
undergoing spermiogenesis at the time of scrotal insulation and
were presumed to be abnormal (Vogler et al, 1993).

Semen Cryopreservation
On each semen collection day, the volume of each ejaculate was
determined. The 2 ejaculates from each bull were pooled and
diluted with egg yolk–citrate extender. Ejaculates were prepared
for cryopreservation at a concentration of 50 3 106 sperm per
milliliter with egg yolk–citrate-glycerol (Robbins et al, 1976).

Sperm Morphology
The collected semen samples were evaluated for morphological
abnormalities according to the methods of Barth and Oko
(1989). Abnormalities were classified by defects in the shape of
the sperm head (pyriform, tapered, and asymmetrical) and com-
pletely distorted head shapes, plus nuclear vacuolization (apical
vacuoles, diadems, and random vacuoles), which were all clas-
sified as primary abnormalities that, if produced, appeared in a
specific chronological order (Vogler et al, 1993). Thus, the scro-
tal insulation provided a means of varying the quality of the
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sperm population within bulls as well as across bulls (Vogler et
al, 1993). The bulls were then ranked according to the severity
of their response to scrotal insulation on the basis of the mor-
phological assessment of the semen samples collected. Semen
samples from 3 of these bulls were used in these studies.

Semen Separation Procedures
The standard protocols for the Percoll gradient (90%/45%) sep-
aration (Pertoft et al, 1978) and the swim-up method (Parrish et
al, 1986) were used to separate fractions for IVF. Both the pellet
(Ap) and the interphase layer between the 45%/90% gradient (Bp)
were isolated from the Percoll gradient; from the swim-up meth-
od, both the supernatant (As) and the interphase (Bs) were iso-
lated and used for IVF. In short, a Percoll gradient was prepared
in a 15-mL conical tube with 2 mL of 90% Percoll (1:9 [vol/
vol] mixture of Percoll and 103 synthetic oviductal fluid buff-
ered with HEPES; SOF HEPES; Sigma Chemical Co, St Louis,
Mo) added to the tube, which was layered with 2 mL of 45%
Percoll (1:1 [vol/vol] mixture of 90% Percoll and 13 SOF HE-
PES). Frozen-thawed semen was layered on the Percoll gradient
and centrifuged at 700 3 g for 30 minutes. Both the Ap and Bp

fractions were then washed in SOF HEPES by centrifugation at
500 3 g for 10 minutes at room temperature. For the swim-up
method, each of 4 tubes was filled with 1.0 mL of SOF HEPES
medium, and a 1.0-mL volume of frozen-thawed semen was lay-
ered under the medium. After a 1-hour incubation at 38.78C, the
upper 0.8 mL of the medium was collected as the As fraction,
and the lower portion (0.8 mL) was collected as the Bs fraction.
Both fractions were washed twice by centrifugation at room tem-
perature (700 3 g for 10 minutes).

IVF and Embryonic Culture
For each replicate, slaughterhouse-collected oocytes (n 5 400)
were matured in tissue culture medium 199 (TCM 199; Gibco,
Grand Island, NY) supplemented with 10% bovine calf serum
(Gibco), 0.01 U/mL luteinizing hormone (Sigma), and 0.01 U/
mL follicle-stimulating hormone (Sigma) for a 24-hour period
(Thompson et al, 1998).

IVF was performed with frozen-thawed semen samples from
the different bulls according to their responses to scrotal insu-
lation, which were based on the morphological assessment of
each sample after collection. Matured oocytes in a quantity suf-
ficient to perform 3 replicates per day were then washed in SOF
HEPES medium and placed in a 47-mL SOF-IVF drop (10 oo-
cytes per drop) supplemented with a heparin concentration of 10
mg/mL, and a 3-mL sample of each separation fraction was added
to the appropriate drop for a final concentration of 1 3 106 sper-
matozoa per milliliter (Parrish et al, 1995). Each treatment was
replicated on each of 3 days.

