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Abstract

Considerable evidence suggests that receptor-mediated excitation and inhibition of brainstem
pedunculopontine tegmental (PPT) neurons are critically involved in the regulation of sleep-wake
states. However, the molecular mechanisms operating within the PPT controlling sleep-wake
states remain relatively unknown. This study was designed to examine sleep-wake state-associated
extracellular-signal-regulated kinase 1 and 2 (ERK1/2) transduction changes in the PPT of freely
moving rats. The results of this study demonstrate that the levels of ERK1/2 expression,
phosphorylation, and activity in the PPT increased with increased amount of time spent in sleep.
The sleep-associated increases in ERK1/2 expression, phosphorylation, and activity were not
observed in the cortex, or in the immediately adjacent medial pontine reticular formation. The
results of regression analyses revealed significant positive relationships between the levels of
ERK1/2 expression, phosphorylation, and activity in the PPT and amounts of time spent in slow-
wave sleep, rapid eye movement sleep, and total sleep. Additionally, these regression analyses
revealed significant negative relationships between the levels of ERK1/2 expression,
phosphorylation, and activity in the PPT and amounts of time spent in wakefulness. Collectively,
these results, for the first time, suggest that the increased ERK1/2 signaling in the PPT is
associated with maintenance of sleep via suppression of wakefulness.
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Introduction

The pedunculopontine tegmental nucleus (PPT) is situated in the dorsolateral tegmentum
and contains a prominent group of cholinergic neurons as well as some noncholinergic
neurons, which project widely throughout the brainstem and forebrain (Mesulam et al. 1983;
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Garcia-Rill, 1991; Thakkar et al. 1998; Jones, 2004; Wang and Morales, 2009). In a growing
body of literature, it is evident that the activation of PPT cells plays a pivotal role in the
regulation of wakefulness (W) and rapid eye movement (REM) sleep in both animals and
humans (Pace-Schott and Hobson, 2002; Jones, 2004; Datta and MacLean, 2007; Lim et al.
2007; Lydic and Baghdoyan, 2008; Garcia-Rill et al. 2008). The regulation of REM sleep
and W both involve important processes of neurotransmitter-mediated excitation and
inhibition of PPT cells (Datta, 2010). For example, neuropharmacological studies have
demonstrated that glutamate activation of kainate receptors on PPT cholinergic cells induces
REM sleep, whereas glutamate activation of N-methyl-D-aspartate (NMDA) receptors
induces W (Datta and Siwek, 1997; Datta et al. 2001, 2002; Datta, 2002). On the other hand,
the inhibitory neurotransmitter y-aminobutyric acid (GABA) activates GABA-B receptors
which inhibit PPT cholinergic cells and suppress REM sleep and W (Ulloor et al. 2004,
Datta, 2007). Recently, it has also been shown that PPT cholinergic neurons exhibit REM
sleep-associated immunoreactivity of phosphorylated cyclic adenosine monophosphate
(cAMP) response element-binding protein ()CREB), indicating that the PPT intracellular
transcription process is involved in the regulation of W and REM sleep (Datta et al. 2009).

Coordinated regulation of intracellular signaling pathways is essential for the receptor
activation mediated transcription and translation processes in neuronal function that appear
to underlie complex behavioral responses, including the regulation of sleep/wake states
(Datta, 2010). Several signaling pathways are thought to play important roles in neuronal
receptor activation/inhibition-mediated regulation of the sleep/wake cycle, including cAMP-
protein kinase A (CAMP-PKA), Ca2+/calmodulin-dependent protein kinase 1l (CaMKII) and
the mitogen-activated protein kinases (MAPK). Recent studies using a combination of
pharmacological and molecular techniques have demonstrated that the activation of cAMP-
PKA within the PPT is involved in the induction of REM sleep (Datta and Prutzman, 2005;
Bandyopadhya et al. 2006; Datta and Desarnaud, 2010). Similarly, the activation of CaMKI|I
within the PPT has been shown to be involved in promoting W (Stack et al. 2010). Unlike
the cAMP-PKA and CaMKII pathways, the role of the MAPK signaling pathway within the
PPT in sleep/wake regulation remains unknown.

