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SUMMARY

Although chronic sleep restriction frequently produces long-lasting behavioural and physiological
impairments in humans, the underlying neural mechanisms are unknown. Here we used a rat
model of chronic sleep restriction to investigate the role of brain adenosine and noradrenaline
systems, known to regulate sleep and wakefulness, respectively. The density of adenosine Al and
A2a receptors and p-adrenergic receptors before, during and following 5 days of sleep restriction
was assessed with autoradiography. Rats (n = 48) were sleep-deprived for 18 h day! for 5
consecutive days (SR1-SR5), followed by 3 unrestricted recovery sleep days (R1-R3). Brains
were collected at the beginning of the light period, which was immediately after the end of sleep
deprivation on sleep restriction days. Chronic sleep restriction increased adenosine Al receptor
density significantly in nine of the 13 brain areas analysed with elevations also observed on R3
(+18 to +32%). In contrast, chronic sleep restriction reduced adenosine A2a receptor density
significantly in one of the three brain areas analysed (olfactory tubercle which declined 26-31%
from SR1 to R1). A decrease in b-adrenergic receptors density was seen in substantia innominata
and ventral pallidum which remained reduced on R3, but no changes were found in the anterior
cingulate cortex. These data suggest that chronic sleep restriction can induce long-term changes in
the brain adenosine and noradrenaline receptors, which may underlie the long-lasting
neurocognitive impairments observed in chronic sleep restriction.
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INTRODUCTION

A poorly understood but important problem in our 24/7 society is the increasing prevalence
of chronic sleep restriction (CSR), the daily insufficient sleep over a long period. CSR leads
to elevated daytime sleepiness and deteriorated cognitive performance as well as impaired
health, including hypertension, obesity, neuronal diseases and even increased mortality
(Banks and Dinges, 2007). Although many of these detrimental effects of CSR have been
documented in humans, there has been surprisingly little work on the brain mechanisms that
underlie the long-lasting behavioural and physiological impairments during and following
CSR. Here we used a rat model of CSR to investigate the role of brain adenosine and
noradrenaline systems, known to regulate sleep and wakefulness, respectively.

The inhibitory neuromodulator adenosine has been proposed as an endogenous sleep factor
that mediates the sleepiness associated with prolonged wakefulness. Extracellular adenosine
levels increase during spontaneous wakefulness as well as sleep deprivation (SD), especially
in the basal forebrain (BF), leading to inhibition of wake-active BF neurones, which have
widespread projections to the cerebral cortex and other brain areas (Basheer et al., 2004;
Brown et al., 2012).

The locus coeruleus noradrenaline neurones are known to mediate wakefulness. The firing
rate of these neurones is high during waking (especially during high vigilance), slow and
irregular during non-rapid eye movement (NREM) sleep and almost absent during REM
sleep (Jones, 2005). These neurones project diffusely to the forebrain, brain stem and spinal
cord, and are thought to initiate and maintain waking state (Berridge, 2008; Jones, 2005). A
recent optogenetic study also confirmed that locus coeruleus noradrenaline neurones play a
key role in modulating sleep/wake time and electroencephalography (EEG) power of
different arousal states (Carter et al., 2010).

With the novel rat model of CSR that we developed (Kim et al., 2007), we have investigated
changes in receptor mRNA of these two neurochemical systems (Kim et al., 2012, 2013).
Throughout five sleep restriction (SR) days and on the first day of recovery sleep we found
that adenosine Al receptor (A1R) mRNA levels were elevated in the BF region, whereas
A2a receptor (A2aR) mRNA levels were reduced in the frontal cortex (Kim et al., 2012). In
contrast, B-adrenergic receptor (B-AR) mRNA levels were reduced only on the first SR day
and returned to the baseline level from the third SR day in the anterior cingulate cortex (Kim
etal., 2013).

The present study used autoradiography and this rat CSR model to measure membrane-
bound A1R in 13 brain regions. A more limited analysis of A2aR and $-AR was conducted
in three brain regions. The extension of our previous MRNA findings is essential, because
mMRNA levels do not always predict neuronal receptor densities accurately (Rizzo et al.,
2014). Receptor density changes are also more physiologically relevant than mRNA. Indeed,
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the findings reveal brain region- and receptor-specific differences in receptor protein density
on the third day of recovery sleep that were not seen in previous mRNA studies.