After 18 hours of sperm–oocyte incubation at 38.78C in an
atmosphere of 5% CO2, the presumptive embryos were denuded
by vortexing for 5 minutes in 1.0 mL of SOF HEPES medium.
Embryos were washed and placed in a 30-mL SOF–in vitro cul-
ture (SOF-IVC) drop and cultured at 38.78C in an atmosphere
of 5% CO2, 10% O2, and 85% N2 (Thompson et al, 1998). Sub-
sequent development was recorded on day 8 (IVF 5 day 0), and
a developmental score (0 5 degenerate, 1 5 2-cell embryo
through 5 5 blastocyst stage) was assigned to each embryo.

Sperm Morphology Evaluation
In addition to the morphological evaluation conducted at the
time of collection and freezing, a morphological assessment was
conducted after the IVF procedures in 2 of the replicates for
each sample, with care being taken to keep the individual frac-
tions (Ap, Bp, As, and Bs) separated. Wet smears were prepared
for analysis by placing a drop from each fraction onto a micro-
scope slide and immobilizing the spermatozoa with a drop of 40
mM sodium fluoride and then covering the drop with a coverslip
(Mitchell et al, 1985). Morphology was evaluated on 200 cells
using differential interference contrast microscopy at 10003
magnification under oil. The percentage of morphologically nor-
mal spermatozoa and the percentage of specific primary abnor-
malities that characterize a disturbance in spermatogenesis due
to scrotal insulation were recorded for each sample. Spermatozoa
with multiple abnormalities were counted only once, but each
abnormality of a particular spermatozoa was classified separately
(Barth and Oko, 1989) and included pyriform, tapered, vacuo-
lated, decapitated, and severely misshapen spermatozoa (Table
1). Data for asymmetrical shape and diadem defects made up
less than 10% of the total and are not listed in the table.

Experiment I: Separation Protocols
Semen Samples—Three types of frozen-thawed semen samples
were used for IVF. The first treatment was semen collected from
a bull, predetermined to be effective for IVF in our laboratory
(control). A second sample was obtained from one of the more
extreme responders to scrotal insulation (D 25 prior to the 48-
hour scrotal insulation). A third semen sample was taken from
the same bull on day 27 after scrotal insulation (D 127). The D
127 sample was selected because it had the smallest overall
percentage of normal spermatozoa, being reduced from about
70% to about 20%. This sampling protocol permitted an internal
and external control for IVF.

Experiment II: Heparin Effectiveness
Semen from the bulls that displayed the greatest and least re-
sponses to scrotal insulation was chosen to evaluate differences
in sperm morphology. For each of these bulls, 3 semen samples
were used for IVF: a preinsult sample collected 5 days before
insulation (D 25) and 2 postinsult samples, one collected 23
days later (D 123), when the percentages of pyriform, tapered,
vacuolated, and severely abnormal spermatozoa were observed
to be the greatest for bull I (the bull that displayed the greatest
response), and the other collected 34 days after insult (D 134)
at the end of the collection period (when sperm morphology had
returned to near-normal levels). The bull that displayed the least
response (bull II) to scrotal insulation showed no differences in
sperm morphology during the same time period. Within each
treatment group, semen samples separated using Percoll proce-
dures (Ap) (Pertoft et al, 1978) were exposed to 3 different hep-
arin concentrations (0.1, 1.0, and 10 mg/mL) that had been added
to the SOF-IVF medium. Slaughterhouse-collected oocytes were
randomly assigned to each heparin concentration within each
treatment group (n 5 30) after a 24-hour maturation period, and
this was replicated on 3 different days. After an 18-hour sperm–
oocyte incubation, the presumptive zygotes were cultured as in
experiment I; on day 8 (IVF 5 day 0), a developmental score
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Table 1. The percentages of primary abnormalities present in each semen sample fraction after morphological evaluation in experiment I*

Sample†
Separation
Fractions‡ Normal§ Pyriform

Tapered
Heads

Apical
Vacuoles

Random
Vacuoles

Severely
Abnormal\ Decapitated

Control Ap

As

Bp

Bs

76
75
64
74

3a¶
3a

4a

5a

17
20
25
28

5
3
7
2

0
2
3
1

2
0
2
1

2.0b,c

0a

1.5a,b,c

0a

D 25
(preinsulation)

Ap

As

Bp

Bs

69
69
61
53

5a

11a,b

8a

15b

14
13
20
33

2
1
2
0

9
8

11
3

3
3
3
0

1.5a,b,c

1.0a,b

0.5a,b

0a

D 127
(postinsulation)

