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ABSTRACT: The mammalian testis typically operates on the brink of hypoxia; the long-standing dogma is that 
increased testicular temperature increases metabolism, but blood flow is unaffected and the resulting hypoxia 
reduces sperm motility and morphology. In rats and mice, oxygen (O2) content of inspired air affected O2 content 
of testes, enabling the latter to range from approximately 50 to more than 200% of physiologic concentrations. A 
ram model was used to test the hypotheses that hypoxia would disrupt sperm motility and morphology and that 
hyperoxia would prevent hyperthermia-induced reductions in sperm motility and morphology. Eighteen Canadian 
Arcott rams (approximately 10 months old) were used in a 2 × 3 factorial, with factors being scrotal insulation 
(insulated or not insulated) and O2 concentrations in inspired air (14, 21 or 85%). Six rams, three with and three 
without scrotal insulation, were placed in each of three enclosed areas for 30 h to expose them to their respec-
tive oxygen concentrations, with scrotal insulation removed at the end of the exposure. Semen was collected by 
electro-ejaculation twice before insulation, bi-weekly for four weeks starting one week after exposures, and then 
once weekly for two weeks. There were effects of insulation, time and an insulation × time interaction for motile 
sperm and sperm that had normal morphology or head or midpiece defects (P < 0.01 for each). Sperm motility 
and morphology exhibited alterations between approximately two and five weeks after insulation, with mean 
progressively motile and morphologically normal sperm decreasing from approximately 55 to 35% and from 80 to 
30%, respectively, and with head and midpiece defects increasing from approximately 3 to 50% and from 10 to 20% 
(P < 0.05 for each). The hypotheses that hypoxia would disrupt sperm quality and production, whereas hyperoxia 
would prevent hyperthermia-induced reductions in sperm quality and production, were not supported. This is 
apparently the first report that heat-stress induced damage to sperm was due to increased temperature per se and 
not testicular hypoxia, calling into question a long-standing paradigm.

Keywords: scrotal/testicular thermoregulation; scrotal insulation; testicular hypoxia; semen quality; ram

In many mammals, including sheep, it is well 
established that testis must be 4–5 °C below core 
body temperature to sustain physiological produc-
tion of sperm, and to ensure that it is produced in 
proper numbers, and with appropriate motility and 
morphology (Skinner and Louw 1966; Kastelic et 
al. 1995; Saab et al. 2011). Furthermore, the testis 

normally operates in a condition of near-hypoxia 
(Waites and Setchell 1964). Increased testicular 
temperature causes concurrent increases in me-
tabolism and therefore oxygen (O2) demands. 
However, in the absence of a concomitant increase 
in blood flow (Waites and Setchell 1964; Setchell 
et al. 1995), the testis changes from a near-hypoxic 
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state to frank hypoxia. Consequently, the dogma 
is that decreased sperm motility and an increased 
proportion of morphologically abnormal sperm fol-
lowing increased testicular temperature are due to 
hypoxia (Setchell 1998; Paul et al. 2009). Although 
this view is widely accepted, to our knowledge, this 
has apparently not been formally tested.

Atmospheric air is approximately 21% O2, where-
as 16.0 and 10.8% O2 in inspired air constituted 
mild hypoxia and hypoxia, respectively, in rats 
(Chen et al. 2007). Mice breathing air with 12.5, 
15.0, 21.0, and 100% O2 had testicular O2 concen-
trations of 16, 24, 36, and 102 μmol/l (Baker and 
Lindop 1970). Similarly, breathing 100% O2 dou-
bled O2 saturation in rat testes (Kram et al. 1989). 
Therefore, we inferred there is an association be-
tween the O2 content of inspired air and O2 content 
of testes, enabling testicular oxygen content to be 
varied from approximately 50 to 200% of physi-
ologic concentrations.

The ability to independently alter testicular O2 
content and testicular temperature provided a 
novel opportunity to critically test effects of hy-
poxia and hyperthermia on spermatogenesis. The 
objective was to determine relative effects of hy-
poxia versus hyperthermia on sperm quality and 
production. We used a ram model to test the hy-
potheses that hypoxia would disrupt sperm motility 
and morphology and that hyperoxia would prevent 
hyperthermia-induced reductions in sperm motil-
ity and morphology.

