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Sleep is regulated by homeostatic mechanisms, and the low-fre-
quency power in the electroencephalogram (delta power) duringnon-
rapid eye movement sleep reflects homeostatic sleep need. Addition-
ally, sleep is limited by circadian and environmentally influenced
arousal. Little is known, however, about the underlying neural sub-
strates for sleep homeostasis and arousal and about the potential link
between them. Here, we subjected C57BL/6 mice to 6 h of sleep dep-
rivation using two different methods: gentle handling and continual
cage change. Both groups were deprived of sleep to a similar extent
(>99%), and, as expected, the delta power increase during recovery
sleep was quantitatively similar in both groups. However, in a mul-
tiple sleep latency test, the cage change group showed significantly
longer sleep latencies than the gentle handling group, indicating that
the cage change grouphad a higher level of arousal despite the similar
sleep loss. To investigate the possible biochemical correlates of these
behavioral changes, we screened for arousal-related and sleep need-
related phosphoprotein markers from the diencephalon. We found
that the abundance of highly phosphorylated forms of dynamin 1,
a presynaptic neuronal protein, was associated with sleep latency in
the multiple sleep latency test. In contrast, the abundance of highly
phosphorylated forms ofN-myc downstream regulated gene 2, a glial
protein, was increased in parallel with delta power. The changes of
these protein species disappeared after 2 h of recovery sleep. These
results suggest that homeostatic sleep need and arousal can be dis-
sociated behaviorally and biochemically and that phosphorylated
N-myc downstream regulated gene 2 and dynamin 1 may serve as
markers of homeostatic sleep need and arousal, respectively.

phosphoproteomics | two-dimensional difference gel electrophoresis

Sleep–wakefulness is continuously regulated by circadian and
homeostatic mechanisms. In addition, multiple factors affect

the level of arousal, including emotional, environmental, and phys-
iological influences (1). During non-rapid eye movement (NREM)
sleep, the homeostatic sleep need is correlated with the power in
the delta wave band (i.e., 1–4 Hz) in the electroencephalogram
(EEG). Delta power is augmented in proportion to previous
wakefulness time and is dissipated during sleep. These findings
imply that homeostatic sleep need is regulated by the durations of
prior sleep and wakefulness (2). On the other hand, the level of
arousal is inversely related to the likelihood of falling asleep and
can bemeasured in terms of the sleep latency in the multiple sleep
latency test (MSLT) (3). Because prolonged waking increases
sleep need in addition to lowering the level of arousal, sleep la-
tency often varies inversely with EEG delta power expressed
during sleep (3). However, the level of arousal can be affected
independently of time spent awake (for example, with stressful or
exciting experiences during waking), implying that, under con-
ditions of identical sleep deprivation time, the sleep latency may
vary with the experience during sleep deprivation. Sleep need can
thus be dissociated from the level of arousal when the duration of
waking is kept constant. Depression, anxiety, or traumatic stress
can induce a high degree of arousal and cause insomnia (4).

Additionally, providing an incentive to sleep shortens sleep latency
in normal human subjects (5). In rodent studies, changing the home
cage is a routine manipulation that evokes emotional, behavioral,
and physiological arousal (6), resulting in wakefulness. These re-
ports indicate that, although the level of arousal can be affected by
the duration of a prior waking episode, it can additionally be mod-
ulated by behavioral conditions. However, it is not known how the
level of arousal is related to sleep need when the duration of lost
sleep is the same. No studies have focused on the relation be-
tween the degree of arousal and NREM delta power indepen-
dently of the duration of prior waking (or sleep loss).
In this study, to assess the relationship between the level of

arousal and homeostatic sleep need, we hypothesized that the
degree of arousal can be different, even under conditions of similar
sleep need. To test this hypothesis, we used two different sleep
deprivation (SD) treatments, gentle handling (GH) and cage
change (CC), and compared the degree of arousal as assessed by
the sleep latency and the sleep need as assessed by NREM delta
power that occurred in response to the SD. We then examined,
through a phosphoproteomic approach, biochemical markers as-
sociated with arousal and homeostatic sleep need, respectively, to
search for biochemical correlates of these behavioral parameters.