Three-month-old male Sprague-Dawley rats were housed individually and maintained on a
12 : 12-h light—dark cycle (lights on at 10:00 hours) with free access to food and water. All
animal procedures were approved by the Institutional Animal Care and Use Committee at
the VA Boston Health-care System.

Experimental design

The experimental design followed our previous studies (Kim et al., 2012, 2013). Rats (n =
48) were moved to the experimental room at least 4 days before the experiments began and
were habituated to the SD wheels for 2 h day~ for 2 consecutive days (without rotation on
the first day and with rotation on the second day). Rats were assigned to one of the six
conditions (baseline = BL, SR1, SR3, SR5, R1, R3) and each condition had eight rats that
were run in two cohorts. The protocol was designed with daily 6-h blocks of sleep
opportunity (SO) starting at light onset, i.e. zeitgeber time 0 (ZTO = 10:00 hours), the
beginning of the rats’ rest period in order to model typical human CSR. For up to 5
consecutive days (SR1-SR5), animals were sleep-deprived for 18 h (ZT6-24) per day,
followed by a daily 6-h SO (ZTO- 6). Following the last day of SR, animals in the R1 and
R3 conditions were allowed unrestricted recovery sleep for up to 3 days. As shown in Fig. 1,
brains were collected at light onset (i.e. immediately following 18-h SD on SR days) on BL,
SR1, SR3, SR5, R1 and R3 days.

Sleep deprivation

Sleep deprivation methods have been reported previously in detail (Kim et al., 2012).
Briefly, animals were sleep-deprived by placing each animal in a periodically rotating wheel
(product no. 80860; Lafayette Instrument Co., Lafayette, IN, USA) programmed on a
repeated cycle of 4 s on (3 m min~1) and 12 s off during the daily 18-h periods of SD
(Animal Wheel Monitor software; Lafayette Instrument Co.). Animals had free access to
food and water throughout the SD and SO periods. After the daily 18-h SD period, animals
were returned quickly to their home cage for the 6-h SO. This CSR protocol has been shown
previously to reduce the amount of daily sleep to about half the normal sleep time for 5
consecutive days followed by 3 days of unrestricted recovery sleep (Kim et al., 2012).

Autoradiography

Rats (n = 48 in total) were anaesthetized briefly with isoflurane and then decapitated, and
their brains removed rapidly, frozen in 2-methylbutane (—40 °C) and stored at —80 °C. The
temperature of the brains (-80 °C) was equilibrated to the temperature at which they were to
be sliced (=20 °C) prior to slicing. Brain sections (20 um thick) were thaw-mounted onto
silane-coated slides (Starfrost adhesive; Knittel GmbH, Braunschweig, Germany). The
sections were then dried on a warming plate at 35 °C before they were sorted into slide
cassettes, vacuum-packed and stored at —80 °C. To obtain an anatomical overview of the

J Seep Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny A 1duasnuen JoyIny VA

1duosnue JIoyiny VA

KIM et al.

Page 4

brain sections, aiding the evaluation of the autoradiograms, cresyl fast violet staining was
performed in adjacent sections. Autoradiographic analysis for the ALR started after a
preincubation step in Tris-HCI buffer (170 mw; pH 7.4) for 15 min at 4 °C. Three sections
per coronal level per rat were incubated for 2 h at room temperature (RT) in buffer
containing 1 nw of [3H]-DPCPX (8-cyclopentyl-1,3-dipropylxanthine) and 2 units mL™2
adenosine deaminase and 100 pum Gpp(NH)p. One batch of incubation solution was prepared
and distributed in four vials that were used for the incubation of 60 slides. For the
assessment of non-specific binding, three sections per coronal level per animal were
incubated with R-phenyl-iso-propyl-adenosine (100 pw) in the medium. Binding steps were
followed by two washes in preincubation buffer (5 min, 4 °C) and a rapid rinse in ice-cold
water (15 s). Then the sections were dried with a stream of air.