Material and Methods

Canadian Arcott rams (n = 18) approximately 
10 months of age were used. All rams were des-
ignated satisfactory following a standard breed-
ing soundness evaluation (Ott and Memon 1980) 
and they were randomly allocated into one of six 
treatment groups. The experiment was a 2 × 3 fac-
torial, with scrotal insulation (insulated or not 
insulated) and three oxygen concentrations in in-
spired air (14, 21 or 85%). Scrotal insulation was 
used to increase testicular temperature and create 
testicular hyperthermia, as described (Waites and 
Setchell 1964). Regarding scrotal insulation, the 
first layer (in apposition with the scrotal skin) was 
Insul-Bright (The Warm Company, 954 East Union 
Street, Seattle, USA) which consists of hollow poly-
ester fibres needle-punched through mylar. A small 

amount of tag cement was applied to the scrotum 
to secure the insulation in place. Next, a disposable 
baby diaper was used to provide a second layer 
of insulation and to help hold the Insul-Bright in 
place, followed by a “tube” of stretchable fabric ma-
terial (tubular medical bandage material), held in 
place with adhesive tape at the top (scrotal neck) 
and at the bottom, tied with string.

Three enclosed chambers were used to house the 
rams during 30 h of exposure to variable oxygen 
concentrations; in each chamber, three of the six 
rams had insulated scrotums, whereas the remain-
der did not. Two steel-framed chambers (covered 
with synthetic “puck board”, approximately 7 mm 
thick) approximately 2.5 × 2.5 × 1.5 m were used 
for the low- and high-oxygen groups and a wire 
mesh chamber (covered with a tarpaulin) was 
used for the ambient oxygen group. The puck-
board chambers were virtually air-tight and were 
supplied with compressed oxygen or nitrogen to 
maintain an 85 or 14% O2 environment, respec-
tively. In one corner of the chamber, a barrier was 
installed (to prevent access by rams); this area 
housed a dehumidifier with a fan (to decrease 
relative humidity) and a second circulating fan to 
promote mixing of supplied gases. Temperature 
was controlled using a closed-circuit cold water 
system. Water was chilled with ice in a large res-
ervoir inside a refrigerator located between the 
two chambers, pumped through a hose into the 
sheep chamber, through a radiator cooler placed 
in front of the dehumidifier fan, and returned to 
the reservoir for re-cooling. Chamber temperature 
was maintained at approximately 23 °C. The floor 
of the chamber was covered with rubber matting 
and bedded with fresh straw, an automatic water-
ing bowl was attached on the wall and fresh hay 
was also available (to ensure ad libitum access to 
water and feed). Each chamber had a plexiglass 
(transparent) window on top facilitating viewing 
of the rams and equipment. Oxygen and tempera-
ture monitors were fixed inside the chambers and 
readings recorded manually every 15 min.

After 30 h, chambers were opened, scrotal insula-
tion was immediately removed and all rams were 
returned to pens. Semen was collected by electro-
ejaculation on two occasions (14 and seven days 
before scrotal insulation was applied) and starting 
at seven days after the onset of scrotal insulation, 
semen collection was done bi-weekly for four weeks 
and then weekly for an additional two weeks. All 
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heat-stress induced damage to sperm was due to in-
creased temperature per se and not due to testicular 
hypoxia as reported (Waites and Setchell 1964; Paul 
et al. 2009; Hamilton et al. 2016).

procedures involving animals were conducted in 
accordance with standards of the Canadian Council 
on Animal Care (1993) and were reviewed and 
approved by the Animal Care Committee of the 
Agriculture and Agri-Food Canada Lethbridge 
Research Centre.

Sperm were assessed subjectively for progressive 
motility (estimated in increments of 10%) at 400 × 
and 200 cells were examined (phase-contrast mi-
croscopy, 1000 ×) from each sample to determine 
morphological characteristics. Due to their subjec-
tive nature, assessments of motility and morphol-
ogy were done without knowledge of treatment 
group. Sperm morphology categories were normal, 
or defects, which included the head, midpiece or 
tail, based on morphological abnormalities de-
scribed for bull sperm (Barth and Oko 1989). All 
semen data were arc-sine transformed and trans-
formed data were analysed using a Mixed Models 
procedure for repeated measures, using main ef-
fects of insulation, oxygen, time, the three two-way 
interactions and the three-way interaction for pro-
gressively motile sperm, morphologically normal 
sperm, and for sperm with head, midpiece or tail 
defects. For all analyses, P < 0.05 was considered 
significant. If there was a significant main effect or 
interaction, differences were located using a least 
significant difference test.

