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ORIGINAL ARTICLE

Influence of paradoxical sleep deprivation and sleep
recovery on testosterone level in rats of different ages

Mi Mi Oh’, Jin Wook Kim', Myeong Heon Jin', Je Jong Kim?” and Du Geon Moon®

This study was performed to assess serum testosterone alterations induced by paradoxical sleep deprivation (PSD) and to verify their
attenuation during sleep recovery (SR) based on different durations and ages. Wistar male rats aged 12 weeks for the younger group
and 20 weeks for the elder group were randomly distributed into one of the following groups: a control group (cage and platform),
3-day SD, 5-day SD, 7-day SD, 1-day SR, 3-day SR and 5-day SR groups. For PSD, the modified multiple platform method was used
to specifically limit rapid eye movement (REM) sleep. Differences in the testosterone and luteinizing hormone levels between the
younger group and the elder group according to duration of PSD and SR recovery were analysed. Testosterone continued to fall

during the sleep deprivation period in a time-dependent manner in both the younger (P=0.001, correlation coefficient r=—0.651)
and elder groups (P=0.001, correlation coefficient r=—0.840). The elder group showed a significantly lower level of testosterone
compared with the younger group after PSD. Upon SR after 3 days of PSD, the testosterone level continued to rise for 5 days after
sleep recovery in the younger group (P=0.013), whereas testosterone concentrations failed to recover until day 5 in the elder group.
PSD caused a more detrimental effect on serum testosterone in the elder group compared to the younger group with respect to

decreases in luteinizing hormone (LH) levels. The replenishment of serum testosterone level was prohibited in the elder group

suggesting that the effects of SD/SR may be age-dependent. The mechanism by which SD affects serum testosterone and how age

may modify the process are still unclear.
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INTRODUCTION

Sleep deprivation (SD) is considered to be a risk factor that contributes
to several disease processes’ via its ability to alter behavioural, hor-
monal and neurochemical pathways.zf5 Moreover, SD is known to
cause profound changes in the secretory patterns of distinct endocrine
axes in humans.® Several studies have shown that SD reduces circulat-
ing androgens in healthy men.”® However, most of the papers focused
on hormone alterations induced by stress and/or SD still use only a
single measurement at one point in time and, thus, do not elucidate
the complex neuroendocrine interactions that might occur in the
context of recovery.? The rebound period is peculiar because although
the rats have been allowed to sleep and theoretically recover from the
preceding SD, some physiological factors may not have returned to
their baseline values. Accordingly, it is of utmost interest to investigate
the severity of serum testosterone decreases based on the duration of
SD and their replenishment during a period of sleep recovery (SR).
Also, to date, there have been no investigations that have reported on
the differences in serum testosterone changes seen in paradoxical sleep
deprivation (PSD) and recovery by age group. This study was per-
formed to assess changes in serum testosterone level and luteinizing
hormone (LH) during different durations of PSD and SR in rats of
different ages.

MATERIALS AND METHODS

Animals

Wistar male rats aged 12 weeks for the younger group and 20 weeks for
the elder group were used. The rats were housed in standard polypro-
pylene cages (two rats in one cage) in a temperature-controlled
(23+1 °C) room with a 12 h:12 h light—dark cycle (lights on at
07:00 a.m.). All procedures used in this study complied with the
Guide for the Care and Use of Laboratory Animals and the experi-
mental protocol of Korea University and were approved by the Korea
University Institutional Animal Care and Use Committee.

Experimental procedure

The control group was divided into a cage control group and a plat-
form control group. For the platform control group, the rats were
group-housed using a modified multiple platform method without
water to investigate whether this group had the same results as the cage
control group. For SD, both the younger and elder group were divided
into groups based on length of SD as followed: 3, 5 and 7 days (10 rats
for each period). After each planned SD, the rats were anesthetized
with halothane. Blood was then collected directly from the heart and
centrifuged to obtain serum before 10:00 a.m. The testosterone (solid-
phase radioimmunoassay, Packard COBRA II gamma counter;
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Figure 1 Modified multiple platform method for paradoxical sleep deprivation.

Siemens, Hoffman Estates, IL, USA) (ng ml~') and LH (ng ml™")
(solid-phase radioimmunoassay, Packard COBRA II gamma counter;
Biocode, Liege, Belgium) concentrations were measured.