For the A2aR analysis, preincubation was performed with Tris-HCI buffer (170 mw; pH 7.4
and ethylediamine tetraacetic acid (1 mwm) for 30 min at 37 °C. Thereafter a first wash with
buffer and MgCl, (10 mw) was performed twice for 10 min at RT followed by incubation for
the total binding with buffer and adenosine deaminase (2 units mL") and the ligand [3H]-ZM
241385 (0.42 nw) for 120 min at RT. For nonspecific binding, 2-chloro-adenosine (20 pm)
was added to the above-mentioned solution. A second washing step was performed with
buffer twice for 5 min at 4 °C, followed by a rapid rinse with distilled water at 4 °C before
drying as described above.

The B-AR distributions were determined by preincubation with a Tris-HCI buffer (50 mw,
pH 7.4, 25 mm MgCly) at 22 °C for 10 min. Then, incubation for the total binding was
performed with the buffer and the ligand [3H]-DHA (dihydroalprenolol) (1 nw) for 60 min at
22 °C to determine the fraction of f1 and 2 receptors. To measure only 1 receptors, the
same setup was used but the 2 selective antagonist ICI 118551 (0.5 pwm; Tocris Bioscience,
Bristol, UK) was added. For the non-specific binding, propranolol-hydrochloride (50 pv;
Sigma Aldrich, Taufkirchen, Germany) was used. Afterwards, the slides were washed once
with the buffer for 1 min at RT and twice for 5 min at 4 °C, followed by a rapid rinse with
distilled water at 4 °C before drying.

Glass slides were cut closely around the brain sections to reduce the size and taped to paper
sheets. Sections were organized to have two to three sets of all conditions (BL-R3) per sheet.
Each phosphor-imaging plate (BAS2025; Fuji, Tokyo, Japan; AIDA 2.31; Raytest-Fuji,
Straubenhardt, Germany) was exposed to approximately 100 labelled slides together with
industrial tritium activity standards (Amersham Biosciences, Piscataway, NJ, USA). After
72 h of exposure, the stored information was retrieved with an image plate reader (spatial
resolution of 50 vm; BAS 5000; Fuji).

The digital autoradiograms were processed further with respective image analysis software
(Image Gauge 4.0; Fuji). Regions of interest (ROI) were defined based on the cresyl fast
violet-stained brain sections and according to a standard rat brain atlas (Paxinos and Watson,
2007). To determine the distribution of cholinergic neurones in caudate-putamen striasomes,
acetylcholinesterase staining was performed on sections used previously in autoradiographic
experiments. Two sections containing the caudate-putamen per animal were analysed.
Specific binding was calculated as the difference of total and non-specific binding. Using
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the known values of the radioactive standard, a calibration straight line (R? > 0.99) was
created, allowing the assignment of a quantified value to each original image value. These
ROI values were used to calculate receptor density values (pmol per mg protein) using the
following equation: Bpyax = B % (KD + L)/L x 18.4, where B = specific ligand binding (total
binding — non-specific binding) (pmol mg~ wet weight) and the KD values were: [3H]-
DPCPX =1 nw; [3H]-DHA = 2.3 nw; [3H]-ZM 241385 = 0.42 nu (as determined previously
for rats) and L = ligand concentrations as listed above; the factor 18.4 is an experimentally
determined conversion factor for wet weight to protein dry per weight. The mean receptor
density value of each brain region was averaged from values of that brain region (both
hemispheres) from all eight animals within a condition group (except n = 7 for the olfactory
bulb A2aR BL and SR5 groups).

Statistics

To test for the significance of the treatments, a one-way analysis of variance (anova) was
performed on the ligand binding data followed by a pairwise least significant difference test
and a linear contrast test for post-hoc analysis (sess version 22; IBM, Rochester, MN, USA).
For all tests, P < 0.05 was considered statistically significant. All reported values are mean +
standard error of the mean.

RESULTS

Fig. 2 shows representative baseline examples of autoradio-grams of the adenosine and
noradrenaline receptor distributions and the outline of ROI. The effects of the CSR protocol
on the receptor densities in all brain areas analysed are shown in Table 1.