Results
Sleep Latency and NREM Delta Power Can Be Dissociated After Sleep
Deprivation. Mice were divided into three groups (n = 4–7): no
manipulation (control), and SD by two different kinds of arousing
stimuli, GH and CC (see Materials and Methods for details). The
resulting behavioral responses were assessed using the MSLT and
EEG sleep state monitoring with power analysis of the delta fre-
quency band (1–4 Hz) during NREM sleep. The MSLT is used to
determine the degree of arousal as indexed by the sleep latency,
i.e., the time to fall asleep (3). Thus, a low (high) level of arousal
shortens (lengthens) sleep latency. Here, mice were disturbed for
5 min and then left to sleep freely for 25 min, and this 30-min cycle
was repeated six times (3) (Fig. S1). To avoid possible com-
pounding effect of habituation to the GH or CC manipulations
used during the SD period, a third method for preventing sleep,
i.e., orbital shaker (7), was used during the MSLT. EEG moni-
toring during the 6-h SD period indicated that both GH and CC
groups were similarly deprived of sleep by more than 99% whereas
the control group was awake for 25% of this time (Table 1).
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Consistent with previous reports (3, 7, 8), both SD groups showed
significant increases in NREM delta power compared with the
control group in MSLT trials 1 and 2 (Fig. 1A). However, despite
similar wakefulness times during SD, sleep latency, as an index of
the level of arousal, differed markedly between the GH and CC
groups (Fig. 1B). As expected, the GH group showed significantly
shorter sleep latency times than the control group during MSLT
trials 1–3. In contrast, sleep latency times of the CC group were
similar to the control group and significantly longer than those of
the GH group. In accordance with the sleep latency results, at the
end of the MSLT, the GH group had significantly increased total
sleep time compared with the control and CC groups (Fig. 1 C and
D). Recorded sleep time in the CC group was similar to that in the
control group. It is worth noting that the CC group showed a trend
of higher delta power compared with the GH group (Fig. 1A). This
difference is likely in response to increased wake time observed in
the CC group in trials 1–4 compared with the GH group (Fig. 1 C
and D). Thus, under these conditions, the change in sleep latency,
indicating the level of arousal, does not correlate with the previous
duration of wakefulness. In addition, the cumulated REM sleep
rebound time of the GH group was significantly longer than those
of the control and CC groups (Fig. 1E).

Levels of SD-Inducible Transcripts Reflect Sleep Need. The very dif-
ferent levels of arousal between the GH and CC groups led us to
search for potential biomarker transcripts as correlates of sleep
latency time. We examined specific transcripts that are known to
increase in the brains of sleep-deprived rodents, as shown in pre-
vious microarray or real-time quantitative PCR (qPCR) studies (8–
10). Primer pairs for qPCR are described in Table S1. We found
that the mRNAs we examined were all significantly up-regulated in
both SD groups compared with the control group. Among these
mRNAs, we did not find any candidates that exhibited selective
changes with the level of arousal (Fig. 1F); rather, all of the
screened mRNAs changed in association with NREM delta power
in response to SD. In particular, c-fos and bingding immunoglob-
ulin protein/glucose-regulated protein 78 (BiP/GRP78) mRNA
levels were significantly higher in the CC groups compared with
GH. This difference may reflect the higher level of NREM delta
power in the CC group (Fig. 1A). Alternatively, considering the
fact that these mRNAs are stress-induced, their levels may be as-
sociated with the apparent levels of stress (see Fig. 4C).