MAPK represents a highly conserved family of enzymes comprising the extracellular signal-
regulated kinases that contain many isoforms (ERK1/2/3/4/5/7), the c-Jun N-terminal
kinases/stress-activated protein kinases (JNK/SAPK) and p38 MAPK (Raman et al. 2007).
Among the MAPK family, ERK1/2, which contains the subtypes 1 and 2, represents the
most studied and thoroughly characterized signaling pathway. ERK1/2 are serine-threonine
kinases that are highly expressed in the central nervous system and have emerged as
important elements in neuronal signal transduction (Thomas and Huganir, 2004; Gerits et al.
2008). The activation of ERK1/2 is a critical component of the neuronal response
(Kornhauser and Greenberg, 1997; Atkins et al. 1998; Coogan et al. 1999; Dolmetsch et al.
2001; Wu et al. 2001). ERK1/2 participates in diverse important neuronal processes, for
instance neuronal maturation and survival, synaptic plasticity and learning and memory
(Paul et al. 2003; Sweatt, 2004; Braithwaite et al. 2006; Paul and Connor, 2010). A variety
of neurotransmitters including glutamate, GABA, acetylcholine, dopamine, and nitric oxide
regulate ERK1/2 activity (Yan et al. 1999; Tu et al. 2007; Wang et al. 2007; Socodato et al.
2009). The expression and activity of the ERK1/2 signaling pathway are also known to be
modulated by the activation and inactivation of both the cAMP-PKA and the CaMKII
signaling pathways (Wang et al. 2004; Gerits et al. 2008). It is also known that the activity
of ERK1/2 signaling can be modulated by the activation and inactivation of NMDA, kainate,
and GABA-B receptors (Tu et al. 2007; Wang et al. 2007). Therefore, it is reasonable to
suggest that the ERK1/2 signaling pathway within the PPT might play a role in neuronal
receptor activation/inhibition-mediated regulation of the sleep/wake cycle.
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The aim of the present study was to examine the hypothesis that the ERK1/2 signaling
pathway within the PPT is involved in the regulation of sleep/wake behavior. To achieve
this goal, the levels of ERK1/2 expression and ERK1/2 phosphorylation (pERK1/2) and
ERKZ1/2 activity were quantified within the PPT of freely-moving rats as a function of high
and low sleep. The results of this study demonstrate that the expression of ERK1/2,
pPERK1/2, and the activity of ERK1/2 increased proportionately with increased sleep. These
findings suggest that the ERK1/2 signaling pathway within the PPT is involved in the
maintenance of sleep by suppressing W.

Materials and Methods

Subjects

Experiments were performed on 25 adult male Wistar rats (Charles River Labs, Wilmington,
MA) weighing between 300-350 g. The rats were housed individually at 24°C in a 12/12
hour light/dark cycle (lights on 7:00 a.m.) and allowed ad libitum access to food and water.
Experiments were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Boston University Animal Care Committee
(AN-14084). Every effort was made to minimize animal suffering and to reduce the number
of animals used. To reduce additional stress that might be imposed by the experimental
handling, animals were gently handled daily for 15-20 min between 09:00 a.m. and 10:00
a.m. This habituation handling began one week prior to surgery and continued up to the
experimental recording sessions.

Surgical procedures for electrode implantation

Stereotaxic surgeries were carried out as previously described (Datta et al. 2009), under
pentobarbital anesthesia (40 mg/kg, i.p; Ovation Pharmaceuticals, Deerfield, IL, USA). To
record the behavioral states of vigilance, stereotaxically positioned electrodes were
chronically implanted to record cortical electroencephalogram (EEG), dorsal neck muscle
electromyogram (EMG), and hippocampal EEG (HPC-EEG) activity. Post-operative pain
was controlled with buprenorphine (0.05 mg/kg, s.c; Ben Venue Laboratories, Bedford, OH,
USA). After a post-surgical recovery of 5-7 days, rats were habituated to the recording cage
and free-moving polygraphic recording apparatus (Grass Model 15 Neurodata Amplifier
System, Astro-Med, Inc., West Warwick, RI, USA) for about 7 days as described earlier
(Bandyopadhya et al. 2006). All adaptation recording sessions were performed between 9:00
a.m. and 11:00 a.m., when rats are normally sleeping.

Assessment of sleep/wake states

After adaptation, rats underwent an experimental recording session, during which
polygraphic signals of all rats were recorded between 9:00 a.m. and 11:00 a.m. To determine
wake-sleep states, polygraphic data was captured on-line using Gamma software (Grass
product group, Astro-Med, Inc., West Warwick, RI, USA). From this captured data, using
previously described criteria (Bandyopadhya et al. 2006; Datta et al. 2009), three behavioral
states [wakefulness (W), slow-wave sleep (SWS), and REM sleep] were distinguished and
scored visually in 5-second epochs using Rodent Sleep Stager software (Grass product
group, Astro-Med, Inc., West Warwick, RI, USA). These scored data of the two-hour
recording period were then expressed as percentages of total time spent in W, SWS, REM
sleep, and total sleep (SWS + REM sleep). These rats were then divided into two
experimental groups based on total percentages of time spent in sleep: 1) High sleep (total
sleep > 50%) and 2) Low sleep (total sleep < 50%).
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Tissue collection

Immediately after the end of the experimental recording session (at 11 a.m.), rats were
sacrificed with carbon dioxide, and the brains were quickly removed and frozen using dry
ice. In order to minimize possible variations due to differences in the sleep-wake state, at the
time of death all animals were awakened by shaking their cages and kept awake for 1 min
before they were sacrificed with carbon dioxide. To rule out any diurnal factors contributing
to the different levels of ERK1/2 expression, phosphorylation, and activity in the different
groups, all rats were sacrificed at a fixed time of day. The frozen brains were stored in 50 ml
falcon tubes at —80°C until dissection. From the frozen brain, the pedunculopontine
tegmentum (PPT), medial pontine reticular formation (mPRF) and frontal cortex (CTX)
were then dissected on an ice-chilled petri dish as described earlier (Bandyopadhya et al.
2006; Stack et al. 2010). The dissected brain parts were processed immediately for the
assessment of ERK1/2 expression, ERK1/2 phosphorylation, and ERK1/2 activity.