Methods for paradoxical sleep deprivation (Figure 1)

The rats were group housed (five rats in each arena) in modified
multiple platform arenas during PSD. The experimental group
was submitted to PSD using the modified multiple platform
method, which involved placing the rats in an acrylic water tank
(123X44X44 cm) containing 14 circular platforms, 6.5 cm in dia-
meter, with water up to 1 cm of their upper surface. Thus, the rats
could move around inside the tank by jumping from one platform to
another. When they reached the P phase of sleep, muscle atonia set in,
and they fell into the water and woke up. Throughout the study,
the experimental room was maintained at a controlled temperature
(231 °C) and light—dark cycle (lights on at 07:00 a.m. and off at 07:00
p.m.). Food and water were provided ad libitum by placing chow
pellets and water bottles on a grid located on top of the tank. The
water in the tank was changed daily throughout the SD period.

Sleep recovery

After 3 days of PSD, both the younger and elder groups were given a SR
period of 1, 3 and 5 days. After each planned SR period, the rats were
anesthetized with halothane, and the blood was collected directly from
the heart and centrifuged to obtain serum.

Statistical analysis

The Statistical Package for the Social Sciences version 13.0 for
Windows (SPSS Inc., Chicago, IL, USA) was used for the statistical
analysis The Kruskal-Wallis and Mann—Whitney U'tests were used. To
assess the relationship between the duration of SD or SR and the serum
testosterone level, we used the Spearman correlation analysis. P values
less than 0.05 were considered to be statistically significant.

RESULTS

Serum testosterone and LH concentrations for rats that underwent
PSD for different durations (Table 1 and Figure 2)

There were no statistical differences in serum testosterone level
between the platform control and the cage control groups in both
the 12-week-old younger group and 20-week-old elder group.
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Table 1 Serum testosterone and LH concentrations for rats that
underwent PSD for different durations

Testosterone (ng mi~ %) LH (ngmi~1)

Younger group  Elder group Younger group  Elder group
Control 6.16+2.49 4.37+1.66 7.42+4.80 5.59+4.97
PSD 3 days 5.10=2.05 2.29+0.98% 3.64x2.02 2.15+1.39*¢
PSD 5 days 3.02+1.85° 0.74%0.28° 262248  2.13+x1.26%
PSD 7 days 1.31+0.29° 0.14+0.06° 2.31+2.35% 2.01+1.15°

Abbreviations: LH, luteinizing hormone; PSD, paradoxical sleep deprivation.
2 P=0.001 compared with the control in the corresponding group.
¢ P=0.001 the degree of decrease compared with that of the younger group.

On Kruskal-Wallis testing, both the younger and elder group
showed statistically significant differences in testosterone based on
the duration of SD (i.e., 3, 5 and 7 days, P=0.001 for all). In the
younger group, the serum testosterone levels based on the number
of days of SD (i.e,, 3, 5 and 7 days) were 5.10+2.05, 3.02*1.85 and
1.3170.29 ng ml™", respectively. In the elder group, the serum tes-
tosterone levels based on the number of days of SD (i.e., 3, 5 and 7
days) were 2.29+0.98, 0.74+0.28 and 0.14+0.06 ng ml ™}, respect-
ively. The elder group showed a stronger negative correlation between
the duration of SD and serum testosterone level. The testosterone
concentrations continued to fall in all SD periods in a time-dependent
manner in both the younger (P=0.001, correlation coefficient
r=—0.651) and elder groups (P=0.001, correlation coefficient
r=—0.840).

In the younger group, the serum LH levels after SD for 3, 5 and 7
days were 3.64+2.02, 2.62+2.485 and 2.31+2.35 ng ml~', respect-
ively. In elder group, the serum LH levels after SD for 3, 5 and 7 days
were 2.15%1.39,2.13*+1.26 and 2.01£1.15 ng ml !, respectively. The
effect of PSD on serum LH started earlier and the degree was greater in
the elder group (P=0.001) compared with the younger group
(Figure 2b).