A1R density

Among the brain areas analysed, A1R density was highest at the baseline condition in the
hippocampal formation (CA region) and lowest in the BF region (Table 1). The CSR
protocol produced a similar pattern of A1R density changes in all brain areas analysed
characterized by a gradual elevation of A1R, which appeared highest on SR5, R1 and R3 at
the end of the CSR protocol, and a decrease in A1R on SR3 (Fig. 3 and Table 1). Analysis
of the average A1R density of all ROI analysed (weighted for the area of each ROI) revealed
a significant effect of CSR (F s 42) = 4.67, P = 0.002), with post-hoc tests indicating that
only SR3 and R3 were significantly different from baseline (P = 0.022 and P = 0.047,
respectively). Analysis of the individual brain regions revealed that CSR-induced changes in
AR density were significant in nine of the 13 regions evaluated (Table 1, anova column).
Testing for a linear relationship of the time— course of the A1R density revealed a significant
linear increase over time in all regions where the significant time effect was detected by the
anova (Table 1, linear contrast column). The pattern of elevated A1R density was most
noticeable on SR5 and the recovery days, with post-hoc tests revealing that R3 was
significantly higher than baseline in six brain regions (Table 1, R3 column). The decline in
AI1R density on SR3 was seen in all brain regions and was significant with post-hoc tests
compared to baseline in the following four regions: two hippocampal regions,
somatosensory cortex and parietal cortex (Table 1, SR3 column). The density of A1R in
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caudate-putamen subregions (striosomes and matrix) showed a comparable time—course,
with post-hoc tests showing that R3 was significantly different from baseline.

A2aR density

As shown in the literature (Demet and Chicz-Demet, 2002) and as shown in Fig. 2, the
A2aR binding is so low in many brain regions that it cannot be measured reliably with
autoradiography. Hence, only three brain regions with high A2aR levels were analysed
(olfactory tubercle, globus pallidus and caudate-putamen). The A2aR density in the
olfactory tubercle decreased significantly on all SR days (-25 to —34%) and remained
reduced on the first recovery day (Fig. 4). A2aR levels in the olfactory tubercle on R3 were
not significantly different from baseline or from any of the other experimental days. In
addition, no significant linear trend was observed in olfactory tubercle. Although the anova
result was not significant in caudate putamen (P = 0.2), a significant linear contrast (Table 1)
was found, which was supported additionally by a significant linear regression (P = 0.009).

B-AR density

The ventral pallidum exhibited the highest 3-AR density of the three regions analysed (Table
1). A significant change in f1-AR was detected over experimental days in the substantia
innominata and ventral pallidum, but not in the anterior cingulate cortex (Table 1, anova
column and Fig. 5, top panel). In the substantia innominata region, B-AR densities were
reduced significantly on both recovery days (for f1, —11% on R1 and —-18% on R3; for 1
and B2, —-9% on R1 and —-11% on R3). For the ventral pallidum, f1-AR density declined
gradually over SR days, reaching statistical significance on SR5 (-10%), and remained at a
lower level on R3 (-16%). In addition, significant linear decreases in f1-AR density were
detected in the substantia innominata and ventral pallidum regions (linear contrasts, Table
1).

DISCUSSION

The CSR protocol used in this study produced the following changes in brain adenosine and
noradrenaline receptors: (i) ALR density significantly increased in a linear fashion in 10 of
the 13 brain areas analysed and remained significantly elevated on the third day of recovery
sleep (in six regions). (ii) In contrast, A2aR density was reduced from SR1 to R1 in the
olfactory tubercle, declined steadily in the caudate-putamen (significant with linear contrast
but not anova), and not changed in the globus pallidus. (iii) A decrease in -AR density was
observed in substantia innominata and ventral pallidum which remained reduced on R3, but
no changes were found in the anterior cingulate cortex. The most important finding is that
CSR induced changes in the brain adenosine and noradrenaline receptors that often persisted
through the 3-day period of recovery sleep.

The direction of CSR-induced changes in receptor density may depend upon the
functional characteristics of the receptor

The net effect of physiological adenosine concentrations is considered inhibitory, but which
action is dominant depends upon receptor distribution and the affinity of adenosine to
different receptor subtypes (Dunwiddie and Masino, 2001). In the brain, adenosine is
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typically inhibitory at the ubiquitous A1R (Boison, 2012) and excitatory at the more
regionally localized A2aR (Rebola et al., 2008; Van Dort et al., 2009). Noradrenaline acting
at the B-AR increases the firing rate of cortical pyramidal neurones during wakefulness
(Haas and Konnerth, 1983). In the present study, the most obvious pattern of changes we
observed is that CSR induced increases in the density of inhibitory receptors (e.g. A1R) and
decreases in excitatory receptors (e.g. A2aR and B-AR).