Assessment of ERK1/2 expression and phosphorylation by Western blotting

The brain regions were homogenized on ice using a tissue dounce in 500 pl of an ice-cold
tissue lysate buffer containing 50 mM Tris-Hcl pH 7.4, 1.5% Triton X-100, 150 mM sodium
chloride, 5 mM EDTA, 1 mM sodium orthovanadate, 25 mM sodium fluoride, 5 mM
phenylmethylsulfonyl fluoride, 2 pg/ml pepstatin A and one Mini tablet (Roche,
Indianapolis, IN, USA). The lysate was then centrifuged at 20,000 g for 10 minutes at 4°C.
The crude protein extract contained in the supernatant was removed from each sample and
assayed for total protein concentration using a bicinchoninic acid assay kit (Thermo Fisher,
Rockford, IL, USA), measuring the spectrophotometric signal at 562 nm with a Benchmark
Plus spectrophotometer (Bio-rad, Hercules, CA, USA). An appropriate volume of 4x sample
buffer was added to the homogenate, and the sample was incubated in a 95°C water bath for
5 minutes. Equivalent amounts of proteins were loaded onto 10% SDS-polyacrilamide gels
and resolved by standard electrophoresis (Bio-Rad minigel apparatus, Hercules, CA, USA).
For ERK1/2 expression analysis, 10 pg of PPT protein extract, 2 pg of mPRF protein extract
or 5 pg of CTX protein extract were loaded per lane. For phospho-ERK1/2 expression
analysis, 30 pug of PPT, mPRF or CTX protein extracts were loaded per lane. Then the gels
were blotted electrophoretically to polyvinylidene difluoride (PVDF) membranes (Millipore,
San Jose, CA, USA) using a transfer tank maintained at 4°C with typical parameters being a
one hour transfer at a constant current of 350 mA. PVDF membranes were blocked for one
hour at room temperature in PBST buffer containing 10 mM phosphate buffered saline pH
7.4, 0.1% Tween 20 and supplemented with 5% non-fat dry milk (Bio-Rad, Hercules, CA,
USA). All antibody applications were carried out in PBST.

To assess total ERK1/2 expression, PVDF membranes were incubated overnight at 4°C in
PBST containing 5% bovine serum albumin (BSA) and an anti-ERK1/2 rabbit monoclonal
antibody (Clone D13.14.4E, Cell Signaling Technology, Danvers, MA) at a 1:1000 dilution.
Then PVDF membranes were incubated for two hours at room temperature in PBST
containing 5% non-fat dry milk and a horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibody (GE Healthcare, Piscataway, NJ, USA) at a 1:3000 dilution. In this and
all the other Western blot protocols described below, the blots were washed extensively in
PBST after incubations with the primary or secondary antibodies (typically 3 washes, each
for 5 to 10 minutes).

To assess ERK1/2 phosphorylation, PVDF membranes were incubated overnight at 4°C in
PBST containing 5% bovine serum albumin (BSA) and an anti-phosphothreonine 202-
phosphotyrosine 204 — ERK1/2 rabbit monoclonal antibody (Clone 137F5, Cell Signaling
Technology, Danvers, MA, USA) at a 1:1000 dilution. Then PVDF membranes were
incubated for 2 hours at room temperature in PBST containing 5% non-fat dry milk and an
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HRP-conjugated anti-rabbit secondary antibody (GE Healthcare, Piscataway, NJ, USA) at a
1:2000 dilution.

Variations of ERK1/2 and pERK1/2 amounts due to sample preparation and protein loading
onto the electrophoresis gels were controlled by subsequent assessment of alpha-tubulin
immunoreactivity on the same PVDF membrane. To prepare reprobing with an anti alpha-
tubulin mouse monoclonal antibody (clone DM1A, Millipore, Billerica, MA, USA), blots
were incubated at 70°C in three changes of stripping buffer (150 mM Tris-Hcl, pH 6.8, 100
mM B-mercaptoethanol and 2% SDS) with constant agitation for a total of one hour. The
blots were then extensively washed with PBST and blocked for one hour at room
temperature in PBST containing 5% non-fat dry milk. The blots were incubated sequentially
overnight at 4°C with the anti alpha-tubulin antibody at a 1:1000 dilution and two hours at
room temperature with an HRP-conjugated anti-mouse secondary antibody (GE Healthcare,
Piscataway, NJ, USA) at a 1:5000 dilution. The resulting immunocomplexes were detected
with a chemiluminescent substrate (SuperSignal, WestDura, Pierce, Rockford, IL, USA).
The quantification of the immunoreactive bands was carried out using a Kodak Imaging
Station (PerkinElmer, Shelton, Connecticut, USA). The net intensity of each ERK1/2 and
pERK1/2 chemiluminescent signal was normalized with the net intensity of the
corresponding alpha-tubulin signal.