Screening of Phosphoprotein Markers for Level of Arousal and Sleep
Need. To screen for additional biochemical markers associated
with the degree of arousal indexed by sleep latency and homeo-
static sleep need indexed by delta power, we turned to proteomic
analysis of brain samples using 2D difference gel electrophoresis
(2D-DIGE). Because 2D-DIGE–based analysis of total proteins
did not yield informative results (despite some previous reports;
refs. 11–13), we then tried 2D-DIGE of phosphorylated proteins
(Fig. S2). Phosphorylated proteins were enriched from di-
encephalon extracts from the control, GH, and CC groups using
phosphoprotein purification columns (Fig. S3); 2D-DIGE and
subsequent protein identification revealed that abundances of
six protein spots for dynamin 1 (DNM1) (Table 2) were signifi-
cantly decreased only in the GH group at Zeitgeber time (ZT) 6

(immediately after SD), associated with sleep latency as an index
of degree of arousal (Fig. 2A). The levels of these DNM1 spots
returned to baseline after 2 h of recovery sleep in the GH group
(Fig. 2E). To confirm that these spots represent phosohorylated
forms of DNM1, we treated the phosphoprotein-enriched samples
with λ-phosphatase and determined target spot positions between
the original and dephosphorylated samples in 2D-DIGE (Fig. S4).
As expected, the DNM1 spots 1–4 disappeared in the λ-phospha-
tase-treated sample (Fig. S4B). Western blots of phosphorylated
protein samples confirmed that phospho-DNM1 proteins were
decreased in the GH group (Fig. 2B) although the level of total
DNM1 proteins (both phosphorylated and unphosphorylated

Table 1. Sleep time during ZT0–6 with or without sleep
deprivation (n = 4–7)

Experimental group

Sleep time

Min ± SEM % ± SEM

Control 297.0 ± 10.3 75.0 ± 2.9
GH 1.2 ± 0.3 0.3 ± 0.1
CC 1.9 ± 1.2 0.5 ± 0.3

Fig. 1. Dissociation of delta power and sleep latency following SD by two
different methods. NREM delta power (A), sleep latency (B), and total and
REM sleep times (C–E) during MSLT following 6-h SD. Mice were deprived of
sleep from ZT0–6 by either GH or CC. The control group was allowed to sleep
freely during ZT0–6. MSLT, performed from ZT6–9, was composed of six
repeats of 30-min trials (i.e., a 5-min period of forced wakefulness followed
by a 25-min spontaneous sleep period). EEG/EMGmonitoring was performed
continuously from ZT0–9. (F) Previously described SD-inducible transcripts
were increased in correlation association with delta power as an index of
homeostatic sleep need after 6-h SD at ZT6. RNA was extracted from whole
brain at ZT6. Values were normalized to Cyclophilin B mRNA levels and
expressed relative to the means of the GH group. In Figs. 1–3, data represent
means ± SEM, *P < 0.05, **P < 0.01 compared with the control group; #P <
0.05, ##P < 0.01 between the GH and CC groups by ANOVA followed by
Tukey’s test (n = 3–7). Arc, activity-regulated cytoskeletal-associated protein;
BDNF, brain-derived neurotrophic factor; GLUT1, glucose transporter 1;
HSP27, heat shock protein 27.
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forms) did not appreciably change (Fig. 2C). To further confirm the
identity of these DNM1 spots, we performed immunoprecipitation
analysis using a monoclonal anti-DNM1 antibody that preferen-
tially precipitates highly phosphorylated DNM1 (Fig. S5A). The
immunoprecipitates were subjected to Western blots with another
DNM1 antibody, confirming the decrease in the GH group com-
pared with the control or CC groups (Fig. S5B). The level ofDNM1
mRNA did not change in any of the three groups (Fig. 2D).
In the same set of diencephalic phosphoprotein samples, the