Ap

As

Bp

Bs

22
16
10
27

43c

55d

57d

49c,d

17
8

19
25

12
3
9
2

19
10
12
6

10
16
10
4

17.5d

0.5a,b

3.0c

3.0c

SE 6.4 2.5 3.4 3.1 3.1 2.0 0.5

* Multiple abnormalities were recorded per single sperm cell when present.
† Control indicates laboratory control semen; D 25, semen collected 5 days prior to scrotal insulation; and D 127, semen collected 27 days after

the 48 hour scrotal insulation.
‡ Percoll: pellet (Ap) and the 45% layer (Bp); swim-up: supernatant (As) and the interphase (Bs).
§ Morphologically normal-shaped heads.
\ Severely abnormal spermatozoa, head shape completely distorted.
¶ Means without common superscripts within category differ at P , .05.

(0 5 degenerate, 1 5 2-cell embryo through 5 5 blastocyst
stage) was assigned to each embryo.

Statistical Analyses
Data from both experiments were analyzed by 1-way analysis of
variance using the PROC GLM and/or PROC MIXED procedure
of Statistical Analysis Systems (1999) and chi-square analysis.
Cleavage and developmental rates were determined for both ex-
periments. The effects included in the model for experiment I
were semen sample collection day, separation method, separation
fractions, repetitions, and interactions among semen sample, sep-
aration fraction, and separation method. Replicate effects were
not significant (P . .05) and were deleted from the final models.
Pearson simple correlations were conducted between the devel-
opment of sperm abnormalities and the percentages of abnor-
malities in each sample using the PROC CORR procedure of
SAS (Statistical Analysis Systems, 1999). In experiment II, the
model included the main effects of bull, semen sample collection
day, heparin concentration, and interactions among bull and hep-
arin concentration, bull and semen sample collection day, and
semen sample collection day and heparin concentration. Repli-
cate effects were not significant and were deleted from the final
models.

Results

Experiment I: Separate Protocols
The percentages of individual sperm abnormalities are
presented in Table 1. Overall, 72 6 3.2% of the sper-
matozoa from the control bull were normal, which was
not different from the D 25 normal sperm population (63
6 3.2%), but both were higher (P , .01) than the 18.5
6 3.2% normal population from the D 127 collections.

The percentage of pyriform sperm heads was affected by
sample collection (P , .01), and the control was less than
(3.8 6 1.2%; P , .01) the D 25 semen, which was in-
termediate (9.5 6 1.2%) and different (P , .01) from the
D 127 semen (50.6 6 1.2%). The significant interactions
between samples collected relative to separation method
and separation fraction (P , .01) for pyriform heads are
shown in Table 1. There was a significant interaction (P
, .01) for sample collection relative to the separation
fraction for tapered head abnormalities. Generally, the A
fractions had lower (P , .05) percentages of tapered
heads (control, 18.0 6 2.4%; D 25, 13.3 6 2.4%; and D
127, 12.5 6 2.4%) than the B fractions (26.0 6 2.4%,
26.0 6 2.4%, and 21.8 6 2.4%, respectively). However,
the control A and D 127 B fractions were not different
from each other (P . .05). Apical vacuole defects were
lowest for D 25 (0.9 6 1.6%) and were different (P ,
.01) from both the control (4.0 6 1.6%) and the D 127
(6.3 6 1.6%) samples. The significant 3-way interaction
for decapitated heads is shown in Table 1. The D 127 Ap

fraction had the greatest percentage of decapitated heads.
Cleavage rates were significantly (P , .01) different

among semen samples and were significantly affected (P
, .01) by the method of separation. For the control se-
men, the cleavage rate was 64 6 2.1%, which was higher
(P , .01) than the 51 6 2.3% that was observed for the
D 25 semen sample and the 31 6 2.2% cleavage that
was observed for the D 127 semen sample, which, in
turn, was the lowest and different (P , .01) from the D
25 sample. The cleavage rates for semen from the control
bull were highest (75 6 3%) for the swim-up method and
53 6 3% for the Percoll separation (P , .01) compared
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Figure 1. Cleavage and blastocyst rates (6SE) following in vitro fertil-
ization (IVF) relative to the separation procedure (Percoll or swim-up) for
control, day 5 before scrotal insulation (D 25), and day 27 after scrotal
insulation (D 127) semen samples following a 48-hour scrotal insulation
in experiment I. Means of 3 replicates without common superscripts differ
at P , .05 (lowercase for cleavage rates, uppercase for blastocyst rates).