Assessment of ERK1/2 activity

The brain regions were homogenized on ice using a tissue dounce in 500 pl of an ice-cold
tissue lysate buffer (buffer A) containing 50 mM Tris-Hcl pH 7.4, 1 % Triton X-100, 1 mM
EDTA, 1 mM EGTA, 0.5 mM sodium orthovanadate, 50 mM sodium fluoride, 5 mM
sodium pyrophosphate, 0.1 mM phenylmethylsulfonyl fluoride, 0.1% 2-mercaptoethanol, 10
mM sodium B-glycerol phosphate, 1 pg/ml pepstatin A, aprotinin, leupeptin and 1 pM
microcystin. The lysate was centrifuged at 20,000 g for ten minutes at 4°C. The crude
protein extract contained in the supernatant was removed from each sample and assayed for
total protein concentration using a bicinchoninic acid assay kit as described above.

ERKZ1/2 activity was assayed using a MAP Kinase/ERK immunoprecipitation kinase assay
kit following the manufacturer’s instructions (Millipore, Temecula, CA, USA). The assay kit
is designed to measure the phosphotransferase activity in an immunocomplex formed
between the MAP kinase R2 antibody and ERK1/2. The precipitated enzyme is used to
phosphorylate a specific substrate, myelin basic protein (MBP). The phosphorylated
substrate is then analyzed by Western immunoblot using an antibody specific for
phosphorylated MBP.

Two hundred pg of lysate proteins were immunoprecipitated for 2 hours at 4°C with 10 pl
of anti-MAP Kinase/ERK1/2 agarose conjugate in a final volume of 500 ul of buffer A. The
agarose/ERK1/2 immunocomplex was washed twice with 500 pl of buffer A and then
incubated for 20 minutes at 30°C in a total volume of 40 pl of buffers provided by the
manufacturer (manufacturer details). For the PPT and mPRF, 2.5 ul and for the CTX, 0.8 pul
of the reaction mixture was analyzed on a 15% SDS-polyacrilamide gel and
electrotransferred on a PVDF membrane as described above. PVDF membrane was blocked
in PBS buffer containing 3% nonfat dry milk for 20 minutes at room temperature and then
incubated overnight at 4°C with an anti-phospho MBP antibody (clone P12, Millipore) at a
1:2000 dilution in freshly prepared PBS containing 3% nonfat dry milk. The PVDF
membrane was washed twice with water and incubated for 2 hours at room temperature with
an HRP-conjugated anti-mouse secondary antibody (GE Healthcare, Piscataway, NJ, USA)
at a 1:5000 dilution. After 2 washes with water and one wash with PBS containing 0.05%
Tween, the immunocomplexes were detected and quantified as described above. Controls
for endogenous phosphorylation of proteins in the sample extract were carried out by
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omitting the manufacturer’s buffer containing MBP substrate. No phosphorylation of
endogenous proteins was detected.

Statistical analyses

Results

Analysis of interval scale data involving only two independent groups was accomplished
through utilization of the standard unpaired t-test (two-tailed). To assess relative correlations
between ERK1/2 expression, ERK1/2 phosphorylation or ERK1/2 activity in the PPT,
mPRF, or CTX, and the percentages of time spent in W, SWS, REM sleep, or total sleep
during the two hours of recording period, Pearson correlations, which assumes a Gaussian
distribution, were calculated. As a standard rule of statistical analysis, before individual
statistical tests, group data were subjected to normality testing, which confirmed that the
data meets normality assumptions. All analyses were performed using Graphpad Prism
statistical software (v5.0; GraphPad Software, La Jolla, CA).

Sleep-wake associated changes in the expression and phosphorylation of ERK1/2

To determine the sleep-wake associated changes in the expression and phosphorylation of
ERK1/2, a total of 12 rats were used (6 with high sleep and 6 with low sleep). Figure 1
shows these animals’ total percentages of time in W, SWS, REM sleep and total sleep
during the two hours of recordings with free sleep-wake cycles. Immediately at the end of
these two hours of free sleep-wake recordings, animals were sacrificed to analyze the
ERKZ1/2 expression and phosphorylation in the PPT, mPRF, and CTX. During the two hours
of free sleep-wake recording, a comparison of the total percentage of time spent in W
between high and low sleep groups revealed significantly less W time in the high sleep
group (62.25% less; df = 10, t = 5.98, p<0.001). Compared with the low sleep group, the
high sleep group spent significantly more time in SWS (157.96% more; df = 10, t = 4.84,
p<0.001) and REM sleep (386.38% more; df = 10, t = 7.57, p<0.001). These results revealed
that the animals in the high sleep group spent 188.08% maore time in sleep than the low sleep
group (df = 10, t = 5.99, p<0.001). Since these two groups of rats were subjected to identical
experimental conditions and brain tissues were collected at an identical time of day, any
variations in the expression and phosphorylation of ERK1/2 in the PPT, mPRF, and CTX
between these two groups of rats would be mainly due to their differences in the time spent
in sleep and/or wake.