Although this is the first study to examine the effect of CSR on ALR density, several studies
have looked at the effects of acute SD on ALR density. Specifically, in previous A1IR
autoradiography experiments no changes were detected in A1R density in most cortical,
striatal and BF regions after 3, 6 and 12 h of acute SD (Basheer et al., 2001, 2007;
Elmenhorst et al., 2009a). However, after 24 h of SD significant increases in the range of 7—
15% were observed in these three regions (Basheer et al., 2007; ElImenhorst et al., 2009a).
In the present study, the SR1 condition is essentially 18 h of acute SD. The A1R density
changes in the SR1 condition were non-signifi-cant, and thus resemble the previous findings
that used 12 h or less of acute SD.

The CSR A1R density findings herein also can be compared directly to our CSR study that
measured A1IR mRNA (Kim et al., 2012). The main difference observed is the sustained
elevation of A1R density seen on the third day of recovery sleep, which was not seen in any
brain areas in the CSR A1R mRNA study (Kim et al., 2012). AIR mRNA elevations are
likely to temporally precede changes in receptor protein and also may return to baseline
sooner. For example, BF A1R mRNA levels are increased consistently by 3, 6 or 12 h of
acute SD, whereas 24 h of SD is needed to produce elevations of A1R density. In addition,
mRNA changes do not always predict accurately changes in protein expression (reviewed in
Rizzo et al., 2014).

Overall, the direction and magnitude of the receptor density changes described herein is
largely consistent with the results of our previous studies of receptor mMRNA and density
using short-term SD (Basheer et al., 2001, 2007; ElImenhorst et al., 2007, 2009a) and with
our recent CSR studies of receptor mRNA changes (Kim et al., 2012, 2013).

An exception to the pattern of CSR-induced elevation of A1R elevation was the decrease in
AR seen on the third day of SR, which was observed to some extent in all brain areas. The
decline in A1R density on SR3 was not seen for A2aR or 3-AR (Figs 4 and 5), or in our
previous A1IR mRNA studies (Kim et al., 2012, 2013). It is extremely unlikely that the dip
in Al receptors on SR3 is due to environmental factors, because the experimental design of
the sample collection included multiple cohorts for each experimental condition and
autoradiography was performed on all experimental conditions in a single run to prevent any
systematic error. The neurobiological mechanisms of this transient down-regulation are not
clear. Hence, assessing A1R density on SR days 2 and 4 might be an important first step to
determine if a time lag between the events that determine receptor function (e.g. receptor
production, affinity, internalization, etc.) plays a role, as A1R have a much slower half-life
than do A2aR (Klaasse et al., 2008).
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The changes of receptor densities found after CSR were in the range of 20-30%, which is
comparable to the receptor changes induced by pharmacological blockade of receptors
resulting in physiological consequences. For example, chronic treatment of rats with a high
dose of the nonspecific adenosine receptor antagonist, caffeine (corresponding to seven and
50 cups of coffee in humans) led to a 17 and 28% increase in ALR density (Hawkins et al.,
1988; Johansson et al., 1993). Similar magnitudes of change (40% reduction) were found in
autoradiographic investigations of B-AR after chronic exposure to high doses (~10 times of
human dosage) of a noradrenaline reuptake inhibitor (Goodnough and Baker, 1994).

More specifically, in the present study we observed a maximal receptor concentration
increase of approximately 30% for the A1R. The physiological relevance of this increase in
A1R can be compared to studies of receptor occupancy after caffeine consumption. To
provoke an acute occupancy of 30% of the ALR in humans the consumption of two to three
cups of caffeine is necessary (EImenhorst et al., 2013). This amount of caffeine is consumed
commonly as a countermeasure against the effects of SD. Thus, a change of receptor density
in the range of 30% is likely to have significant functional consequences.