Table 2. Mean cleavage rate (6SE) for sperm separation fractions following IVF for semen obtained from a control bull and for semen
collected before and after 48 hours of scrotal insulation in experiment I*

Semen
Sample

Percoll, %
(Total No. Oocytes)

Ap† Bp

Swim-up, %
(Total No. Oocytes)

As Bs

Control
D 25
D 127

77a‡ 6 4 (140)
57d 6 5 (104)

29b,e 6 4 (134)

29b,e 6 4 (121)
33b,e 6 4 (118)
23e 6 4 (109)

81a 6 5 (104)
54d 6 5 (101)
38b 6 4 (108)

69a,c 6 4 (130)
64c,d 6 5 (92)
34b,e 6 5 (107)

* IVF indicates in vitro fertilization.
† Percoll: pellet (Ap) and the 45% layer (Bp); swim-up: supernatant (As) and the interphase (Bs).
‡ Mean rates of 3 replicates without common superscripts differ at P , .05.

to 59 6 3 and 45 6 3% for the D 25 semen collections
(Figure 1). Cleavage rates were lowest and different (P
, .01) for Percoll (26 6 3%) and swim-up separation (35
6 3%) procedures for D 127. Cleavage rates were af-
fected (P , .01) by separation fractions (A and B). The
control bull semen fraction A (Ap and As) was higher (P
, .01) than the D 25 fraction A (79 6 3% vs 55.1 6
3.2%), which was not different from the control fraction
B (49.1 6 2.9%) and the D 25 fraction B (48.6 6 3.2%).
These fractions had greater cleavage rates (P , .01) than
the D 127 fractions A (33.5 6 3.0%) and B (28.3 6
3.1%), which were not different from each other.

The cleavage rates (Table 2) were significantly lower
(P , .01) between the Ap and the Bp fractions for control
bull semen and semen from the D 25 sample, but not for
semen from the D 127 sample, while the there was no
difference in the cleavage rates between the As and Bs

fractions. However, within each fraction, As and Bs, the
cleavage rates were significantly different (P , .01) only
among all 3 semen samples for As fractions and decreased
from 81% for the control As fractions to 38% for the D
127 samples, while for the Bs fractions, cleavage rates
decreased from 67% (control and D 25) to 34% at D
127.

The overall embryonic developmental scores were sig-
nificantly different (P , .01) among the 3 semen samples,
with the control having the highest development at 1.8 6

0.06, and it was different from D 25 samples (1.5 6
0.06), which was greater than D 127 samples (0.6 6
0.06). Additionally, there was a significant difference (P
, .01; Table 3) in the developmental score between prep-
aration methods, Percoll vs swim-up. Notably, the swim-
up separation provided more competent sperm than did
the Percoll separation. A significant (P , .01) interaction
was found between the control, D 25, and D 127 semen
samples and their separation fractions (Ap, Bp, As, and Bs;
Table 3) for embryonic development. Moreover, among
the different fractions, the developmental score for the
control was lower (P , .01) for both the Bp and Bs frac-
tions when compared to the Ap and As fractions, while
for semen from the D 25 samples, only the Bp develop-
mental score was lower (P , .01) than the others. The
developmental score for semen from the D 127 sample
was lowest for the Bp fraction but was not different (P .
.05) from the Ap, As, or Bs fractions. The developmental
scores from the A fractions (Ap and As) decreased signif-
icantly (P , .01) from the control bull semen to the D
25 sample and then was further decreased to the D 127
sample. However, the control bull and D 25 Bs fractions
resulted in greater development (P , .01) than all other
B fraction semen samples.