Western blot analyses were performed to probe the ERK1/2 expression within the PPT,
mPRF, and CTX associated with high and low sleep. Figure 2 shows sleep-wake associated
ERKZ1/2 expression changes in the PPT, mPRF, and CTX. The results show that the ERK1/2
expression within the PPT was significantly higher in the high sleep group compared to the
low sleep group (466.53% higher; df = 10, t = 5.13, p<0.001). ERK1/2 expression in the
mPRF was relatively less in the high sleep group than in the low sleep group, but this
difference was not statistically significant(df = 10, t = 1.64, p = 0.133). Similar comparisons
between high and low sleep groups did not reveal any significant difference in the ERK1/2
expression within the CTX (df = 10, t = 0.68, p = 0.509). These data suggest that alterations
in the ERK1/2 expression within the PPT, but not in the mPRF and CTX, are coincident
with the amounts of time spent in W and sleep.

We also examined the phosphorylation of ERK1/2 in the PPT, mPRF, and CTX associated
with the amount of time spent in W and sleep. Figure 3 shows sleep-wake associated
changes in ERK1/2 phosphorylation within the PPT, mPRF, and CTX. Analysis of ERK1/2
phosphorylation reveals that the phosphorylation of ERK1/2 within the PPT was
significantly higher in the high sleep group than in the low sleep group (179.90% higher; df
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=10, t = 2.41, p<0.05). This sleep-wake associated change in the ERK1/2 phosphorylation
was anatomical region-specific, as the similar analysis of ERK1/2 phosphorylation within
the mPRF (df = 10, t = 0.70, p = 0.498) and CTX (df = 10, t = 0.90, p = 0.387) reveals no
significant difference between the high and low sleep groups.

Sleep-wake associated changes in the ERK1/2 activity

To determine the sleep-wake associated changes in the activation of ERK1/2, a total of 13
rats were used (6 with high sleep and 7 with low sleep). Figure 4 shows the total percentages
of time spent in W, SWS, REM sleep and total sleep during the two hours of recordings with
free sleep-wake cycles. Compared to the low sleep group, the total percentage of time spent
in W was significantly less in the high sleep group (58.85% less; df = 11, t = 4.91, p<0.001).
Conversely, comparisons between high and low sleep groups revealed that the high sleep
group spent significantly more time in SWS (172.14% more; df = 11, t = 4.03, p<0.01),
REM sleep (768.58% more; df = 11, t = 7.68, p<0.001), and total sleep (222.87% more; df =
11,t=4.92, p<0.001).

Comparison between these high and low sleep groups reveals that the ERK1/2 activity
within the PPT was significantly greater in the high sleep group compared to the low sleep
group (229.24% more; df = 11, t = 4.74, p<0.001, Fig. 5). On the contrary, ERK1/2 activity
within the mPRF was significantly less in the high sleep group compared to the low sleep
group (46.87% less; df = 11, t = 2.40, p<0.05). Unlike in the PPT and mPRF, ERK1/2
activities within the CTX are not significantly different between the high sleep and low
sleep groups (df = 11, t = 0.55, p = 0.593).

Relationship between the expression, phosphorylation, and activity of ERK1/2 and amount
of time spent in W, SWS, REM sleep, and total sleep

The results of this study document that the expression, phosphorylation, and activity of
ERK1/2 within the PPT were higher in the high sleep group of rats. Based on these results,
we expected to see some relationships (linear regression analysis) between individual
animals’ total percentages of time spent in W, SWS, REM sleep, or total sleep and the levels
of ERK1/2 expression, phosphorylation, or activity within the PPT. The results of these
regression analyses reveal significant negative relationships between (Fig. 6): total
percentages of time spent in W and PPT levels of ERK1/2 expression (R = 0.82, df =12, F =
20.17, p<0.01); total percentages of time spent in W and PPT levels of ERK1/2
phosphorylation (R = 0.75, df = 12, F = 13.04, p<0.01); total percentages of time spent in W
and PPT levels of ERK1/2 activity (R = 0.76, df = 12, F = 15.42, p<0.01). Significant
positive relationships were found between: total percentages of SWS and PPT levels of
ERK1/2 expression (R = 0.81, df = 12, F = 19.58, p<0.01); total percentages of SWS and
PPT levels of ERK1/2 phosphorylation (R = 0.78, df = 12, F = 15.17, p<0.01); total
percentages of SWS and PPT levels of ERK1/2 activity (R = 0.74, df = 12, F = 13.35,
p<0.01). To our surprise, the regression analyses also reveals significant positive
relationships between: total percentages of REM sleep and PPT levels of ERK1/2 expression
(R=0.73,df =12, F = 11.73, p<0.01); total percentages of REM sleep and PPT levels of
ERKZ1/2 phosphorylation (R = 0.59, df = 12, F = 5.40, p<0.05); total percentages of REM
sleep and PPT levels of ERK1/2 activity (R = 0.77, df = 12, F = 16.07, p<0.01). The results
of these regression analyses suggest that the increased ERK1/2 expression, phosphorylation,
and activation may not be responsible for the regulation of any specific stages of sleep, but
rather suggest that ERK1/2 is involved in the maintenance of sleep in general by suppressing
W state. This suggestion is also supported by the results of regression analyses that
demonstrate significant positive relationships between: total percentages of total sleep and
PPT levels of ERK1/2 expression (R = 0.82, df = 12, F = 20.14, p<0.01); total percentages
of total sleep and PPT levels of ERK1/2 phosphorylation (R = 0.75, df = 12, F = 13.00,
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p<0.01); total percentages of total sleep and PPT levels of ERK1/2 activity (R = 0.77, df =
12, F = 15.62, p<0.01).

