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(Impact of temperature on spermatogenesis in endothermic vertebrates)

In most mammals, spermatogenesis is a heat-sensitive process that proceeds
under low-temperature conditions in the scrotal sacs. Operational translocation of the
testis from the scrotal sac into the abdominal cavity causes spermatogenesis defect.
Some mammalian species do not have scrotal sacs and their testes stay in the body
cavity during development. However, some of these species develop specialized
testis-cooling mechanisms, such as the counter-current heat exchange system of
dolphins. Thus, it is hypothesized that a high-temperature condition is a causal factor
for spermatogenesis defect. However, in vivo assays, e.g., artificial cryptorchidism,
cannot control the temperature condition or exclude extra-testicular factors.
Therefore, the relationship between temperature elevation and spermatogenesis defect
still retains some ambiguity.

To overcome such limitations of in vivo assays, I have taken advantage of the
ex vivo culture, which enables the evaluation of the heat sensitivity of mouse
spermatogenesis under controlled temperatures and without the influence of extra-
testicular factors.

First, I found that the temperature in the scrotal sac was approximately 34°C,
by implanting temperature transponders. At 34°C the cultured explants harbored the
best-developed spermatogenesis including all stages leading to elongating spermatids.
Then, I tested the effect of body-core temperature (38°C) on spermatogenesis in the ex

vivo culture, and found that round and elongating spermatids were absent at this



temperature. I concluded that a high-temperature condition solely causes
spermatogenesis defect in the ex vivo culture, independent of extra-testicular factors.

To further dissect the temperature sensitivity of spermatogenesis, I incubated
the explants at various temperatures ranging from 30°C to 40°C. Among the
temperatures tested, culturing at 34°C supported the best progression of
spermatogenesis, whereas elongating spermatids were observed in smaller numbers at
32°C and 35°C, indicating that the scrotum provides the optimal temperature for
spermatogenesis. I revealed three temperature-sensitive steps, i.e., zygotene—
pachytene transition during meiotic prophase I, completion of meiosis to form round
spermatids, and maturation of round spermatids, which are affected at 37°C-38°C
(body core temperature), 36°C-37°C, and 35°C-36°C, respectively. It is notable that
such a small temperature difference as 1°C affects spermatogenesis differently. These
results not only reinforce the prevailing view that high temperature causes
spermatogenesis defect, but also indicate that the temperature dependence is more
complex than has been usually thought, harboring multiple temperature thresholds at
different differentiation steps.

To address the mechanisms of the block of meiosis at high temperatures and
the elimination of heat-damaged cells, I examined the progression of meiotic prophase
I in testis explants cultured at different temperatures. First, I evaluated the DNA
double-strand break (DSB) level and the DSB repair machinery. I found evidence for
increased DSBs and compromised DSB repair in spermatocytes cultured at 37-38°C. I
also found that inter-chromosomal synapsis was also impaired at 37-38°C.
Furthermore, at these temperatures, the progression to late pachytene spermatocytes
was blocked, followed by apoptotic cell death. Together, these findings suggest that a
surveillance mechanism, known as meiotic checkpoint, eliminates cells carrying DSBs
and unsynapsed chromosomes. I propose that a high-temperature condition primarily

impairs DSB repair and causes asynapsis, which in turn elicits apoptosis by the



surveillance mechanism of meiotic checkpoint.

Moreover, to understand the temperature sensitivity of spermatogenesis in
other endothermic vertebrates, I evaluated the heat sensitivity of avian
spermatogenesis using Japanese quail. Birds are known to have high body
temperatures (42°C), and their testes stay deep in the body cavity. Thus, avian testes
may be exposed to considerably high-temperature conditions. However, if and to what
extent the air sacs (extensions of the avian respiratory system) cool the testes was not
fully elucidated. By using implanted thermometers and blocking the air sac flow, I
found that the testes of Japanese quail are cooled by the air sacs by approximately
0.3°C, but their spermatogenesis can proceed even at their body-core temperature,
which is higher than that of mammals. To adapt to flight, birds might not have
developed the scrotal sacs. Rather, their spermatogenesis may have gained resistance
against temperatures as high as 42°C, possibly by altered temperature sensitivity of
the molecular machinery including those involved in meiosis.

In conclusion, based on the ex vivo culture, I made a number of observations
that provide insights into the heat sensitivity of spermatogenesis in mammals, from
fundamental and phenomenological descriptions to molecular-level mechanisms, as
well as a comparison with that in aves. This study will provide a foundation for a
better understanding of the biological significance of the low-temperature conditions

required for mammalian spermatogenesis.
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