The overall blastocyst rates for the control semen for
the Percoll and swim-up separations were not different (P
. .05), nor were they different from the D 25 swim-up–
separated semen samples (Figure 1). But the blastocyst
rates were lower (P , .05) for the D 25 Percoll prepa-
rations, while for semen from the D 127 sample, there
was no blastocyst formation for the Percoll separation;
however, there was a 4.2% rate for the swim-up separa-
tion (Figure 1). There was a significant interaction for
semen samples relative to the semen separation fraction
(P , .01). The control bull semen separation fraction A
used for IVF resulted in the highest blastocyst develop-
ment (Figure 2). The D 25 fractions were not different
from each other (P . .05), but the A fractions resulted
in a higher blastocyst rate (P , .05) than the control frac-
tion B. Blastocyst rates for both D 127 samples were
lowest (P , .05).
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Table 3. Developmental scores (6SE) for sperm separation fractions following IVF for semen obtained from a control bull and semen
collected before and after 48 hours of scrotal insulation in experiment I*

Semen
Sample

Percoll

Ap† Bp

Swim-up

As Bs

Control
D 25
D 127

2.4 6 0.1a‡
1.5 6 0.2b

0.5 6 0.1c,d

0.7 6 0.1c,d

0.8 6 0.1c

0.4 6 0.1d

2.4 6 0.2a

1.7 6 0.2b

0.7 6 0.1c

1.7 6 0.1b

1.8 6 0.2b

0.7 6 0.1c

Mean 1.1 6 0.1A§ 1.5 6 0.1B

* IVF indicates in vitro fertilization.
† Percoll: pellet (Ap) and the 45% layer (Bp); swim-up: supernatant (As) and the interphase (Bs).
‡ Scores with different superscripts differ at P , .05.
§ Means with different superscripts differ at P , .01.

Figure 2. Blastocyst rates (6SE) following in vitro fertilization (IVF) ac-
cording to separation fraction (A or B) for control, day 5 before scrotal
insulation (D 25), and day 27 after scrotal insulation (D 127) semen
samples following the 48-hour scrotal insulation in experiment I. Means
of 3 replicates without common superscripts differ at P , .05.

A positive correlation was found between the percent-
age of morphologically normal sperm heads and the em-
bryonic developmental score (r 5 0.32, P , .01), while
a negative correlation was found between the develop-
mental score and the percentage of pyriform sperm (r 5
20.31, P , .01), diadems (r 5 20.20, P , .01), apical
vacuoles (r 5 20.18, P , .01), random vacuoles (r 5
20.30, P , .01), decapitated sperm (r 5 20.21, P , .01),
and severely abnormal sperm (r 5 20.29, P , .01) in
the semen sample.

Experiment II: Heparin Effectiveness
Descriptive data on the percentages of individual abnor-
malities for experiment II are shown in Table 4.

The cleavage rate was significantly (P , .01) affected
by the bull from which the semen sample was taken, the
semen sample collection day, and the heparin concentra-
tion. A lower cleavage rate (P , .01) was found for bull
I (23 6 2%; highest responding bull) than for bull II (33
6 2%; lowest responding bull), while the cleavage rates
for the D 123 and D 134 samples were lower (P , .01)
than for the semen from the D 25 sample (Figure 3).
Furthermore, the overall cleavage rate was higher when
heparin concentrations of 10 mg/mL (42 6 2.2%) were
used than when heparin concentrations of 0.1 mg/mL (17
6 0.7%) and 1.0 mg/mL (24.8 6 2.3%; P , .01) were

used. There was no interaction between the bull from
which the semen sample was taken, the semen sample
collection day, and the heparin concentration; however,
the interaction between the bull from which the semen
sample was taken and the heparin concentration ap-
proached significance (P , .08; Figure 4). For bull I, the
cleavage rate doubled when the heparin concentrations
increased from 0.1 to 1.0 mg/mL and almost tripled with
a 100-fold increase in the heparin concentration from 0.1
to 10 mg/mL. For bull II, there was no difference (P .
.05) in the cleavage rates when the heparin concentrations
were increased from 0.1 to 1.0 mg/mL, but cleavage rates
doubled when the heparin concentration was increased to
10 mg/mL.