CSR-induced cognitive performance impairment and receptor density changes persist into
the period of recovery sleep

In humans, CSR has been shown to produce cumulative and long-lasting increases in
objective sleepiness and sustained impairment of cognitive performance (Belenky et al.,
2003; Carskadon and Dement, 1981; Elmenhorst et al., 2009b; Kim et al., 2012; Van
Dongen et al., 2003). The study by Belenky et al. (2003) found that psychomaotor vigilance
performance did not return to normal during a 3-day period of recovery sleep. Specifically,
human subjects experienced 7 days of SR with 3, 5 or 7 h time in bed per night followed by
3 days of 8-h SO per day (Belenky et al., 2003). The subjects’ sustained attention
performance in the psychomotor vigilance task did not return to the pre-CSR levels during
the 3 days of recovery sleep period in the 3- and 5-h time-in-bed conditions. It is not known
how many days of recovery sleep are needed for performance to return to baseline in man
and, to date, animal studies have not replicated the persistence of cognitive impairments into
the period of recovery sleep.

Recent human CSR studies using forced desynchrony protocols (Cohen et al., 2010; Zhou et
al., 2011) also reported cumulative deterioration in cognitive performance, which is evident
especially when performance is measured during periods of forced wakefulness occurring
lateduring the circadian ‘night’(Cohen et al.,2010).Cohen et al.(2010)andourprevious report
(Kim et al., 2012) hypothesized that homeostatic regulation of alertness and cognitive
performance is composed of at least two distinct biological processes: one reacts to short-
term SD and the other reacts to chronic sleep loss. The authors postulated further that acute
SD induces an accumulation in extracellular adenosine in the BF and other brain areas,
while repeated SD/restriction over multiple days changes adenosine receptor density, further
increasing sleep drive. The present study supports the above hypothesis by showing that in
some brain regions A1R density remains elevated and 3-AR are still reduced on day 3 of
recovery sleep. The findings herein are correlative and experiments demonstrating direct
causal evidence that receptor changes cause the long-term cognitive impairments are
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needed. It would be most interesting to see if current mathematical models on CSR-induced
changes in cognitive performance and EEG (McCauley et al., 2009; Rajdev et al., 2013)
integrate these neuroreceptor data.

A recent mouse CSR study (Clasadonte et al., 2014) reported that CSR produced long-
lasting effects on sleep homeostasis and adenosine tone. They found that 3 days of SR
reduced SD-induced compensatory increases in NREM sleep time and slow wave activity
that were still present after 2 weeks of recovery. Adenosine tone, assessed indirectly in an
electrophysiological hippocampal slice preparation, was increased by the first 4 h of SD but
was reduced thereafter, and remained reduced at the 2-week recovery time-point. A modest
but non-significant increase in A1R sensitivity was also seen. Hence, the authors concluded
that the reduction in adenosine tone was mediated by decreased extracellular adenosine
levels rather than changes in receptor sensitivity/density. However, in our present
investigation, the increase in ALR sensitivity observed is consistent with the modest and
non-significant elevation of hippocampal A1R density observed on recovery days. Here we
also report significant elevations of ALR in other brain regions on recovery day 3. The
combined findings suggest that CSR may both decrease adenosine tone and increase A1IR
density and/or sensitivity. Additional studies are needed to determine the physiological
importance of these CSR-induced elevations of ALR density.

Chronic sleep restriction-induced changes in ALR and -AR receptors are slow to develop,
being greatest in the last days of SR and the period of recovery sleep. Additional studies are
needed to determine how many days of recovery sleep are needed for these neuroreceptors
to return to baseline levels. It is also unknown how many days of recovery sleep are needed
to normalize CSR-induced cognitive performance deficits (Belenky et al., 2003). A study
combining CSR-induced cognitive performance impairments with in-vivo positron emission
tomography imaging of receptor density would address these issues.

Additional work is needed to characterize fully the effects of CSR on these receptors and
other receptors. This study analysed receptors in only a limited number of regions that were
present in two anterior—posterior levels of the forebrain. Brain stem and other regions are of
interest. For example, the significant decrease in A2aR in the olfactory tubercle observed
suggests that additional A2aR brain regions should be analysed. Adenosine A2a and
dopamine receptors influence each other by forming dimers (Fuxe et al., 2005), and their
role in the regulation of sleep has been reviewed recently (Lazarus et al., 2013). It has been
shown in humans that dopamine D2/D3 receptors are down-regulated in the ventral striatum
(including nucleus accumbens) after acute SD (Volkow et al., 2012). Thus, it would be of
interest to investigate changes in receptor density of both adenosine and dopamine systems
in the nucleus accumbens.