Results

For motile sperm and for sperm that had normal 
morphology, a defective head or defective midpiece, 
there were effects of insulation, time and an insula-
tion × time interaction (P < 0.01 for each; Figure 1). 
None of the remaining statistical analyses revealed 
significant effects or interactions (P > 0.05).

Discussion

In this study, testicular hyperthermia (scrotal in-
sulation) significantly reduced percentages of motile 
and morphologically normal sperm; these changes 
were not prevented by hyperoxia nor replicated by 
hypoxia. Therefore, the hypotheses that hypoxia 
would disrupt sperm motility and morphology and 
that hyperoxia would prevent hyperthermia-induced 
reductions in sperm motility and morphology were 
not supported. This is apparently the first report that 

Figure 1. Mean (± SD) sperm characteristics in 18 rams 
with or without scrotal insulation (square and circle, 
respectively); insulation was applied on Day  0 and 
removed after 30 h. For motile sperm and for sperm with 
normal morphology and for those with a defective head or 
defective midpiece, there were effects of insulation, time 
and an insulation × time interaction (P < 0.01 for each)
*Difference (P < 0.05) between groups on that day of col-
lection
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Although no attempt was made to determine 
oxygen delivery to the testis or intratesticular O2 
saturation, this work was based on previous stud-
ies in laboratory rodents. Whereas atmospheric air 
is approximately 21% O2, rats breathing 16.0 and 
10.8% O2 in inspired air were considered to have 
mild hypoxia and hypoxia, respectively (Chen et 
al. 2007). Furthermore, mice breathing air with 
12.5, 15.0, 21.0, or 100% O2 had testicular O2 con-
centrations of 16, 24, 36, and 102 μmol/l (Baker 
and Lindop 1970), and in a rat study, breathing 
100% O2 doubled testicular O2 saturation (Kram 
et al. 1989). Therefore, there is apparently an as-
sociation between the O2 content of inspired air 
and O2 content of testes, enabling testicular oxy-
gen content to be varied from approximately 50 
to more than 200% of physiologic concentrations. 
The present study was conducted using rams, a 
mid-size animal that facilitated the work, including 
hyperthermia and hypoxia, and serial collection of 
semen. Measurement of testicular blood flow and 
oxygen delivery to the testis was not possible. The 
study was conducted based on previous studies in 
laboratory rodents, in which O2 content of inspired 
air modulated O2 delivery to the testes. Therefore, 
further, more invasive studies are needed to verify 
that rams have similar physiology.

It is well known that the mammalian testis op-
erates on the brink of hypoxia (Setchell 1998) and 
that testicular hyperthermia increases metabolism 
and hence O2 consumption. However, blood flow is 
reported to remain relatively constant and therefore 
the resulting hypoxia is regarded as the basis for de-
creases in sperm motility and morphology (Waites 
and Setchell 1964; Paul et al. 2009; Hamilton et al. 
2016). Regardless, to the authors’ knowledge, this 
has never been critically tested. In the present study, 
transient testicular hyperthermia caused substantial 
reductions in both motility and morphology. It was 
noteworthy that these changes were not prevented 
by hyperoxia, nor were they replicated by hypoxia. 
Therefore, we concluded that effects on motility and 
morphology were due to hyperthermia per se and 
not due to hyperthermia-induced hypoxia. Although 
these findings need to be replicated and refined, in-
cluding direct measurments of O2 delivery to the 
testis and ideally more objective means of assess-
ing sperm motility and morphology, they call into 
question the long-standing paradigm that the effects 
of testicular hyperthermia on sperm motility and 
morphology are secondary to hypoxia.