In contrast to the cleavage rates, the embryonic devel-
opmental scores between the 2 bulls were not different,
but there was a significant difference (P , .05) between
the developmental score for semen from the D 25 sample
when compared to the D 123 and D 134 samples (Figure
3). The increasing heparin concentrations resulted in no
difference in the developmental score from 0.1 mg/mL
(1.4 6 0.06) to 1.0 mg/mL (1.5 6 0.06), with a significant
increase (P , .01) at 10 mg/mL (2.1 6 0.06) that corre-
sponded with the increase in overall cleavage rate from
18% to 42% as the heparin concentration increased from
0.1 to 10 mg/mL. There was no significant interaction (P
. .05) between the bulls from which the semen samples
had been taken, the semen sample collection days, and
the heparin concentrations when developmental scores
were tested. The rate of blastocyst formation based on the
percentage of cleaved embryos was not different (P .
.05) for the main effects of the bull from which the semen
sample was taken, the semen sample collection, and the
heparin concentration.

Discussion

Cleavage With Sperm Separation
The objective of the current study was to determine the
effects that various sperm preparation procedures and
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Table 4. Descriptive data on the percentages of abnormalities present in semen samples collected from bull I (high abnormal sperm
producer) and bull II (no relative change in abnormal sperm production) when both bulls were exposed to 48 hours of scrotal insulation in
experiment II

Semen
Sample* Pyriform Diadem

Apical
Vacuoles

Random
Vacuoles Decapitated

Severely
Abnormal†

Bull I
(responder)

D 25
D 123
D 134

7
55
12

0
30
0

8
40
8

3
8
2

2
20
9

1
22
30

Bull II
(nonresponder)

D 25
D 123
D 134

0
3
0

0
0
0

0
8
0

0
3
0

2
3
0

4
4
4

* D 25 indicates semen collected 5 days prior to scrotal insulation; D 123, semen collected 23 days after 48 hours of scrotal insulation; D 134,
semen collected 34 days after 48 hours of scrotal insulation.

† Severely abnormal spermatozoa, head shape completely distorted.

Figure 3. Overall percentage of embryonic cleavage and developmental
scores (103 higher) (6SE) according to the semen collection date (D
25, D 123, and D 134 following a 48-hour scrotal insult) after Percoll
separation of semen from a bull that responded to scrotal insulation (bull
I) and a bull that did not respond to scrotal insult (bull II) when the semen
was subjected to various heparin concentrations in experiment II. Means
within an effect with different superscripts differ at P , .05 (lowercase
for cleavage rates, uppercase for developmental score).

Figure 4. Overall cleavage rates (6SE) for the different heparin concen-
trations included in the fertilization medium following Percoll separation
of semen from a bull that responded to scrotal insulation (bull I) and a
bull that did not respond to scrotal insult (bull II) for experiment II. Means
of 3 replicates without common superscripts differ at P , .05.

heparin concentrations had when bovine IVF was per-
formed with abnormal sperm. Our hypothesis was that a
short-term thermal insult caused by scrotal insulation
would induce sufficient abnormal spermatozoa production
to provide semen that would, in turn, allow us to deter-
mine what effects our objective would have on early bo-
vine embryonic development. The decreased cleavage
rates with high proportions of abnormal sperm in the ejac-
ulate in experiments I and II were similar to what has
been reported by Eid et al (1994), who showed that when
low-fertility bulls were used for IVF, the cleavage rates
were low, and pronuclear formation was delayed.

Separation fraction (A vs B) effects were greatest on
cleavage only in the control bull (Figure 1), suggesting
that there are bull differences under routine conditions
and that deleterious impacts occurred due to thermal in-
sult. Other studies conducted with cattle have shown that
the donor of the semen influences the outcome of both
IVF and IVC (Parrish et al, 1986; Shi et al, 1990; Sham-
suddin et al, 1993; Rodriquez-Martinez et al, 1997; Ward
et al, 2003). Our higher cleavage rate for the swim-up

method compared to the Percoll separation was in agree-
ment with the findings of Parrish et al (1995). They as-
sociated the higher rate with a difference in the ability of
spermatozoa to penetrate ova in vitro after separation by
swim-up procedures when compared to Percoll separa-
tion. Moreover, hyperactivation of spermatozoa permits
an enhanced penetration of the zona pellucida (Stauss et
al, 1995).