abundance of each of the five protein spots representing N-myc
downstream regulated gene 2 (NDRG2) was found to be similarly
increased in both the GH and CC samples at ZT6 (Fig. 3A and
Table 2). The intensities of these NDRG2 spots returned to
baseline levels after 2 h of recovery sleep in both GH and CC
groups (Fig. 3E). The 2D-DIGE comparison of λ-phosphatase-
treated and untreated samples confirmed that all of the NDRG2
spots that were increased in the SD groups were highly phos-
phorylated forms (Fig. S4C). Western blots of phosphoprotein
samples confirmed that phospho-NDRG2 proteins were increased
in both theGH and CC groups (Fig. 3B) although the level of total
NDRG2 proteins did not change (Fig. 3C). Furthermore, the level
of NDRG2 mRNA did not change in either GH or CC groups
(Fig. 3D). Taken together, these results indicate that the abun-
dances of highly phosphorylated DNM1 and NDRG2 forms re-
flect biochemical changes in the brain that are associated with the
level of arousal and the homeostatic sleep need, respectively.

Effects of Stress on Phosphorylated DNM1 and NDRG2 Abundances.
SD inevitably causes stress (14–18). Several stress response genes
and corticosterone concentrations as a stress marker have been
shown to be increased in the brains and sera, respectively, of sleep-
deprived rodents (8–10, 14–18). We tested the effect of physical
restraint stress on the levels of our phospho-DNM1 and phospho-
NDRG2 spots on 2D-DIGE. A significant increase of serum cor-
ticosterone levels was observed in the mice subjected to the re-
straint stress, as well as in the CC group and, to a lesser degree, in
the GH group (Fig. 4C). However, our target DNM1 and NDRG2
spots failed to show any changes after the restraint stress (Fig. 4 A
and B). Thus, although mice in the CC and GH groups were
“stressed” during SD asmeasured by corticosterone levels, stress per
se did not influence the phosphorylation levels of DNM1 and
NDRG2 proteins. Therefore, stress and stress-induced release of
corticosterone is unlikely to be a major cause for the DNM1 and
NDRG2phosphorylation changes observed in sleep-deprivedbrains.

Discussion
The present study has shown that the amplitude of the sleep-
homeostatic response of increased delta power following SD is
independent of the means of SD (either CC or GH) when the
amount of lost sleep remains similar. This observation is consistent
with previous studies showing a direct correlation between waking
duration and delta power expression during the ensuing NREM

sleep episode, even when different methods of SD were used (3, 7,
8). However, we found that the means for inducing SD had
a significant effect on the level of subsequent arousal. After SD by
CC, sleep latency remained almost at the level of non–sleep-
deprived mice, but delta power was increased to a similar degree
to that of mice sleep-deprived by GH. These results indicate
a differential effect of CC on arousal and homeostatic sleep need.
Arousal, as assessed by the sleep latency, can be manipulated in-
dependently of the homeostatic sleep response. We also de-
termined biochemical correlates of these behavioral changes. We
found that the abundances of hyperphosphorylated DNM1 pro-
teins were selectively related to the level of arousal; i.e., reduced
levels were noted only in the GH group expressing shorter sleep
latencies. In contrast, the levels of hyperphosphorylated NDRG2
spots were increased in both the GH and CC groups, and thus
more closely associated with homeostatic sleep need.
Although GH is widely used for SD studies, the details vary

according to the protocol adopted (3, 4, 8, 9). In this study, we
specifically avoided the use of novel objects or other methods that
might elicit emotional stimuli, locomotion, or voluntary arousal in
the GH group (19). During GH SD, we continuously observed the
behavior of each mouse and touched or tapped the cage gently to
disturb them if they adopted a presleep posture such as starting to
recline or lowering their heads to the floor of the cage. For the
voluntary awake model, we performed cage changes once an hour
to keep the mice awake by using their instinctive, spontaneous ex-
ploration of novel environments (4). Although a single cage change
has been shown to keepmice awake for about 1.5–2.0 h (4), we also
visually monitored the CC group throughout the 6-h SD period.
Although the underlying mechanisms remain unknown, we have