Discussion

The present study, for the first time, highlights the ERK signaling system in the PPT and its
role in the regulation of sleep-wake behavior. The principal findings of this study are as
follows: (1) levels of ERK1/2 expression and phosphorylation in the PPT, but not in the
mPRF or CTX, increased with increased amount of time spent in sleep; (2) with increased
amount of time spent in sleep, levels of ERK1/2 activity increased in the PPT and decreased
in the mPRF; (3) levels of ERK1/2 expression, phosphorylation, and activity in the PPT of
individual animals were positively correlated with their total percentages of time spent in
SWS, REM sleep and total sleep; (4) levels of ERK1/2 expression, phosphorylation, and
activity in the PPT of individual animals were negatively correlated with their total
percentages of time spent in W. These results suggest that the ERK1/2 signaling system in
the PPT is involved in the maintenance of sleep.

The ERK1/2 signaling pathway is an important component of numerous signaling cascades
within neurons (Grewal et al. 1999). It is known that once activated, ERK1/2 translocate
from the cytoplasm to the nucleus and activate a specific set of transcription factors,
including pCREB (Vanhoutte et al. 1999), which facilitates the subsequent expression of
target genes. ERK1/2 activity is tightly regulated by the opposing actions of MAPK kinases
and several protein phosphatases (Keyse, 2000; Saxena and Mustelin, 2000). These
regulating actions tune the duration and magnitude of activation of ERK1/2, which are
critical components of the neuronal response (Marshall, 1995; Vincent at al. 1998; Yan et al.
1999). Activation of ERK1/2 by MAPK kinases requires phosphorylation of a threonine and
a tyrosine residue in the activation domain (Robinson and Cobb, 1997). Three different
classes of protein phosphatases reverse this process by dephosphorylation of the
phosphothreonine and/or phosphotyrosine residues. These include the dual-specificity
phosphatases (Camps et al. 2000), serine/threonine phosphatases (Alessi et al. 1995), and
tyrosine phosphatases (Pulido et al. 1998; Saxena et al. 1999).

In the present study, we observed that the expression, phosphorylation, and activation of
ERKZ1/2 in the PPT increased with increased sleep. The results presented here also provide
evidence that this sleep-associated up-regulation of ERK1/2 signaling in the PPT is
anatomically site-specific. However, this anatomical site specificity requires future testing
and validation by a microinjection study that will examine the effects of pharmacologically
active agonists and antagonists of ERK1/2 in the PPT and additional sleep-wake state
regulating sites. Since this is the first study that examined sleep-wake associated changes in
ERKZ1/2 signaling in the PPT, the results could not be compared directly with any other
published investigations. However, a recent study on Drosophila melanogaster has shown
that the activation of ERK1/2 signaling increases sleep in a dose-dependent manner, and that
blockade of its expression in the nervous system decreases sleep (Foltenyi et al. 2007).
Collectively, these results suggest that the up-regulation of ERK1/2 signaling in the brain is
a critical step in the regulation of sleep.

Neurotransmitter receptor activation-mediated excitation and inhibition of PPT cells are
important processes for the regulation of sleep-wake behavior (Datta and MacLean, 2007,
Datta, 2010). The initiation of W requires NMDA receptor activation-mediated postsynaptic
depolarization and Ca2+ influx into the PPT cells (Datta and Siwek, 1997; Datta et al. 2001,
2002) and increased activation of CaMKII signaling in the PPT (Stack et al. 2010). It is also
known that the activation of CaMKII increases ERK1/2 phosphorylation and activity (Wang
et al. 2007). Therefore, it would be expected that the phosphorylation and activation of
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ERKZ1/2 in the PPT would increase with increased W. On the contrary, however, the results
of the present study demonstrate that the phosphorylation and activation of ERK1/2 in the
PPT decreased with increased W. This seemingly surprising observation can be reconciled
by the fact that the activation of NMDA receptors also activates a negative—feedback
pathway that involves dephosphorylation and subsequent activation of Striatal Enriched
Tyrosine Phosphatase (STEP) by calcineurin (Paul et al. 2003). This activated STEP then
quickly dephosphorylates and inactivates ERK1/2 activity (Paul et al. 2003; Venkitaramani
et al. 2009). Since STEP is involved in the inactivation of ERK1/2, STEP activation by the
NMDA receptor may have prevented the sustained activation of ERK1/2 in the PPT during
W. An alternative explanation is that during W, when PPT neurons are firing robustly,
metabolic byproducts, including adenosine diphosphate (ADP), accumulate (Datta and
Siwek, 2002; Thakkar et al. 2003; Datta and MacLean, 2007). It has been established that
dephosphorylation increases with increasing ADP concentrations, and this process could, in
turn, cause activation of STEP (Kim et al. 2001). Activated STEP dephosphorylates and
inactivates ERK1/2 (Paul et al. 2003; Venkitaramani et al. 2009); therefore, the neuronal
activation-dependent increase of ADP concentrations is another potential mechanism by
which the phosphorylation and activation of ERK1/2 in the PPT decreased with increased
W.