Development With Sperm Separation
We found no difference in the development rates when
only the normal (As and Ap) fractions of each separation
method were compared, which supports the findings of
Parrish et al (1995). But for the Bs and Bp separation
fractions, lower developmental scores and developmental
rates were detected for the Percoll separation, while the
scores and rates for the swim-up method were not differ-
ent. Fractionation with the separation procedures showed
effective separation with the Percoll separation technique
in the control and D 25 semen samples in contrast to no
change in cleavage for the swim-up separation and the D
127 Percoll separation. Developmental data mimic these
changes (Table 3). Somfai et al (2002) reported that both
the swim-up and Percoll methods improved the propor-
tion of live spermatozoa used for IVF but that the devel-
opmental rate was higher with sperm from a Percoll sep-
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aration than with sperm from a swim-up separation. These
results imply that Percoll separation is more efficient for
partitioning high-quality, live, acrosome-intact spermato-
zoa from damaged or dead spermatozoa and reflect the
decrease in the developmental rate for the Bp fraction
from control bull and D 25 semen. In support, Brandeis
and Manuel (1993) found that the swim-up method sep-
arated a higher percentage of motile spermatozoa than a
Percoll separation but that the Percoll method yielded a
higher percentage of spermatozoa with intact acrosomes.
Furthermore, Somfai et al (2002) indicated that the results
with Percoll separation were more uniform and resulted
in decreased variances between semen samples of differ-
ent quality. In contrast, we found a significant decrease
in developmental rates as the percentages of morpholog-
ically abnormal sperm per sample increased (D 127) for
both Percoll and swim-up separations, regardless of
whether A or B fractions were used. The differences may
be due to the type of semen samples used. Somfai et al
(2002) used semen samples of high quality, whereas we
evaluated semen of high quality as well as semen with
high proportions of abnormalities. The fraction differenc-
es were evident only with control bull semen and the D
25 Percoll separations and were lost with the other sam-
ples (Table 3). This suggests that a decrease in the effi-
ciency of both sperm separation methods will bring about
an increase the percentage of high-quality spermatozoa
for IVF procedures. In support, Chen et al (1995) dem-
onstrated that the Percoll gradient was effective in re-
moving debris and other contaminants but that it resulted
in a low rate of sperm recovery for low-quality semen
samples. They reported that the percentage of immotile
sperm after a Percoll separation was higher than for the
swim-up method when both methods were used to pre-
pare abnormal semen samples for IVF. Moreover, Ng et
al (1992) found that the swim-up method was superior to
the Percoll method for the selection of normal sperma-
tozoa, which corresponds with our results (Figure 1). The
percentage of dead spermatozoa with swollen or damaged
acrosomes was higher after swim-up procedures than after
Percoll separations (Somfai et al, 2002), showing the in-
ability of the swim-up method to separate gross abnor-
malities from the A fraction. Moreover, Correa and Zavos
(1996) reported that the percentage of intact sperm re-
covered from either preparation method was lower than
the percentage of motile sperm. This provides evidence
that spermatozoa with primary abnormalities have enough
motility to participate in the swim-up process and there-
fore be present in the recovery fraction without clear ev-
idence that there was any potential to presumable partic-
ipation during IVF.

With the marked decrease in the developmental rates
(Table 3) and blastocyst formation rates (Figure 1), the
actual participation of abnormal spermatozoa (D 127) in

IVF is questionable, and fertilization may have been ini-
tiated by the small number of normal spermatozoa pre-
sent. There is evidence that grossly misshapen sperma-
tozoa can become involved in the fertilization process
once they gain access to the oolemma (Burruel et al,
1996). According to Ward et al (2003), IVF results were
not affected when high concentrations of presumable nor-
mal spermatozoa were used, but when low concentrations
of normal spermatozoa were used, the effect was more
prominent. However, Thundathil et al (1999) reported that
abnormal spermatozoa that penetrate the oocyte can be
involved in the fertilization process, but the resulting zy-
gotes may be less competent, thus explaining the reduc-
tions observed in the embryonic developmental score in
the current study. Moreover, spermatozoa with the pyri-
form defect apparently have normal acrosomes and nor-
mal motility and would be expected to penetrate the zona
pellucida and enter the ooplasm. However, Thundathil et
al (1999) reported that the percentage of pyriform sper-
matozoa that bound to and penetrated the zona and sub-
sequently gained access to the ooplasm was lower than
that of normal-shaped sperm, which is supported by the
negative correlation found in this study (r 5 20.31), as
evidenced by developmental scores.