Decreases in sperm motility and increased num-
bers of sperm with head or midpiece defects were 
induced by scrotal insulation, with changes first 
apparent at approximately two weeks after the on-
set of insulation and persisting for approximately 
three weeks (i.e., approximately five weeks after the 
thermal insult). Similar changes occurred at cor-
responding times in previous studies that involved 
increased testicular temperatures in bulls and rams 
(Howarth 1969; Meyerhoeffer et al. 1985; Saab et 
al. 2011; Rocha et al. 2015; Hamilton et al. 2016) 
with some apparent differences in the magnitude of 
changes and the interval from the thermal insult to 
recovery, attributed to the degree and duration of 
testicular heating and perhaps species-specific char-
acteristics (Skinner and Louw 1966; Rathore 1970; 
Brito et al. 2004; Nichi et al. 2006). Furthermore, 
in this study, sperm damage occurred during the 
final stages of spermatogenic development in the 
testis (Howarth 1969; Cardoso and Queiroz 1988; 
Senger 2003). Although sperm at various stages of 
development or in the epididymis may be affected 
by increased testicular temperature (Lue et al. 1999; 
Perez-Crespo et al. 2008; Hamilton et al. 2016), in 
our study, due to the delay from testicular heating 
to appearance of abnormalities, there was no ap-
parent effect on sperm present in the epididymis. 
However, in a previous study in bulls with scrotal 
insulation (Vogler et al. 1991), sperm present in the 
epididymis were apparently unaffected when fresh, 
unfrozen sperm were evaluated, although changes 
were evident after sperm cryopreservation, thawing, 
and incubation for 3 h at 37 °C.

The importance of O2 availability for sperm dif-
fers according to their location (within the testis or 
within an ejaculate). For testicular sperm, aerobic 
metabolism is preferred to anaerobic (Voglmayr et 
al. 1971). Increased O2 uptake was described for 
rams during testicular insulation, but there was 
no apparent difference in lactate concentrations, 
and therefore, no indication that sperm switched 
from aerobic to anaerobic metabolism (Waites 
and Setchell 1964). It is noteworthy that anaerobic 
metabolism dramatically reduced sperm motil-
ity in both bulls and rams (Wilson et al. 1987). 
In human mountain climbers, chronic hypoxia 
reduced sperm motility and concentration and 
increased the number of immature sperm in the 
ejaculate (Verratti et al. 2008). Similarly, inter-
mittent hypoxia in monkeys disrupted testicular 
architecture, reduced motility and modified se-
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men pH (Saxena 1995). In contrast, hyperoxia had 
no apparent effect on testicular histology in rats 
(Nakada et al. 1986), supporting our interpreta-
tion that O2 availability may not be the primary 
mechanism responsible for the observed effects. 
Although some studies have been conducted, 
there is still a relative lack of information regard-
ing how high and low O2 availability in vivo im-
pact sperm. Furthermore, an increase in reactive 
oxygen species (ROS) and an impact on sperm 
mitochondria was observed after long term ex-
posure to increased intra-testicular temperature 
(approximately 33.5 °C), but no observation on the 
O2 availability was taken (Hamilton et al. 2016). 
Important modifications of the proteomic profile 
of seminal plasma were related to semen qual-
ity parameters after testicular heat stress in rams 
(Rocha et al. 2015), indicating another potential 
mechanism for the observed damage that is not 
necessarily caused by hypoxia.

In the present study, neither low nor high O2 in 
the inspired air significantly affected sperm motil-
ity or morphology. An in vivo model is preferred to 
understand testicular physiology, as there are auto-
protective mechanisms against low O2 tension in 
the testis (Elshaari et al. 2012) and natural antioxi-
dant systems (Aitken and Roman 2008; Reyes et al. 
2012) that are difficult or impossible to replicate in 
an in vitro model. Furthermore, under heat stress, 
testicular vasomotion (rhythmic tone variation in 
blood vessels) is greatly suppressed (Setchell et al. 
1995) which can impair testicular function (Lysiak 
et al. 2000; Aalkjaer et al. 2011).

In conclusion, there were no apparent effects of 
hypoxia on sperm morphology or motility; fur-
thermore, hyperoxia did not prevent decreases 
in sperm morphology and motility induced by 
increased testicular temperature. Therefore, in 
contrast to long-standing dogma, it appeared that 
increased temperature and not the hypoxia was the 
underlying cause of reductions in motile and mor-
phologically normal sperm in rams with testicular 
hyperthermia.
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