Earlier physiological and pharmacological studies have shown that the activation of GABA-
B receptors on PPT cells increases SWS by suppressing W and REM sleep (Gauthier et al.
1997; Ulloor et al. 2004; Datta, 2007). It is known that the activation of GABA-B receptors
on many different cell types, including brain cells, increases phosphorylation and activation
of the ERK1/2 signaling pathway (Vanhoose et al. 2002; Wetzker and Bohmer, 2003; Tu et
al. 2007; Richer et al. 2009) and enhances down-regulation of CaMKII and PKA signaling
pathways (Datta, 2007; Stack et al. 2010). Thus, it is reasonable to suggest that, in the
present study, during SWS, the increased expression, phosphorylation, and activation of
ERKZ1/2 signaling in the PPT may have been caused by the activation of GABA-B receptors
on the PPT cells. To our surprise, the results of this study also demonstrate that the activity
of ERK1/2 signaling increased with increased REM sleep. Since the activation of GABA-B
receptors on the PPT suppresses REM sleep, it is unlikely that this increased activation of
ERKZ1/2 signaling in the PPT during REM sleep was caused by the activation of GABA-B
receptors. Earlier pharmacological studies have shown that the activation of kainate
receptors in the PPT increases REM sleep by suppressing W (Datta, 2002; Datta et al.,
2002). It has also been shown that the activation of kainate receptors activates ERK1/2
signaling (Cruise et al. 2000; Fuller et al. 2001; Mao et al. 2004; Grabauskas et al. 2007).
Since the activation of PPT kainate receptors increases REM sleep without suppressing
SWS, it is logical to suggest that the increased activation of ERK1/2 signaling in the PPT
during REM sleep may have been caused by the activation of kainate receptors (Datta and
Desarnaud, 2010). Since the increased PPT ERK1/2 expression and activity are maintained
during both SWS and REM sleep, the up-regulation of the PPT ERK1/2 signaling might be
involved in the consolidation of sleep by suppressing W rather than in the regulation of a
specific sleep stage. Therefore, the sustained ERK1/2 activity during sleep could enable the
expression of specific down stream PPT target genes, which might be responsible for the
consolidation of sleep.

Mammalian cells possess numerous signal transduction pathways and their interactions with
each other are different in different cell types (Impey et al. 1998; Saxena et al. 1999;
Soderling, 1999; Cammarota et al. 2008; Gerits et al. 2008; Ji et al. 2009; Alter et al. 2010).
These differential interactions of numerous signaling pathways regulate the distribution,
duration, intensity and specificity of the cellular response (Marshall, 1995; Enslen et al.
1996; Vincent et al. 1998; Yan et al. 1999; Fujisawa, 2001; Praskova et al. 2002; Paul et al.
2003). Recent studies have shown that the activation of the PKA signaling pathway in PPT
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cells promotes REM sleep (Datta and Prutzman, 2005; Bandyopadhya et al. 2006; Datta and
Desarnaud, 2010), whereas activation of the CaMKII pathway in PPT cells promotes W by
suppressing REM sleep (Stack et al. 2010). Additionally, the results of the present study
show that activation of the ERK1/2 signaling pathway in PPT cells promotes both SWS and
REM sleep by suppressing W. Thus, it appears that like in other cell types, in the PPT cells,
PKA, CaMKIl, and ERK1/2 signaling systems interact to regulate sleep-wake stages. On the
basis of present findings and our previous studies as well as the studies of others (Datta et al.
2001, 2002; Datta and Siwek, 2002; Vanhoose et al. 2002; Paul et al. 2003; Wetzker and
Bohmer, 2003; Ulloor et al. 2004; Bandyopadhya et al. 2006; Datta, 2007; Tu et al. 2007;
Wang et al. 2007; Richer et al. 2009; Stack et al. 2010; Venkitaramani et al. 2009; Wang et
al. 2007; Datta and Desarnaud, 2010), we propose a working model for the signal
transduction interactions in the PPT that lead to the regulation of sleep-wake stages (Fig. 7).
W is the behavioral and physiological manifestation of NMDA receptor activation-mediated
up-regulation of CaMKII and ERK1/2 signaling and activation of STEP in the PPT. This
transient up-regulation of the ERK1/2 signal is then quickly down-regulated by the activated
STEP. However, the up-regulation of CaMKII remains throughout the W period. SWS is the
behavioral and physiological representation of GABA-B receptor activation-mediated up-
regulation of ERK1/2 and down-regulation of CaMKII and PKA signaling in the PPT. REM
sleep is the physiological and behavioral result of kainate-receptor activation-mediated up-
regulation of PKA and ERK1/2 and down-regulation of CaMKII signaling in the PPT.

In conclusion, molecular data reported here indicate that activation of the ERK1/2 signaling
system in the PPT is an important cellular and molecular step for the regulation of
consolidated sleep. These data are consistent with the view that receptor-mediated activation
and interactions of different signaling pathways in the PPT are important mechanisms for
the regulation of sleep-wake behavior. Additionally, the PPT studies of the molecular
signaling pathway that regulates sleep-wake behavior provide the molecular background
necessary for beginning a genetic analysis.