Heparin
Heparin was tested to assess its impact on cleavage and
early embryonic development. The overall cleavage rates
more than doubled (18%–42%) when the heparin con-
centration was increased from 0.1 to 10 mg/mL. The same
effect was observed within each bull (Figure 4), despite
a lower cleavage and developmental score for the samples
with high percentages of abnormal spermatozoa present
(Figure 3). The nonresponding bull (bull II) had no re-
sponse to heparin concentrations until given the high
dose, while the responding bull (bull I) had a linear in-
crease in cleavage from heparin concentrations of 0.1–10
mg/mL. With regard to fertilization, these results suggest
that increasing heparin levels provided a mechanism by
which to partially overcome the deleterious effect of mor-
phologically abnormal spermatozoa that were induced by
thermal insulation. Saeki et al (1995) examined the fer-
tilization rates of individual bulls at different heparin con-
centrations of 1.0, 10, and 100 mg/mL and found that the
maximum fertilization rate occurred at 10 mg/mL. The
percentage of oocytes fertilized by sperm was heparin
dose-dependent and had a maximum response when hep-
arin concentrations of 10 mg/mL were added to the fer-
tilization medium (Parrish et al, 1988). Chamberland et
al (2000) concluded that a heparin concentration of 10
mg/mL in the IVF medium was necessary to induce the
physiological changes associated with capacitation and
the subsequent increase in sperm motility. Spermatozoa
must undergo capacitation in order to bind to the zona
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and undergo the acrosome reaction. Mendes et al (2003)
reported that the addition of heparin to the fertilization
media improved the cleavage rate and embryonic devel-
opment, regardless of which sperm separation method
was used.

Our results indicate the possibility that the normal
physiological and biochemical events associated with
cryopreservation and capacitation are hindered in abnor-
mal spermatozoa and therefore decrease the effectiveness
of heparin as a capacitation agent. In support, Kot and
Handel (1987) suggested that the interaction between ab-
normal spermatozoa and the oocyte may be different from
that between normal spermatozoa and the oocyte, result-
ing in decreased penetration or fertilization and subse-
quent impairment of embryonic development. Although
differences in cleavage rates existed between bulls and
the intermediate heparin level appeared to equalize cleav-
age between the bulls (Figure 4), subsequent development
did not differ, which suggests that the detrimental effects
of scrotal insulation on sperm quality are delayed. More-
over, the failure of normal embryonic development cor-
relates with the results of experiment I, in which the
cleavage rate was lower when a semen sample with a high
percentage of abnormal spermatozoa was used for IVF,
and may be related to uncompensable seminal traits
(Saacke et al, 1994) that cannot be minimized by in-
creased sperm concentrations or increased heparin con-
centrations. However, this effect seems to be eliminated
after initial cleavage. Thus, the effect of abnormal sper-
matozoa on IVF was manifested either prior to or during
the early stages of embryonic development, as indicated
by the differences in cleavage rates, but not during blas-
tocyst formation. Also, an increase in the heparin con-
centration could partially overcome deficiencies, which
suggests that morphologically abnormal spermatozoa un-
dergo capacitation despite possible structural changes to
the plasma membrane.

Interference with the normal scrotal thermoregulation
of bulls (Lunstra and Coulter, 1997) caused an increase
in the percentage of morphologically abnormal sperma-
tozoa and resulted in deleterious effects on embryonic
development. In addition, aberrant spermatogenesis may
affect the normal development of the structure of the
sperm plasma membrane, making it more susceptible to
structural changes. Fraser et al (1995) suggested that the
functional integrity of the sperm plasma membrane influ-
ences the physiological status of the spermatozoa and that
the destabilization of the plasma membrane leads to pre-
mature capacitation.

In conclusion, in contrast to semen with high popula-
tions of normal spermatozoa when semen samples with a
high percentage of abnormal spermatozoa are used for
IVF, the outcome of swim-up and/or Percoll separation
methods might be insufficient to allow successful embry-

onic development. Our data show that both separation
methods for abnormal sperm populations were inadequate
in their ability to provide potentially competent sperm for
IVF. Furthermore, the types of abnormalities induced by
scrotal insulation could be partially overcome by an in-
crease in the heparin concentration, which indicates that
morphologically abnormal spermatozoa may undergo ca-
pacitation despite possible structural changes to the plas-
ma membrane.
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