Finally, given the pattern of receptor changes observed, it is unlikely that the non-specific
effects of SD procedure such as stress or locomotor behaviour are responsible for the effects.
For example, the greatest receptor changes are seen in the recovery sleep days for A1R and
B-AR and not on the first couple of days of SR. In addition, we previously reported non-
specific pattern of changes in AR mRNA levels in the exercise control group (Kim et al.,
2013), which was not correlated with the total amount of locomotor activity.
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In conclusion, the present findings reveal brain region-and receptor-specific differences in
receptor protein density on the third day of recovery sleep that were not seen in our previous
mMRNA studies. Specifically, in response to CSR, the density of inhibitory receptors
increases (e.g. AL1R) and that of excitatory receptors decreases (e.g. A2aR and f-AR), which
continued even during 3 recovery sleep days for the ALR and B-AR. The net effect of these
CSR-induced receptor changes may reduce neuronal excitability as well as mediate the long-
lasting neurocognitive impairments produced by CSR.
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Figure 1.
Schematic diagram of experimental design. For five sleep restriction (SR) days, 18-h sleep

deprivation (SD) was started 6 h after light onset [zeitgeber time 6 (ZT6) = 16:00 hours]
followed by a 6-h sleep opportunity (ZT0-6). Thereafter, animals were given a 3-day full
recovery sleep period (R1-R3). The 12 : 12-h light—dark cycle is indicated at the bottom
(open bar = light phase; black bar = dark phase). ‘A’ represents brain tissue collection time-
points (ZTO0) for receptor autoradiography.
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Representative autoradiograms showing the receptor distribution in the baseline condition

and how the regions of interest were defined. (a,b) [3H]-DPCPX (8-cyclopentyl-1,3-

dipropylxanthine) binding to adenosine A1 receptors at two coronal sections. (c) [3H]-ZM
241 385 binding to adenosine A2a receptors. (d) [3H]-DHA (dihydroalprenolol) binding to
adrenergic p1- and f2-adrenergic receptors. The shape and size of some brain regions varied

markedly between the three individual sections analysed at each anatomical level. For

example, the globus pallidus often appeared much bigger than it does in the —0.2 AP level

shown in (c). CA, cornu amonis; Sl, substantia innominata; HDB, horizontal limb of

diagonal band; MCPO, magnocellular preoptic nuclei.
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Relative changes of adenosine Al receptor (ALR) density during sleep restriction (SR1, SR3
and SR5) and recovery sleep days (R1 and R3) compared to baseline (BL). Chronic sleep
restriction produced a pattern in all brains of increased A1R receptor density throughout SR
and recovery days, except on SR3. ALR density was elevated significantly on R3 in six of
the 13 brain regions examined. The six brain regions shown are representative of all A1R
temporal patterns observed. HDB, horizontal limb of diagonal band; MCPO, magnocellular
preoptic nuclei. See Table 1 for analysis of variance (avova) and linear contrast statistics; the
asterisks (*) indicate statistical significance of post-hoc comparisons to BL (P < 0.05, n = 8).
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BL SR1SR3SR5 R1 R3 BL SR1SR3SR5 R1 R3 BL SR1SR3SR5 R1 R3

Relative changes of adenosine A2a receptor (A2aR) density during sleep restriction (SR1,
SR3 and SR5) and recovery sleep days (R1 and R3) compared to baseline (BL). A2aR
receptor density in the olfactory tubercle decreased on SR days as well as on R1. The
decline in A2aR density in the caudate-putamen was significant with the linear contrast

analysis, but not wi

th analysis of variance (avova) (See Table 1 for avova and linear contrast

statistics). The asterisks (*) indicate statistical significance of post-hoc comparisons to BL
(P < 0.05, n =8 except for olfactory tubercle for BL and SR5 (n=7).
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Figure 5.
Relative changes of 3-adrenergic receptor (3-AR) density during sleep restriction (SR1, SR3

and SR5) and recovery sleep days (R1 and R3) compared to baseline (BL). Chronic sleep
restriction decreased 1-AR density (top panel) in the substantia innominata and ventral
pallidum; this reduction remained at R3. No changes were found in the anterior cingulate
cortex. A similar pattern was seen with a ligand that binds to both $1-AR and 3,-AR (bottom
panel; see text for details). See Table 1 for analysis of variance (anova) and linear contrast
statistics; the asterisks (*) indicate statistical significance of post-hoc comparisons to BL (P
<0.05,n=8).
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Table 1