Serum testosterone and LH concentrations based on the duration of
SR after PSD (Table 2 and Figure 3)

In the younger group, after 3 days of PSD, the testosterone concentra-
tions after SR for 1, 3 and 5 days were 3.90+2.07, 6.83+1.53 and
8.36+1.64 ng ml~', respectively. The testosterone concentration in
the younger group showed a time-dependent increase during SR for
1, 3 and 5 days (P=0.013). A Spearman correlation analysis showed a
strong positive correlation between the duration of SR and serum tes-
tosterone concentration (P=0.001, correlation coefficient r=0.758).
However, in the elder group, on Kruskal-Wallis test, the testosterone
concentration did not begin to recover until day 5 of SR (P=0.004). In
addition, LH failed to recover in the elder group during SR, whereas LH
began to recover on day 2 of SR in the younger group (Figure 3).

DISCUSSION
A relationship between PSD and testosterone levels has been prev-
iously reported.” To date, this is the first study to compare the effects
of different durations of SD and SR on serum testosterone levels in rats
of different ages. We found that SD had more detrimental effects on
serum testosterone levels in the elder group compared with the
younger group and that the attenuation of such effects was inhibited
in the elder group during SR.

In this study, we used the modified multiple platform method for
PSD. PSD using the modified multiple platform method was developed
to minimize the intervening stress variables present on a single platform
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Figure 2 Changes in the testosterone (a) and LH concentrations (b) according to duration of sleep deprivation. The testosterone concentration continued to fall in all
sleep deprivation periods in a time-dependent manner in both the younger (P=0.001, correlation coefficient r=—0.651) and elder groups (P=0.001, correlation
coefficient r=—0.840). CC, cage control; LH, luteinizing hormone; PC, platform control; SD, sleep deprivation.

method, such as movement restriction.'° In our study, animals were
raised together from weaning, and habituation within the tank for
3 days was performed to establish a socially stable group, thereby
obviating other possible stress variables. This procedure is known to
be important, as PSD-induced hypothalamic—pituitary—adrenal axis
(HPA axis) variation is exacerbated under socially unstable condi-
tions.!"? Therefore, reduced hormone concentrations may be due to
both psychological stress and SD and may indicate hypogonadism, as
has been proposed.’?

Our results demonstrated a time-dependent decrease in serum
testosterone concentrations in both the younger and elder groups.
Other studies demonstrated that 96 h of PSD led to a reduc-
tion in testosterone concentrations and enhanced levels of pro-
gesterone,'* and corticosterone.'”> Our finding confirmed previous
reports of significantly decreased serum testosterone concentra-
tions with PSD after 24 h of wakefulness, and this reduction was
further enhanced with longer durations of SD. Singer and Zumoff®
reported a marked reduction in serum testosterone levels in sleep-
deprived healthy male medical interns compared with other hos-
pital personnel.

The degree of serum testosterone suppression was further
enhanced in the elder group falling down to almost nadir levels
(Table 1). Andersen et al.'* also demonstrated that SD reduced
serum testosterone levels in groups of both younger and older rats.
However, our experiment was the first to compare the effect of
the duration of SD on the serum testosterone concentration. The
enhanced effect of SD on serum testosterone levels in the elder group
might be due to the vulnerability of the elder group to SD-associated

Table 2 Serum testosterone and LH concentrations according to
duration of sleep recovery after 3 days of sleep deprivation

Testosterone (ng mi~ %) LH (ng mi~1)
Younger group Elder group Younger group Elder group
PSD 3 days 5.10%£2.05 2.29+0.98 3.64+2.02 2.15+1.39
SR 1 day 3.90+2.07 1.28+0.66 3.46+1.97 2.37+1.18
SR 3 days 6.83+1.53 1.97+0.44 9.28+0.98% 4.11+3.19
SR 5 days 8.36+1.64° 0.71+0.17 9.85+1.45° 4.35+1.10

Abbreviations: LH, luteinizing hormone; PSD, paradoxical sleep deprivation; SR,
sleep recovery.
@ P<0.05 compared with the control of the corresponding group.
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stress and their reduced ability to accommodate the HPA axis
derangements that accompany SD, thus allowing them to return to
a normally functioning HPA axis during periods of SR. These
changes might be more obvious in an even older group than the
one used in this study. However, as the age that we chose for the
elder group may not be old enough, this finding may be due to
differences in developmental processes of aging.