shown here that two methods of SD produce differences in sub-
sequent levels of arousal, sleep rebound, and phospho-DNM1
amounts. It has been reported that SD combined with fasting or
stress can also lead to distinct patterns of sleep architecture in flies
and rats (20, 21). Moreover, flies mutated with cycle exhibited dis-
rupted sleep homeostasis as well as attenuated learning when de-
prived of sleep by starvation (20). A1 adenosine receptor knockout
mice show a reduced delta-power rebound and deficient working
memory after SD (22). These findings indicate that different waking
experiences, or different qualities of waking (even with similar
amounts of lost sleep), can produce appreciable differences in sub-
sequent sleep and cognition.
The apparent dissociation between the level of arousal and

homeostatic sleep need, together with the associated biochemical
changes in the brain, led us to speculate that nonhomeostatic
regulatory factors can induce changes in the level of arousal.
Consistent with this concept, during insomnia induced by the
stress of olfactory cues, when arousal and waking time are in-
creased, both arousal-related and sleep-promoting neurons are
activated (4). This result indicates that, under some circumstances
at least, arousal can overcome homeostatic and circadian sleep
drives. Indeed, as noted above, the CC group showed high levels

Table 2. Results of protein identificaton by nano-LC/MS/MS

Spot no. Protein identification
Accession no.

(NCBI database) Calculated MW/pI Mascot score

1, 2 DNM1 NP_034195.2 97.3/6.73 2001
3, 4 DNM1 NP_034195.2 97.3/6.73 1875
5, 6 DNM1 NP_034195.2 97.3/6.73 370
7 NDRG2 isoform1 NP_038892.1 40.8/5.23 306
8 NDRG2 isoform1 NP_038892.1 40.8/5.23 279
9 NDRG2 isoform2 NP_001139431.1 39.2/5.94 291
10 NDRG2 isoform2 NP_001139431.1 39.2/5.94 261
11 NDRG2 isoform2 NP_001139431.1 39.2/5.94 250

NCBI, National Center for Biotechnology Information.
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of arousal and did not fall asleep despite high homeostatic sleep
need. Recent pharmacological and gene-targeting studies suggest
possible mechanisms involved. Dopamine antagonists inhibit the
sleep latency increase caused by cage changes (23). Similarly,
dopamine D2 receptor knockout mice do not exhibit longer sleep
latencies after exposure to new environments (23, 24). Further-
more, mice with histamine deficiency also fail to exhibit prolonged
sleep latencies during CC manipulation (25). This latter result
indicates an orexinergic influence of arousal under these circum-
stances because the histamine system subserves much of the
orexin-induced arousal (26). Further studies are required to de-
termine the role of these neuromodulators in supporting arousal.

DNM1 phosphorylation is decreased in association with the
level of arousal rather than homeostatic sleep need. DNM1 is
a phosphorylated neural protein and a GTPase enzyme present in
most presynaptic terminals (27). Phosphorylation of DNM1 gen-
erally inhibits neuronal endocytosis (28). Our findings thus suggest
a connection between the DNM1-mediated regulation of pre-
synaptic endocytosis and the level of arousal. Furthermore, we have
shown that the level of hyperphosphorylated forms of NDRG2
protein is increased in the diencephalic samples from mice with
increased homeostatic sleep need. NDRG2 is an astrocytic protein
(29) of which the cellular function is poorly characterized. NDRG2
may be a substrate for a number of protein kinases, and our
preliminary data indicate that the hyper-phosphorylated NDRG2
spots are recognized by antibodies against Akt substrates as well
as by those against PKC substrates (Fig. S6). Although detailed

Fig. 2. Abundance of phospho-DNM1 in diencephalon negatively associates
with the degree of arousal indexed by sleep latency. (A) Abundances of
phospho-DNM1 species at ZT6, expressed relative to the average of control
group. (B and C) Verification of 2D-DIGE results by Western blots. Western
blots confirmed decreased DNM1 in the phosphoprotein sample from the GH
group (B) but no changes in total DNM1 protein in the three groups (C). Values
were normalized to β-tubulin and expressed relative to the control. (D) DNM1
mRNA levels at ZT6. The DNM1 mRNA level was measured by qPCR and nor-
malized to Cyclophilin BmRNA level. (E) Effect of recovery sleep on phospho-
DNM1 abundance as determined by 2D-DIGE. Following SD, either by GHor CC
from ZT0–6, all mice were allowed to sleep freely for 2 h from ZT6–8. After 2 h
of recovery sleep, phospho-DNM1 amounts in the GH group returned to
baseline by ZT8. In the control and CC groups, therewas not significant change
in phospho-DNM1 amounts during the time course of experiments.