Abbreviations used

ADP adenosine diphosphate

cAMP cyclic adenosine monophosphate
Ca2+ calcium

CaMKII calcium/calmodulin kinase Il
CREB CAMP response element binding protein
CTX cortex

EEG electroencephalogram

EMG muscle electromyogram

ERK extracellular signal-regulated kinase
GABA y-aminobutyrate

HPC-EEG hippocampal EEG

MPRF medial pontine reticular formation
MAPK mitogen-activated protein kinases
MBP myelin basic protein

NMDA N-methyl-D-aspartate
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pCaMKII phosphorylated Ca2+/calmodulin kinase 11
PKA protein kinase A

PPT pedunculopontine tegmentum

REM rapid eye movement

STEP Striatal Enriched Tyrosine Phosphatase
SWS slow-wave sleep

W wakefulness.
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Figure 1.

Analysis of the total percentage (mean and SEM) of time spent in wakefulness (W; A),
slow-wave sleep (SWS; B), rapid eye movement sleep (REM sleep; C) and total sleep (D) in
animals used for expression and phosphorylation of ERK 1/2. Examination of the total time
spent in W (A) revealed that the high sleep group spent less time in W compared to low
sleep group. Analysis of the total time spent in SWS (B) and REM sleep (C) revealed that
the high sleep group spent more time than low sleep group did in SWS and REM sleep.
Overall, the high sleep group spent more time in sleep than the low sleep group (D). ***
p<0.001.
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Figure 2.

Analysis of ERK1/2 expression in the pedunculopontine tegmentum (PPT), medial pontine
reticular formation (mMPRF), and cortex (CTX) of high and low sleep subjects. Densitometric
measurements from western blot of ERK1/2 expression in the PPT revealed a significant
increase (466.53%) in the high sleep group compared to the low sleep group. In contrast,
western blot analysis of ERK1/2 expression in the adjacent mPRF and the CTX revealed no
significant difference between the high and low sleep groups. All analyses of ERK1/2
expression are normalized against a-tubulin. *** p<0.001.
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Figure 3.

Analysis of ERK1/2 phosphorylation in the pedunculopontine tegmentum (PPT), medial
pontine reticular formation (mPRF), and cortex (CTX) of high and low sleep subjects.
Densitometric measurements from western blot of pPERK1/2 expression in the PPT revealed
a significant increase (179.90%) in the high sleep group compared to the low sleep group. In
contrast, western blot analysis of pERK1/2 expression in the adjacent mPRF and the CTX
revealed no significant difference between the high and low sleep groups. All analyses of
pPERK1/2 expression are normalized against a-tubulin. *p<0.05.
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Figure 4.

Analysis of the total percentage (mean and SEM) of time spent in wakefulness (W; A),
slow-wave sleep (SWS; B), rapid eye movement sleep (REM sleep; C) and total sleep (D) in
animals used for ERK1/2 activity. Examination of the total time spent in W (A) revealed,
compared to the low sleep group, high sleep group spent less time in W (58.85% less) and
more time in SWS (172.14% more) and REM sleep (768.58% more). The high sleep group
spent more time (222.87% more) in total sleep (D) than the low sleep group. *** p<0.001,
** p<0.01.
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Figure 5.

Analysis of ERK1/2 activity in the pedunculopontine tegmentum (PPT), medial pontine
reticular formation (mMPRF), and cortex (CTX) of high and low sleep subjects. Densitometric
measurements from western blots of phosphorylated myelin basic protein (pMBP) revealed
that, compared to the low sleep group, in the high sleep group, ERK1/2 activity is higher
(229.24% higher) within the PPT and lower within the mPRF (46.87% less). *** p<0.001, *
p<0.05.
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Figure 6.

The relationships between the levels of ERK1/2 expression, phosphorylation, and activation
in the PPT and percentages of time spent in wakefulness (A), slow-wave sleep (B), REM
sleep (C), and total sleep (D). Linear regression analyses showed negative correlation
between ERK1/2 expression, phosphorylation, and activity within the PPT and individual
animals’ total percentage of time spent in W (A), whereas ERK1/2 expression,
phosphorylation, and activity within the PPT were positively correlated with individual
animals’ total percentage of time spent in SWS (B) REM sleep (C) and total sleep (D). For
each linear regression analysis, the correlation coefficient (R) is indicated in the respective
graph.
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Figure 7.

Working model for intracellular signal transduction interactions in the pedunculopontine
tegmental (PPT) cholinergic neurons involved in the regulation of wakefulness, slow-wave
sleep, and REM sleep. Long red arrows with solid lines between molecules: direction of
activating effects on the target molecule. Long blue arrows with solid lines between
molecules: inactivating effects on the target molecule. Dotted red arrow: a momentary
activation before the effect disappears. Short red and blue arrows: increased and decreased
levels of molecules, respectively. Symbols: (A) and (1) next to molecules indicate its active
and inactive forms.
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