In the SR period, the young group showed a time-dependent recov-
ery in serum testosterone concentrations after 5 days of SR. In con-
trast, serum testosterone concentrations failed to recover until day 5 of
SR in the elder group. The time needed for recovery of serum tes-
tosterone to normal levels was at least 5 days, which is in accordance
with previous reports that serum testosterone remained low until 96 h
of SR.> The mechanisms responsible for the inability to return to
baseline testosterone values during SR until day 5 were unclear.
Three days of SD caused a reduction in peripheral testosterone, and
testosterone levels did not return to baseline in the recovery period of 5
days in the elder group. This suggested that longer periods of SD may
have long-term effects that may become harmful and might even lead
to hormone imbalances in the elder group. Longer periods of SR might
have enabled the elder group to eventually return to baseline serum
testosterone levels.

The exact mechanism whereby SD induces a reduction in serum
testosterone concentrations in PSD has not yet been determined.
Prolonged PSD induces alterations in several classical stress indices,
which reflect the function of the HPA axis.'” Marked reductions in
serum testosterone concentrations could be characterized as an indi-
cator of the stress response.'® Testosterone reduction may be related to
the increase in HPA-axis activity, especially corticosterone, which has
been shown to reduce testosterone production in Leydig cells and to
induce apoptosis in these cells, thereby directly suppressing testicular
functions.'” ™ Reduced testosterone is presumed to be associated with
an LH-mediated process® in accordance with our results. Here, we
found that PSD induced reductions in LH in association with reduc-
tions in serum testosterone levels. Also, the suppressive effect of PSD
on LH and serum testosterone was more pronounced in the elder
group as compared with the younger group. These findings may be
due to the fact that the elderly may be more vulnerable to stress or that
the function of their Leydig cells may be more prone to suppression by
the effect of PSD. However, as serum testosterone failed to recover
until day 5 of SR with an increase in LH, the decrease in the serum
testosterone level cannot be fully explained by the effect of decreased
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Figure 3 Changes in the testosterone (a) and luteinizing hormone (b) concentrations according to duration of sleep recovery after 3 days of paradoxical sleep
deprivation. In the younger group, a strong positive correlation was noted between the duration of sleep recovery and serum testosterone concentrations based on
Spearman correlation analysis (P=0.001, correlation coefficient r=0.758). SD, sleep deprivation; SR, sleep recovery.

LH levels. Although we did not investigate serotonin as another
possible factor for a decrease in testosterone, others have reported
that serotonin inhibited testosterone production,21 and some animal
studies have shown that serotonin concentrations were increased
during SD.?>?3 Thus, the decreased testosterone levels associated
with SD may be, in part, due to the serotonin-related inhibition of
testosterone production.* Although SD by itself could reduce tes-
tosterone,” SD involves some degree of stress. Cortisol is a major
stress hormone and is known to play an important neuroendocrine
role in many physiological processes under the regulation of the
HPA axis.”® Several studies have reported a negative relationship
between sleep and cortisol levels,?®?” and this hormone is known
to contribute to the aetiology or pathophysiology of other medical
problems. It is more likely that other important alterations, along
with stress, contribute to the decrease in serum testosterone levels
seen during SD,” as it is known that sleep deprivation produces a
reliable syndrome that includes increased energy expenditure and
metabolic rate, decreased body temperature, etc.”® Also, based on a
report demonstrating the influence of sleep disturbances on steroid
5a-reductase mRNA levels in the rat brain, rapid eye movement SD
enhances the expression of the 5o-reductase gene and, hence, the
production of neuroactive 5o-reductase steroid metabolites in the
brainstem, thus providing further evidence for the possible involve-
ment of 5a-reduced neurosteroids in the physiological mechanisms
regulating the sleep—wake cycle.”

SD caused time-dependent serum testosterone and LH decreases in
both the younger and elder groups. During SR, the testosterone level
failed to recover in the elder group, indicating a more detrimental
effect of SD on the elder group.

In summary, our results indicated that SD causes time-dependent
serum testosterone and LH decreases in both the younger group and
elder groups. However, during the SR phase, the testosterone level
failed to recover in the elder group, suggesting that the effects of
SD/SR may be age-dependent. The mechanism by which SD affects
serum testosterone and how age may modify the process are still
unclear.
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