Fig. 3. Prolonged wakefulness accompanies increase of NDRG2 hyper-
phosphorylation in the diencephalon. Same sets of protein samples were
used in Figs. 2 and 3. (A) Five phospho-NDRG2 spots were significantly in-
creased after 6 h of SD in GH and CC groups, as determined by 2D-DIGE and
protein identification (Table 2). This increase in NDRG2 in the SD groups
returned to control levels after 2 h of recovery sleep at ZT8 (E). NDRG2
appeared in two distinct bands of isoform 1 (spots 7 and 8) and isoform 2
(spots 9–11) (B and C). Western blots indicated that the phosphorylated
forms, but not the total amount of either isoform of NDRG2, were elevated
in both SD groups (B and C). The NDRG2 mRNA was unchanged by SD (D).
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mechanisms remain unknown, our findings support the emerging
concept of glial involvement in sleep regulation (30).
SD is inevitably associated with the stress response mediating

activation of the hypothalamic–pituitary–adrenal axis and the
systemic release of glucocorticoids (14–18). Previous studies re-
port a link between stress exposure, EEG delta power modula-
tion, and the expression of sleep-related marker transcripts (31,
32). Indeed, corticosterone levels indicated that the GH and CC
conditions were both stressful compared with controls. However,
we found that restraint stress itself had no appreciable effect on
the level of hyperphosphorylated DNM or NDRG2 proteins.

Furthermore, there was no appreciable association between the
stress levels as measured by serum corticosterone and the levels
of the hyperphosphorylated marker proteins in the control, GH,
and CC groups (Figs. 2, 3, and 4C).
In summary, the waking experience during SD can affect sub-

sequent sleep in association with either the change in level of arousal
or sleep need. Further studies, for example examining cognitive,
metabolic, and immunological sequelae, are now required to un-
derstand the consequences of this effect in more detail.

Materials and Methods
Further details are described in SI Materials and Methods. All procedures
were approved by the Institutional Animal Care and Use Committee of the
University of Texas Southwestern Medical Center (UTSW) and were carried
out in strict accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Male C57BL/6 mice older than 10 wk
were individually housed and used for all experiments. EEG/electromyog-
raphy (EMG) implantation, monitoring of behavioral states (awake, NREM,
and REM), and calculation of delta power were performed as described (7).
SD was performed during ZT0–6 by GH or CC methods. Subsequently, MSLT
and recovery sleep were performed from ZT6–9 and ZT6–8, respectively.
Mice were subjected to restraint stress from ZT5.5–6 for 30 min. Phospho-
protein-enriched samples were extracted using a PhosphoProtein Purification
kit (Qiagen) from the diencephalon. Protein samples were labeled with
CyDyes as described in Table S2. Protein differential display was carried out
using a 2D-DIGE system (GE Healthcare), and target protein spots were
identified by nano-liquid chromatography-tandem mass spectrometry (nano-
LC/MS/MS) operated by the UTSW Protein Chemistry Technology Center.
Confirmation of 2D-DIGE results was performed by 1D Western blot using
phosphorylated protein and total protein samples against anti-DNM1
(Abcam) and anti-NDRG2 antibodies (29). Values were then expressed relative
to the β-tubulin. qPCR was performed with the ABI 7000 Sequence Detection
System (Applied Biosystems). mRNA level was normalized to Cyclophilin B
expression level. Serum corticosterone concentration was measured with
Corticosterone Double Antibody kit (MP Biomedical).
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