Receptor density (pmol mg! protein) of adenosine Al (A1R) and A2a receptors (A2aR), and S-adrenergic

receptors (/-AR; types 1 and 2) during baseline (BL), sleep restriction (SR1, SR3 and SR5) and recovery sleep

days (R1 and R3)

BL SR1 SR3 SR5 R1 R3 ANOVA P-value Linear contrast
AR

Basal forebrain

HDB + MCPO 270+0.14 281+0.17 2.66+0.15 3.04£0.20 3.04+0.25 3.03+0.13 0.420 0.069

S| 3.74+0.24 3.86+0.25 3.48x0.25 442 +0.27 4.33+0.39 4.62 £0.16 0.029 0.004
Cortex

Ant. cingulate 5.85+0.36 576045 492+041 6.27 £0.48 6.93+0.80 7.56 +0.49 0.015 0.003

Post-cingulate 7.24+0.42 7.49+0.34 6.08+0.28 7.25+0.46 7.65+0.84 8.31+0.48 0.083 0.110

Parietal 7.85+1.14 797+0.97 6.21+1.07 8.00 + 1.53 8.68 + 1.60 9.25+1.65 0.002 0.009

Somatosensory 8.53+1.20 851+1.06 6.64+1.09 8.62+1.70 9.13+1.96 9.85+1.75 0.005 0.023
Hippocampus

CA 12.39+0.56 12.21+0.53 9.91+066 12.74+0.79 13.38+1.11 14.14+0.70 0.008 0.021

Dentate gyrus 9.74 £0.58 9.34+£052 735+046 1008+061 10.77+0.71 10.72+0.46 0.001 0.015
Thalamus

Medial 9.28+0.43 950+0.43 8.04+0.48 9.84+058 10.54+0.64 11.10+0.65 0.006 0.004

Ventral 6.76+036 678+033 599+044 6.99+050 7.38+043 7.30+0.48 0.253 0.135
Caudate-putamen

Matrix 5.47 +0.33 577+0.38 4.69+0.36 5.88 +0.42 6.21 +0.66 7.19+0.27 0.006 0.003

Striasomes 6.38 £0.34 6.44+£043 560+0.31 6.45+0.39 7.19 £0.54 7.79+0.35 0.009 0.004
Olfactory tubercle 4.79+0.31 502+042 4.47x0.26 5.29+0.28 5.61+0.40 5.72+0.30 0.086 0.014
A2aR

Olfactory tubercle 411+0.32 3.03+0.31 2.90+0.27 2.72+0.35 281+0.24 3.45+0.34 0.031 0.162

Globus pallidus 3.33+0.16 3.04+0.19 3.14+0.06 3.05+0.10 3.29+0.15 3.10+0.18 0.606 0.699

Caudate-putamen 7.26+0.14 7.14+0.09 6.65+0.37 6.45+0.13 6.47 +0.42 6.33+0.49 0.208 0.012
A-AR

Ant. cingulate cortex 0.57 +0.03 0.57+0.02 0.57 +£0.02 0.53 +0.05 0.58 £ 0.02 0.62 +0.01 0.427 0.308

Sl 0.87 +0.04 0.83+0.05 0.83+0.02 0.83 £0.05 0.77 + 0.06 0.71 +0.06 <0.001 <0.001

Ventral pallidum 1.74+0.15 1.72+0.17 161+0.14 1.57+£0.16 1.69+0.15 1.47+0.11 0.007 0.002
A& B-AR

Ant. cingulate cortex 1.08 £ 0.05 1.14+0.04 1.08+0.05 1.02 £ 0.06 1.08 £ 0.04 1.05+0.05 0.621 0.252

Sl 0.99 + 0.06 1.04+0.06 0.96 +0.04 1.03+0.15 0.90 +0.04 0.88 + 0.05 <0.001 <0.001

Ventral pallidum 2.20+0.33 230+0.22 211+0.24 1.98 +£0.42 1.96 +0.30 2.01+0.37 0.239 0.030

Numbers in bold type represent values statistically different from BL. HDB, horizontal limb of diagonal band; MCPO, magnocellular preoptic
nuclei; CA, cornu amonis; Sl, substantia innominata; ANOVA, analysis of variance.
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